


© Woodhead Publishing Limited, 2013

   Semiconductor lasers 



© Woodhead Publishing Limited, 2013

  Related titles: 

  Handbook of solid-state lasers  (ISBN 978-0-85709-272-4) 

  Lasers for medical applications  (ISBN 978-0-85709-237-3) 

  Handbook of laser welding technologies  (ISBN 978-0-85709-264-9) 

 Details of these books and a complete list of titles from Woodhead Publishing can 
be obtained by:

   visiting our web site at www.woodheadpublishing.com  • 
  contacting Customer Services (e-mail: sales@woodheadpublishing.com; fax: • 
+44 (0) 1223 832819; tel.: +44 (0) 1223 499140 ext. 130; address: Woodhead 
Publishing Limited, 80, High Street, Sawston, Cambridge CB22 3HJ, UK)  
  in North America, contacting our US offi ce (e-mail: usmarketing@• 
woodheadpublishing.com; tel.: (215) 928 9112; address: Woodhead Publishing, 
1518 Walnut Street, Suite 1100, Philadelphia, PA 19102-3406, USA)    

 If you would like e-versions of our content, please visit our online platform: 
www.woodheadpublishingonline.com. Please recommend it to your librarian so that 
everyone in your institution can benefi t from the wealth of content on the site. 

 We are always happy to receive suggestions for new books from potential editors. 
To enquire about contributing to our Electronic and Optical Materials series, please 
send your name, contact address and details of the topic/s you are interested in to 
laura.pugh@woodheadpublishing.com. We look forward to hearing from you.   

  The Woodhead team responsible for publishing this book: 

 Commissioning Editor: Laura Pugh 
 Publications Coordinator: Anneka Hess 
 Project Editor: Cathryn Freear 
 Editorial and Production Manager: Mary Campbell 
 Production Editor: Mandy Kingsmill 
 Project Manager: Newgen Knowledge Works Pvt Ltd 
 Freelance Copyeditor: Newgen Knowledge Works Pvt Ltd 
 Proofreader: Newgen Knowledge Works Pvt Ltd 
 Cover Designer: Terry Callanan  



© Woodhead Publishing Limited, 2013

  Woodhead Publishing Series in Electronic and Optical Materials: 
Number 33 

Semiconductor lasers 
 Fundamentals and applications  

 Edited by 
   Alexei   Baranov and   

   Eric   Tourni é   
            

Oxford  Cambridge  Philadelphia  New Delhi



© Woodhead Publishing Limited, 2013

   Published by Woodhead Publishing Limited, 
 80 High Street, Sawston, Cambridge CB22 3HJ, UK 
 www.woodheadpublishing.com 
 www.woodheadpublishingonline.com 

 Woodhead Publishing, 1518 Walnut Street, Suite 1100, Philadelphia, 
PA 19102–3406, USA 

 Woodhead Publishing India Private Limited, G-2, Vardaan House, 7/28 Ansari Road, 
Daryaganj, New Delhi – 110002, India 
 www.woodheadpublishingindia.com 

 First published 2013, Woodhead Publishing Limited 
 © Woodhead Publishing Limited, 2013. Note: the publisher has made every effort to 
ensure that permission for copyright material has been obtained by authors wishing to 
use such material. The authors and the publisher will be glad to hear from any copyright 
holder it has not been possible to contact. 
 The authors have asserted their moral rights. 

 This book contains information obtained from authentic and highly regarded 
sources. Reprinted material is quoted with permission, and sources are indicated. 
Reasonable efforts have been made to publish reliable data and information, but 
the authors and the publisher cannot assume responsibility for the validity of all 
materials. Neither the authors nor the publisher, nor anyone else associated with 
this publication, shall be liable for any loss, damage or liability directly or indirectly 
caused or alleged to be caused by this book. 
  Neither this book nor any part may be reproduced or transmitted in any form or 
by any means, electronic or mechanical, including photocopying, microfi lming and 
recording, or by any information storage or retrieval system, without permission in 
writing from Woodhead Publishing Limited. 
  The consent of Woodhead Publishing Limited does not extend to copying for general 
distribution, for promotion, for creating new works, or for resale. Specifi c permission 
must be obtained in writing from Woodhead Publishing Limited for such copying. 

 Trademark notice: Product or corporate names may be trademarks or registered 
trademarks, and are used only for identifi cation and explanation, without intent to 
infringe. 

 British Library Cataloguing in Publication Data 
 A catalogue record for this book is available from the British Library. 

 Library of Congress Control Number: 2013931491 

 ISBN 978-0-85709-121-5 (print) 
 ISBN 978-0-85709-640-1 (online) 
 ISSN 2050-1501 Woodhead Publishing Series in Electronic and Optical Materials (print) 
 ISSN 2050-151X Woodhead Publishing Series in Electronic and Optical Materials (online) 

 The publisher’s policy is to use permanent paper from mills that operate a 
sustainable forestry policy, and which has been manufactured from pulp which is 
processed using acid-free and elemental chlorine-free practices. Furthermore, the 
publisher ensures that the text paper and cover board used have met acceptable 
environmental accreditation standards. 

 Typeset by Newgen Knowledge Works Pvt Ltd, India 
 Printed by MPG Printgroup, UK   



© Woodhead Publishing Limited, 2013

v

  Contents    

  Contributor contact details     xi  
  Woodhead Publishing Series in Electronic and 
Optical Materials     xv  
  Preface     xix   

   Part I     Fundamentals of semiconductor lasers     1 

  1     Principles of semiconductor lasers     3 

  P. BLOOD, Cardiff University, UK  

  1.1     Introduction     3  
  1.2     The basic laser diode     7  
  1.3     Key physical concepts     16  
  1.4     Absorption and gain in low dimensional semiconductor 

structures     22  
  1.5     Recombination processes     32  
  1.6     Gain–current relations     34  
  1.7     Temperature dependence of threshold current     42  
  1.8     Rate equations     46  
  1.9     Future trends     49  
  1.10     Acknowledgements     50  
  1.11     References     50   

  2     Photonic crystal lasers     56 

  Y. ZHANG and M. LON Č AR, Harvard University, USA  

  2.1     Introduction     56  
  2.2     Lasing threshold of photonic crystal lasers (PhCLs)     60  
  2.3     Photonic crystal nanobeam lasers     65  
  2.4     Photonic crystal disk lasers     72  
  2.5     Conclusion and future trends     74  
  2.6     Acknowledgements     76  
  2.7     References     76   



vi Contents

© Woodhead Publishing Limited, 2013

  3     High-power semiconductor lasers     81 

  M. FALLAHI, University of Arizona, USA and 
R. BEDFORD, Air Force Research Laboratory, USA  

  3.1     Introduction: theory and design concept     81  
  3.2     Single emitters     92  
  3.3     Array concept for power scaling     110  
  3.4     Conclusion and future trends     112  
  3.5     References     112   

  4     Semiconductor laser beam combining     121 

  B. LIU, Oak Ridge National Laboratory, USA, P. COLET, 
Instituto de Fisica Interdisciplinary Sistemas Complejos, 
IFISC (CSIC-UIB), Spain and Y. BRAIMAN, Oak Ridge 
National Laboratory and University of Tennessee, USA  

  4.1     Introduction to laser beam combining     121  
  4.2     Experiments on external cavity broad-area laser 

diode arrays     125  
  4.3     Modeling the dynamics of a single-mode semiconductor 

laser array in an external cavity     138  
  4.4     Conclusion     144  
  4.5     Acknowledgments     145  
  4.6     References     145   

  5     Ultrafast pulse generation by semiconductor lasers     149 

  E. U. RAFAILOV, University of Dundee, UK and 
E. AVRUTIN, University of York, UK  

  5.1     Introduction     149  
  5.2     Gain-switching     150  
  5.3     Important developments in gain-switched semiconductor 

lasers (SLs)     157  
  5.4     Q-switching     160  
  5.5     Mode-locking (ML) in semiconductor lasers: an overview     166  
  5.6     The main predictions of mode-locked laser theory     181  
  5.7     Important tendencies in optimising the ML laser 

performance     187  
  5.8     Novel mode-locking principles     196  
  5.9     Overview of applications of mode-locked diode lasers     206  
  5.10     Conclusion     207  
  5.11     Acknowledgements     208  
  5.12     References     208    



 Contents vii

© Woodhead Publishing Limited, 2013

  Part II     Visible and near-infrared lasers and their applications      219 

  6     Nonpolar and semipolar group III-nitride lasers     221 

  D. FEEZELL, University of New Mexico, USA and 
S. NAKAMURA, University of California, 
Santa Barbara, USA  

  6.1     Introduction     221  
  6.2     Applications of group III-nitride lasers     222  
  6.3     Introduction to properties of III-nitrides     223  
  6.4     Optical properties of nonpolar and semipolar III-nitrides     234  
  6.5     Substrates, crystal growth and materials issues     241  
  6.6     Optical waveguides and loss     246  
  6.7     Fabrication techniques     254  
  6.8     Nonpolar and semipolar laser history and performance     256  
  6.9     Future trends     260  
  6.10     Sources of further information and advice     261  
  6.11     References     262   

  7     Advanced self-assembled indium arsenide (InAs) 

quantum-dot lasers     272 

  M. SUGAWARA, QD Laser, Inc., Japan and The University 
of Tokyo, Japan and Y. ARAKAWA and K. TANABE, 
The University of Tokyo, Japan  

  7.1     Introduction     272  
  7.2     High-density and highly uniform InAs quantum dots     274  
  7.3     Quantum-dot Fabry–P é rot (FP) and distributed-feedback 

(DFB) lasers for optical communication     282  
  7.4     Quantum-dot FP and DFB lasers for high-temperature 

application     292  
  7.5     QD Laser, Inc.     299  
  7.6     Silicon hybrid quantum-dot lasers     303  
  7.7     Conclusion     309  
  7.8     Acknowledgements     309  
  7.9     References     310   

  8     Vertical cavity surface emitting lasers (VCSELs)     316 

  K. D. CHOQUETTE, University of Illinois, USA  

  8.1     Introduction     316  
  8.2     Device structure     319  



viii Contents

© Woodhead Publishing Limited, 2013

  8.3     Vertical cavity surface emitting laser (VCSEL) optical 
performance     329  

  8.4     Conclusion     336  
  8.5     Acknowledgements     337  
  8.6     References     337   

  9     Semiconductor disk lasers (VECSELs)     341 

  J. E. HASTIE, S. CALVEZ and M. D. DAWSON, 
University of Strathclyde, UK  

  9.1     Introduction     341  
  9.2     Principles of operation     342  
  9.3     Intracavity frequency control     352  
  9.4     Pulsed operation     367  
  9.5     Future trends and applications     376  
  9.6     Sources of further information and advice     378  
  9.7     References     378   

  10     Hybrid silicon lasers     394 

  D. LIANG and J. E. BOWERS, University of California, 
Santa Barbara, USA  

  10.1     Introduction     394  
  10.2     Fundamentals of Si lasers     395  
  10.3     Hybrid Si laser-based photonic integrated circuits     425  
  10.4     Conclusion     430  
  10.5     References     431 

     Part III     Mid- and far-infrared lasers and their applications     439 

  11     Gallium antimonide (GaSb)-based type-I quantum 

well diode lasers: recent development and prospects     441 

  G. BELENKY and L. SHTERENGAS, State University of 
New York at Stony Brook, USA, M. V. KISIN, Ostendo 
Technologies, Inc., USA and T. HOSODA, State University 
of New York at Stony Brook, USA  

  11.1     Introduction     441  
  11.2     Diode lasers operating below 2.5  µ m     448  
  11.3     Diode lasers for spectral range above 3  µ m     465  



 Contents ix

© Woodhead Publishing Limited, 2013

  11.4     Metamorphic GaSb-based diode lasers     477  
  11.5     Acknowledgements     481  
  11.6     References     481   

  12     Interband cascade (IC) lasers     487 

  R. Q. YANG, University of Oklahoma, USA  

  12.1     Introduction     487  
  12.2     Operating principle of interband cascade (IC) lasers     488  
  12.3     Early development and challenges     492  
  12.4     Recent progress and new developments     497  
  12.5     Future trends and conclusion     503  
  12.6     Acknowledgments     505  
  12.7     References     505   

  13     Terahertz (THz) quantum cascade lasers     514 

  S. BARBIERI, University of Paris Diderot and CNRS, 
France and S. KUMAR, Lehigh University, USA  

  13.1     Terahertz quantum cascade laser technology     514  
  13.2     Waveguides and photonic structures     516  
  13.3     Stabilisation, microwave modulation and active 

mode-locking of terahertz quantum cascade laser  s   525  
  13.4     References     545   

  14     Whispering gallery mode lasers     551 

  A. MONAKHOV and N. SABLINA, Ioffe Institute, Russia  

  14.1     Introduction to whispering gallery modes (WGM)     551  
  14.2     WGM in electrodynamics     555  
  14.3     Semiconductor WGM lasers     565  
  14.4     Light extraction from a WGM resonator     572  
  14.5     Conclusion     574  
  14.6     Acknowledgements      576    
14.7     References     576   

  15     Tunable mid-infrared laser absorption spectroscopy     579 

  F. K. TITTEL and R. LEWICKI, Rice University, USA  

  15.1     Introduction     579  
  15.2     Laser absorption spectroscopic techniques     581  
  15.3     Quantum-cascade lasers (QCLs) for trace gas detection     595  



x Contents

© Woodhead Publishing Limited, 2013

  15.4     Specifi c examples of QCL-based sensor systems     601  
  15.5     Conclusions and future trends     617  
  15.6     References     618  

       Index     631      



© Woodhead Publishing Limited, 2013

xi

  Contributor contact details   

  (* = main contact) 

  Editors  

 Alexei Baranov* and Eric Tourni é  
 Institut d’Electronique du Sud 
 Universit é  Montpellier 2/CNRS 
 France 

 E-mail: baranov@univ-montp2.fr; 
eric.tournie@univ-montp2.fr 

  Chapter 1  

 Peter Blood 
 School of Physics and Astronomy 
 Cardiff University 
 Queens Buildings 
 The Parade 
 Cardiff 
 CF24 3AA 
 UK 

 E-mail: bloodp@cf.ac.uk 

  Chapter 2  

 Yinan Zhang and Marko Lon č ar* 
 Harvard University 
 33 Oxford Street, Cambridge 
 MA 02188 
 USA 

 E-mail: loncar@seas.harvard.edu ; 
yinan@seas.harvard.edu 

  Chapter 3  

 Mahmoud Fallahi* 
 College of Optical Sciences 
 University of Arizona 
 Tucson, AZ 85721 
 USA 

 E-mail: fallahi@optics.arizona.
edu 

 Robert Bedford 
 Air Force Research Laboratory 
 USA 

 E-mail: Robert.bedford@
wpafb.af.mil 

  Chapter 4  

 Bo Liu 
 Center for Engineering Science 

Advanced Research 
 Computer Sciences & Mathematics 

Division 
 Oak Ridge National Laboratory 
 Oak Ridge 
 TN 37831 
 USA 

 E-mail: liub@ornl.gov 



xii Contributor contact details

© Woodhead Publishing Limited, 2013

 Pere Colet 
 Instituto de Fisica Interdisciplinary 

Sistemas Complejos (IFISC 
(CSIC-UIB)) 

 Campus Universitat de les Illes 
Balears 

 E-07122 
 Palma de Mallorca 
 Spain 

 Yehuda Braiman* 
 Center for Engineering Science 

Advanced Research 
 Computer Sciences & Mathematics 

Division 
 Oak Ridge National Laboratory 
 Oak Ridge 
 TN 37831 
 USA 

 E-mail: braimany@ornl.gov 

 and 

 Department of Mechanical, 
Aerospace, and Biomedical 
Engineering 

 University of Tennessee 
 Knoxville 
 TN 37996 
 USA 

  Chapter 5  

 E. U. Rafailov* 
 School of Engineering, Physics and 

Mathematics 
 University of Dundee 
 Harris Building 
 Dundee 
 DD1 4HN 
 UK 

 E-mail: e.u.rafailov@dundee.ac.uk 

 Eugene Avrutin 
 Department of Electronics 
 University of York 
 Heslington 
 York 
 YO10 5DD 
 UK 

 E-mail: eugene.avrutin@york.
ac.uk 

  Chapter 6  

 Daniel Feezell* 
 Assistant Professor of Electrical 

and Computer Engineering 
 Center for High Technology 

Materials 
 1313 Goddard St. SE (MSC04 2710) 
 University of New Mexico 
 Albuquerque 
 NM 87106-4343 
 USA 

 E-mail: dfeezell@unm.edu 

 Shuji Nakamura 
 University of California 
 Santa Barbara 
 USA 

 E-mail: shuji@engineering.ucsb.edu 

  Chapter 7  

 Mitsuru Sugawara*
  QD Laser, Inc. 
 1–1 Minamiwataridacho 
 Kawasaki-ku 
 Kawasaki 
 Kanagawa 210-0855 
 Japan 

 E-mail: sugawara@qdlaser.com 

 and 



 Contributor contact details xiii

© Woodhead Publishing Limited, 2013

 Institute for Nano Quantum 
Information Electronics 

 The University of Tokyo 
 4–6–1 Komaba 
 Meguro-ku 
 Tokyo 153-8505 
 Japan 

   Y. Arakawa and K. Tanabe 
   Institute for Nano Quantum 

Information Electronics 
 The University of Tokyo 
 4-6-1 Komaba, Meguro-ku 
 Tokyo 153-8505 
 Japan 

 and 

 Institute of Industrial Science 
 The University of Tokyo 
 4-6-1 Komaba, Meguro-ku 
 Tokyo 153-8505 
 Japan 

  Chapter 8  

 Kent D. Choquette 
 Professor of Electrical and 

Computer Engineering 
 University of Illinois 
 208 North Wright Street 
 Urbana 
 IL 61801 
 USA 

 E-mail: choquett@illinois.edu 

  Chapter 9  

 Jennifer E. Hastie*, Stephane 
Calvez and Martin D. Dawson 

 Institute of Photonics 
 University of Strathclyde 
 Wolfson Centre 
 106 Rottenrow 

 Glasgow 
 G4 0NW 
 UK 

 E-mail: jennifer.hastie@strath.
ac.uk; s.calvez@strath.ac.uk; 
m.dawson@strath.ac.uk 

  Chapter 10  

 Di Liang 
 Intelligent Infrastructure 

Laboratory 
 Hewlett Packard Laboratories 
 1501 Page Mill Road 
 Palo Alto 
 CA 94304 
 USA 

 and 

 Department of Electrical and 
Computer Engineering 

 University of California, Santa 
Barbara 

 CA 93106 
 USA 

 E-mail: dliang@ece.ucsb.edu 

 John E. Bowers* 
 Department of Electrical and 

Computer Engineering 
 University of California, Santa 

Barbara 
 CA 93106 
 USA 

 E-mail: bowers@ece.ucsb.edu 
  



xiv Contributor contact details

© Woodhead Publishing Limited, 2013

Chapter 11  

 Gregory Belenky*, Leon 
Shterengas and T. Hosoda 

 Department of Electrical and 
Computer Engineering 

 State University of New York at 
Stony Brook 

 Stony Brook 
 NY 11794 
 USA 

 E-mail: garik@ece.sunysb.edu 

 Mikhail V. Kisin 
 Ostendo Technologies, Inc. 
 6185 Paseo del Norte, Ste. 200 
 Carlsbad 
 CA 92011 
 USA 

  Chapter 12  

 Rui Q. Yang 
 School of Electrical and Computer 

Engineering 
 University of Oklahoma 
 110 W Boyd Street 
 Norman 
 OK 73019 
 USA 

 E-mail: Rui.Q.Yang@ou.edu 

  Chapter 13  

 Stefano Barbieri* 
 University of Paris Diderot and 

CNRS 
 B â timent Condorcet 
 10 rue A. Domont et L. Duquet 
 75205 Paris Cedex 13 
 France 

 E-mail: stefano.barbieri@
univ-paris-diderot.fr 

 Sushil Kumar 
 Department of Electrical and 

Computer Engineering 
 Lehigh University 
 7 Asa Drive, Room 226, 
 Bethlehem 
 PA 18015 
 USA 

 E-mail: sushil@lehigh.edu 

  Chapter 14  

 A. M. Monakhov* and 
N. I. Sablina 

 Ioffe PhysicalTechnical Institute 
 Politekhnicheskaya, 26 
 Russia 

 E-mail: amon@les.ioffe.ru 

  Chapter 15  

 Frank K. Tittel* and Rafa ł  Lewicki 
 Electrical and Computer 

Engineering Department 
 Rice University 
 6100 Main Street 
 Houston 
 TX 77005 
 USA 

 E-mail: fkt@rice.edu; Rafal.
Lewicki@rice.edu   



© Woodhead Publishing Limited, 2013

xv

   Woodhead Publishing Series in 
Electronic and Optical Materials 

   1     Circuit analysis  
  J. E. Whitehouse  

  2     Signal processing in electronic communications: For engineers and 
mathematicians  
  M. J. Chapman, D. P. Goodall and N. C. Steele  

  3     Pattern recognition and image processing  
  D. Luo  

  4     Digital fi lters and signal processing in electronic engineering: Theory, 
applications, architecture, code  
  S. M. Bozic and R. J. Chance  

  5     Cable engineering for local area networks  
  B. J. Elliott  

  6     Designing a structured cabling system to ISO 11801: Cross-referenced 
to European CENELEC and American Standards  
  Second edition  
  B. J. Elliott  

  7     Microscopy techniques for materials science  
  A. Clarke and C. Eberhardt  

  8     Materials for energy conversion devices  
  Edited by C. C. Sorrell, J. Nowotny and S. Sugihara  

  9     Digital image processing: Mathematical and computational methods  
  Second edition  
  J. M. Blackledge  

  10     Nanolithography and patterning techniques in microelectronics  
  Edited by D. Bucknall  

  11     Digital signal processing: Mathematical and computational methods, 
software development and applications  
  Second edition  
  J. M. Blackledge  



xvi Woodhead Publishing Series in Electronic and Optical Materials

© Woodhead Publishing Limited, 2013

  12     Handbook of advanced dielectric, piezoelectric and ferroelectric 
materials: Synthesis, properties and applications  
  Edited by Z.-G. Ye  

  13     Materials for fuel cells  
  Edited by M. Gasik  

  14     Solid-state hydrogen storage: Materials and chemistry  
  Edited by G. Walker  

  15     Laser cooling of solids  
  S. V. Petrushkin and V. V. Samartsev  

  16     Polymer electrolytes: Fundamentals and applications  
  Edited by C. A. C. Sequeira and D. A. F. Santos  

  17     Advanced piezoelectric materials: Science and technology  
  Edited by K. Uchino  

  18     Optical switches: Materials and design  
  Edited by S. J. Chua and B. Li  

  19     Advanced adhesives in electronics: Materials, properties and 
applications  
  Edited by M. O. Alam and C. Bailey  

  20     Thin fi lm growth: Physics, materials science and applications  
  Edited by Z. Cao  

  21     Electromigration in thin fi lms and electronic devices: Materials and 
reliability  
  Edited by C.-U. Kim  

  22     In situ   characterization of thin fi lm growth  
  Edited by G. Koster and G. Rijnders  

  23     Silicon-germanium (SiGe) nanostructures: Production, properties and 
applications in electronics  
  Edited by Y. Shiraki and N. Usami  

  24     High-temperature superconductors  
  Edited by X. G. Qiu  

  25     Introduction to the physics of nanoelectronics  
  S. G. Tan and M. B. A. Jalil  

  26     Printed fi lms: Materials science and applications in sensors, electronics 
and photonics  
  Edited by M. Prudenziati and J. Hormadaly  

  27     Laser growth and processing of photonic devices  
  Edited by N. A. Vainos  

  28     Quantum optics with semiconductor nanostructures  
  Edited by F. Jahnke  

  29     Ultrasonic transducers: Materials and design for sensors, actuators and 
medical applications  
  Edited by K. Nakamura  



 Woodhead Publishing Series in Electronic and Optical Materials xvii

© Woodhead Publishing Limited, 2013

  30     Waste electrical and electronic equipment (WEEE) handbook  
  Edited by V. Goodship and A. Stevels  

  31     Applications of ATILA FEM software to smart materials: Case studies 
in designing devices  
  Edited by K. Uchino and J.-C. Debus  

  32     MEMS for automotive and aerospace applications  
  Edited by M. Kraft and N. M. White  

  33     Semiconductor lasers: Fundamentals and applications  
  Edited by A. Baranov and E. Tournié  

  34     Handbook of terahertz technology for imaging, sensing and 
communications  
  Edited by D. Saeedkia  

  35     Handbook of solid-state lasers: Materials, systems and applications  
  Edited by B. Denker and E. Shklovsky  

  36     Organic light-emitting diodes: Materials, devices and applications  
  Edited by A. Buckley  

  37     Lasers for medical applications: Diagnostics, therapy and surgery  
  Edited by H. Jelínková  

  38     Semiconductor gas sensors  
  Edited by R. Jaaniso and O. K. Tan  

  39     Handbook of organic materials for optical and optoelectronic devices: 
Properties and applications  
  Edited by O. Ostroverkhova  

  40     Metallic fi lms for electronic, optical and magnetic applications: 
Structure, processing and properties  
  Edited by K. Barmak and K. Coffey  

  41     Handbook of laser welding technologies  
  Edited by S. Katayama  

  42     Nanolithography: The art of fabricating nanoelectronics, 
nanophotonics and nanobiology devices and systems  
  Edited by M. Feldman  

  43     Laser spectroscopy for sensing: Fundamentals, techniques and 
applications  
  Edited by M. Baudelet  

  44     Chalcogenide glasses: Preparation, properties and applications  
  Edited by J.-L. Adam and X. Zhang  

  45     Handbook of MEMS for wireless and mobile applications  
  Edited by D. Uttamchandani  

  46     Subsea optics and imaging  
  Edited by J. Watson and O. Zielinski  

  47     Carbon nanotubes and graphene for photonic applications  
  Edited by S. Yamashita, Y. Saito and J. H. Choi  



xviii Woodhead Publishing Series in Electronic and Optical Materials

© Woodhead Publishing Limited, 2013

  48     Optical biomimetics: Materials and applications  
  Edited by M. Large  

  49     Optical thin fi lms and coatings  
  Edited by Angela Piegari and François Flory  

  50     Computer design of diffractive optics  
  Edited by V. A. Soifer  

  51     Smart sensors and MEMS: Intelligent devices and microsystems for 
industrial applications  
  Edited by S. Nihtianov and A. L. Estepa  

  52     Fundamentals of femtosecond optics  
  Edited by S. A. Kozlov and V. V. Samartsev    



© Woodhead Publishing Limited, 2013

xix

  Preface   

 In 2012 the semiconductor laser celebrated its 50th anniversary. The fi rst 
laser emission from a semiconductor was obtained almost simultaneously 
by several research teams in 1962. These early near infrared lasers made of 
GaAs p-n structures fabricated by liquid phase epitaxy could only operate 
at cryogenic temperatures and their poor performance made it diffi cult to 
imagine a brilliant future for such devices. The achievement of continuous 
wave operation at room temperature was a revolutionary step in the devel-
opment of semiconductor lasers. This milestone was reached thanks to the 
use of the double heterostructure design providing more effi cient optical 
and electronic confi nement in the device. Further progress in semiconduc-
tor lasers, which made them actually a part of everyday life, was enabled 
by the development of novel physical concepts, as well as new materials 
and new growth techniques for their realization. This resulted in signifi cant 
improvement of laser performances and expanded the accessible spectral 
range. Modern semiconductor lasers are based on sophisticated layered 
structures of multicomponent alloys grown by molecular beam epitaxy or 
by chemical vapor deposition. With III-nitride compounds the emission 
wavelength range of semiconductor lasers has been extended to the blue 
and ultraviolet domains. Quantum well and quantum dot concepts allowed 
an enormous reduction of the threshold current in lasers operating in visible 
and near infrared. The performances of the lasers employing interband radi-
ative transitions across the band gap of a semiconductor however degrade at 
wavelengths above 3  µ m because of the strong nonradiative Auger recom-
bination in narrow gap materials. This problem has been overcome in quan-
tum cascade lasers based on transitions between electron subbands in the 
conduction band where the Auger effect is weak. This technology allowed 
extending the wavelength range accessible to semiconductor lasers up to 
the THz region of the electromagnetic spectrum corresponding to wave-
lengths in the 40–300  µ m range. 

 Semiconductor lasers have found many applications in different fi elds of 
science and industry. Mass scale production of semiconductor lasers for use 
as light sources for optical communications, barcode scanners and compact 
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disc players, drastically reduced the prices and accelerated their penetra-
tion into everyday life. More sophisticated lasers such as high power devices 
for use in medicine or for effi cient pumping of solid state lasers have been 
developed. Vertical cavity surface emitting lasers (VCSELs) made possible 
mass scale wafer level production of single mode coherent sources provid-
ing high coupling effi ciency with optical fi bers. VCSELs, as well as edge 
emitting single mode distributed feedback or photonic crystal lasers, are 
widely used nowadays in molecular spectroscopy for the selective detection 
of gases and vapors in trace concentrations. The development of new cavity 
confi gurations has yielded widely tunable spectroscopic sources and power-
ful lasers with excellent beam quality and extremely narrow linewidth. An 
accurate gain control in mode-locked devices can transform these lasers to 
generators of stable trains of ultra-short light pulses with a high  repetition 
rate. A very important task in rapid development is the integration of III-V 
lasers and photonics in general with Silicon based electronics. 

 Despite the now long history of the semiconductor laser, it remains a 
subject of active research. New scientifi c tasks require better performance 
and novel functionalities of light sources, while new achievements in semi-
conductor lasers expand the area of their possible applications. For these 
reasons an up-to-date summary of their science and technology is highly 
desirable, which is the purpose of this book. 

 The fundamentals of semiconductor lasers are discussed in Part I of the 
volume. In order to prepare a reader not familiar with semiconductor lasers 
it starts with a chapter presenting general principles of semiconductor lasers. 
The latest achievements in the development of semiconductor laser cavities 
are then presented in the chapter on photonic crystal lasers. Issues related 
to the development of high power lasers and laser arrays are discussed in 
the following two chapters. The generation of ultrafast light pulses by semi-
conductor lasers is treated in the last chapter of Part I. 

 Part II of the book is devoted to semiconductor lasers that are especially 
well suited for operation in the visible and near infrared spectral regions. 
The fi rst chapter of Part II summarizes the latest achievements in the fi eld 
of short wavelength semiconductor lasers based on nonpolar and semipolar 
GaN and its alloys. The state of the art in quantum dot lasers is discussed in 
the next chapter. Electrically and optically pumped vertical cavity surface 
emitting lasers are then analyzed in Part II which is fi nished by a chapter on 
hybrid integration of III-V lasers on silicon. 

 Part III describes several other types of semiconductor lasers operating 
in the mid- and far-infrared. GaSb and related compounds were the fi rst 
materials used to fabricate high performance mid-infrared quantum well 
lasers. The fi rst chapter presents recent development and prospects of such 
lasers operating in the spectral range 2–3.5  µ m. Interband cascade lasers 
which cover longer wavelengths starting from 3  µ m are treated in the next 
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chapter. Intersubband quantum cascade lasers operating at extremely long 
wavelengths in the THz region of the electromagnetic spectrum are then 
presented. The next chapter treats whispering gallery mode lasers employ-
ing disk or ring resonators which exhibit some unique properties due to 
the specifi c shape of the laser cavity. Applications of semiconductor lasers 
in absorption spectroscopy are analyzed in detail in the last chapter of the 
volume. 

 While it is diffi cult to review all aspects of the modern science and 
technology of semiconductor lasers, we attempted to include in this book 
contributions which cover most important fi elds of this large area. We 
hope that the reader will fi nd useful information in this volume. 

 We sincerely thank all the authors of the book for their valuable contribu-
tions to this project. 

  Alexei Baranov and Eric Tournié  

    





© Woodhead Publishing Limited, 2013

3

  1 
 Principles of semiconductor lasers   

    P.   BLOOD ,    Cardiff University, UK    

   DOI : 10.1533/9780857096401.1.3 

  Abstract : The purpose of this chapter is to provide an overview of the 
principles of quantum confi ned semiconductor lasers relevant to devices 
utilising conduction to valence band transitions. It begins with a short 
historical survey, and then provides a summary of the principles of laser 
action, optical processes in semiconductors, and quantum confi nement. 
This leads to a detailed account of gain and recombination, culminating 
in discussion of the gain–current characteristics. Temperature dependence 
of threshold and the use of rate equations to describe behaviour above 
threshold and frequency response are covered in the fi nal sections. 

  Key words : quantum wells, quantum dots, optical gain, recombination, 
threshold current. 

    1.1     Introduction 

 The purpose of this chapter is to provide an overview of the principles of 
quantum confi ned semiconductor lasers relevant to most devices utilising 
conduction to valence band transitions. It assumes a basic knowledge of 
stimulated emission, laser action and semiconductor physics and begins 
with a short historical survey. 

  1.1.1     Historical background 

 ‘Light amplifi cation claimed by scientist’. So ran the headline of the  New 
York Times  on Friday, 8 July 1960 announcing that Theodore Maiman had 
realised an ‘optical maser’ using ruby and based on the Fabry-Perot cavity 
proposed by Schalow and Townes ( 1958 ). Semiconductors were also con-
sidered as a possible gain medium (Bertolotti,  1983 , section 6.9; Bernard 
and Duraffourg,  1961 ) and four reports of laser action in semiconductors 
appeared in the autumn of 1962. Hall  et al . ( 1962 ), Nathan  et al . ( 1962 ) and 
Quist  et al . ( 1962 ) used GaAs, while Holonyak and Bevacqua ( 1962 ) used 
GaAsP (see Casey and Panish,  1978 , section 1.2; Bertolotti,  2005 , pp. 254–9, 
and Hilsum,  1967 , for an account contemporary with the events). 
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 The threshold current densities of these devices were very high and the 
next crucial step was due to Kroemer ( 2000 ) who proposed the use of wider 
gap material to prevent carrier diffusion, enabling inversion to be achieved 
at lower current. A similar suggestion was made by Alferov and Kazarinov 
(see Alferov,  2000 , ref, 4; Alferov  et al. ,  1969 ) and the Nobel Prize in Physics 
was awarded half jointly to Alferov and Kroemer. Single heterostructure 
lasers were made by Hayashi, Panish and Foy ( 1969 ) (see Hayashi and 
Panish,  1970 ) and by Kressel and Nelson ( 1969 ), and a double heterostruc-
ture laser, the model upon which the majority of present-day laser diodes 
are based, was reported by Alferov  et al.  ( 1970 ). 

 The double heterostructure paved the way for engineering the elec-
tronic properties of semiconductor structures. Henry recognised the anal-
ogy between confi nement of light by a slab waveguide and confi nement of 
electrons by the potential well formed by a heterostructure (Henry,  1993 ). 
Observation of confi ned states in quantum wells was reported by Dingle 
 et al . ( 1974 ) and their potential for laser diodes prompted a patent fi led 
in 1975 by Dingle and Henry. Photo-pumped laser operation was reported 
by van der Ziel  et al.  ( 1975 ) and Dupuis and co-workers ( 1978 ) achieved 
laser action by electrical injection. The use of quantum confi nement in three 
dimensions was considered by Arakawa and Sakaki ( 1982 ), then by Asada 
 et al.  ( 1986 ), although quantum dots did not attract widespread attention for 
lasers until the Stranski–Krastanow growth mode was used to make dots by 
self-assembly by Kirstaedter  et al.  ( 1994 ). 

 A further heterostructure variant is the use of periodic superlattices for 
quantum cascade lasers which utilise transitions between states in the same 
sub-band, particularly to achieve laser action in the mid IR and THz wavebands 
(Faist  et al.   1994 ). These devices are described elsewhere in this volume.  

  1.1.2     Principles of operation 

 A generic laser diode chip is shown in  Fig. 1.1.  It comprises an active region 
of two double heterostructures which separately confi ne the carriers in a 
well and the light in a waveguide, hence the term Separate Confi nement 
Heterostructure (SCH). Light is amplifi ed along the axis of the SCH 
( y -direction) by stimulated emission by recombination of electrons and 
holes injected into the active region by the  p-n  junction. The current is 
confi ned laterally ( x -direction) by a narrow contact stripe (typically 10–50 
 µ m wide) formed using a dielectric layer, or by a ridge (a few microns 
wide) which may also guide the light in the  x -direction. Optical feedback 
is provided by partial refl ection at the cleaved facets to sustain coherent 
oscillation. Alternatively, feedback may be provided by a grating (distrib-
uted Bragg refl ector (DBR)) or by a periodic structure in the gain region 
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producing distributed optical feedback (DFB). Laser action occurs when 
the intensity gain experienced by the optical mode matches the loss of light 
through the end mirrors (power refl ectivity  R  1  and  R  2 ) and by scattering as 
it propagates along the waveguide, represented by a loss coeffi cient   α    i   (typ-
ically 2–10 cm −1 ). The modal gain required to achieve this laser threshold is 
given by (Coldren and Corzine,  1995 , section 2.5):

    G
Lc

thGG = + −α 1
2 1 2

1ln( )R R1 2R        [1.1]  

For a cavity length of 300  µ m the modal gain required is about 50 cm −1 .    
 Although there are variations on this theme, the devices considered in this 

book contain means to guide and couple light to the gain medium, means to 
control the region over which the current is injected, means to provide optical 
feedback and a  p - n  junction to inject carriers to achieve population inversion. 

 The energy band diagram of the active region in the  z -direction is shown 
in  Fig. 1.2  under forward bias. The outer double heterostructure forms the 
slab waveguide and provides a diffusion barrier for injected electrons and 
holes; the thickness of the core is of the order of the wavelength of light in 
the semiconductor (a few 100 nm). The inner double heterostructure forms 
the quantum well, or may contain a layer of dots, typically a few nm thick, 
where the gain is generated. The success of the heterostructure rests on the 
ability to confi ne carriers and light to the same region and on the availability 
of alloy systems in which the band gap can be varied with very little change 

Cavity length ~300 μm 

~50 μm 

Dielectric layer

Metallic layer 

Current drive 

Current spreading 

Emission from
lasing region  

p 

n 

x 

y 
z Cleaved

reflecting facet 

Well Wave-
guide  

Stripe contact Two double
heterostructures  

1.1      Illustration of a generic diode laser chip, with active region 

comprising two double heterostructures forming the waveguide 

and well. The width of the contact between the metal and 

p-type semiconductor is restricted by a stripe in the dielectric layer. 

The active region is pumped by a  p-n  junction in the region below the 

contact stripe with some current spreading.  
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in lattice parameter, so that the whole structure is lattice-matched, though 
modest amounts of strain can be used to good effect (Section 1.6.3 of this 
chapter; Chuang,  2009 , section 4.5). The wide-gap nitride system used for 
blue emitters (Nakamura  et al .,  1995 ) is exceptional in that growth tech-
niques have been developed to produce active regions of suffi cient quality 
for laser action to be achieved with a large mismatch to the substrate (see 
Chuang  2009 , section 11.5).     

  1.1.3     Outline of chapter 

 The purpose of this chapter is to outline the physical principles of quantum 
well and dot lasers using transitions between the conduction and valence 
band, states based on the generic structure of  Figs 1.1  and  1.2 . Although 
reference is made to some specifi c types of laser, this is done simply to 
place them in the wider context of the ‘generic’ laser diode. Where these 
types are covered elsewhere in this book reference may be made to the 
relevant  chapter for a complete account of their current development. The 
principles of laser action, optical processes in semiconductors and quantum 

ΔEc 

ΔEc 

Lz

ΔEv

ΔEv

eVf

EFh

EFe

Ev

Ev

 

Well 

Waveguide core 

n -type 

p-type 

z direction 

Electron energy 

 1.2      Energy band diagram of the conduction and valence band edges 

( E   c   and  E   v   respectively) through the active region in the direction 

normal to the plane of the layers, drawn under forward bias,  V   f  , 

necessary for population inversion in the quantum well, width  L   z  . 

The structure comprises two double heterostructures forming the 

waveguide and the quantum well with band offsets  Δ  E   c   and  Δ  E   v   which 

may be different for the waveguide and well. The layer thicknesses 

are not drawn to scale; band-bending in the well and adjacent barrier 

material has been neglected.  
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confi nement (Sections 1.2 and 1.3) lead to a detailed account of gain and 
recombination (Sections 1.4 and 1.5) culminating in the gain–current char-
acteristics (Section 1.6). Temperature dependence of threshold and the use 
of rate equations to describe behaviour above threshold and frequency 
response are covered in Sections 1.7 and 1.8. 

 Some plots in the diagrams have been derived using ‘model’ calculations 
to provide realistic illustrations of general principles. These are simplifi ed 
and do not correspond to specifi c materials, consequently published calcula-
tions may differ in the numerical values they produce for specifi c structures.  

  1.1.4     Further reading 

 Books by Bertolotti ( 1983 ,  2005 ; the former gives references to original 
sources), Henry’s  1993  foreword, and the fi rst chapter of Casey and Panish 
(1976) provide reading on the historical background, and further articles can 
be found in the Millennium issue (2000) of the  Journal of Selected Topics in 
Quantum Electronics . 

 Books by Casey and Panish ( 1978 ) and Thompson ( 1980 ) pre-date quan-
tum structures yet provide valuable scientifi c background, while Agrawal 
and Dutta ( 1993 ) include quantum wells. The volume edited by Zory ( 1993 ) 
deals specifi cally with quantum well lasers and Bastard ( 1988 ) sets out the 
wave-mechanical background. Texts by Coldren and Corzine ( 1995 ) and 
Chuang ( 2009 ) are relevant to this chapter, as is Sands ( 2005 ). The physics 
of light-matter interactions is covered in chapter 2 of Loudon ( 2000 ); Chow 
and Koch ( 1999 ) give an advanced account of semiconductor gain media. 
Bimberg and co-workers ( 1999 ) have covered quantum dot lasers and 
recent review has been given by Mowbray and Skolnick ( 2005 ). References 
in this chapter to journal papers are representative examples.   

  1.2     The basic laser diode 

 The purpose of this section is to introduce the basic elements of a quantum 
confi ned laser diode: formation of quantum confi nement and the waveguide 
by heterostructures, and injection of carriers by the  p-n  junction. Defi nitions 
are given for modal gain and the various effi ciencies obtained from the 
light–current curve. This material provides the context for the physics which 
is described in the sections which follow. 

  1.2.1     Formation of quantum confi ned structures 

 The energy band diagram of a quantum well is shown in  Fig. 1.3a , drawn 
assuming that the band-bending adjacent to the interfaces occurs over 
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distances much larger than the width of the well and barriers and can be 
ignored on this scale. The depths of the conduction and valence band wells 
are determined by the heterostructure band offsets  Δ  E   c  ,  Δ  E   v   which sum to 
the band gap difference at the interface (Chuang,  2009 , appendix A). For a 
conventional type I structure the band offsets confi ne electrons and holes 
to the same spatial region; these offsets are typically 200 meV and 100 meV 
respectively. In some systems carriers of opposite type are confi ned to adja-
cent regions ( Fig. 1.3b ) and these type II structures have found specialist 
application, particularly in mid infra-red laser diodes (Grein  et al. ,  1994 ) 
where they reduce the Auger recombination rate (Section 1.5.2).    

 Self-assembled dots are formed by deposition of material which has a large 
lattice mismatch (approaching 10%) with respect to the underlying layer. 
This strain is relieved by formation of islands of material and the resulting 
dots are fl at pyramids with a base width larger than the height (Bimberg 
 et al. ,  1999 ). A thin continuous wetting layer remains, contiguous with the 
dots, which is regarded as a thin quantum well. Dots may be grown inten-
tionally within a well: the dot-in-a-well (DWELL) structure (Lester  et al. , 
 1999 ; Liu  et al. ,  2000 ). While it is possible to exercise a degree of control over 
the formation of dots by the growth conditions, there is an inevitable spread 
in size leading to inhomogeneous energy distribution of optical transitions.  

  1.2.2     Carrier injection 

 Carriers are injected by a forward biased  p - n  junction, and it is usually 
assumed that the electron and hole distributions in the well can each be 

(a) Type I (b) Type II

ΔEc 

ΔEc 
Eg1

Eg2 

Ev

Ev

 1.3      Energy band diagrams of (a) type I and (b) type II quantum wells 

formed of materials with band gaps  E   g 1  and  E   g 2 . The difference between 

the two structures is the magnitude and sense of the band offsets such 

that in the type I well electrons and holes have potential minima in the 

same spatial regions whereas in the type II well the potential minima 

for electrons and holes are in the narrow gap and wide gap material 

respectively.  
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described by a Fermi function specifi ed by the lattice temperature and a 
quasi-Fermi level for each carrier type. In this chapter occupation probabil-
ities always refer to electrons, whether in the conduction band or valence 
band. Most laser diode calculations use Fermi distributions and it is assumed 
that quasi-equilibrium within the carrier populations is brought about by 
internal scattering processes which are signifi cantly faster than the rate of 
recombination. 

 The outer heterobarriers are not always fully effective in preventing  carrier 
fl ow into the opposite material type.  Figure 1.4  shows that electrons at energy 
above the heterobarrier diffuse down their concentration gradient into 
the  p -type material, where they recombine with holes. Where the cladding 
layer resistance is signifi cant, carriers appearing above the heterobarrier are 
extracted by the electric fi eld ( Fig. 1.5 ) produced by the fl ow of majority car-
rier holes through the resistive cladding layer. This drift can make a signifi cant 
contribution to the temperature dependence of threshold current, particularly 
in materials where it is diffi cult to achieve high  p -doping in the cladding layer 
to minimise its resistance. In practice, carrier loss occurs by a combination of 
drift and diffusion (Bour  et al. ,  1993 ) and is best treated using a self-consistent 
current continuity/Poisson simulation (e.g., Foulger  et al. ,  1997 ).        

n0

n0

Ec 

Jdiff

Ec– EFe  
 

dz

dn
eDnJdiff =

n(z) 

Electron density 

Recombination 

Electron energy  

p-type 
EFe 

 1.4      Schematic band diagram (without band-bending) illustrating 

loss of electrons over the heterobarrier by diffusion into the  p -type 

cladding layer. The left hand side of the fi gure shows the electron 

distribution with increasing electron energy:  n  0  electrons are above the 

heterobarrier at  E   c   and can diffuse into the  p -type material with a profi le 

 n ( z ) where they recombine with holes. The diffusion current across the 

interface is proportional to the electron concentration gradient and  n  0  is 

determined by the energy difference ( E   c   –  E  Fe ).  
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  1.2.3     The waveguide and cavity 

 The output from the laser is in specifi c optical modes determined by solu-
tions of Maxwell’s equations for the waveguide and by the gain spectrum 
of the active medium, and is polarised usually with the electric fi eld in the 
plane of the well (TE). Lateral guiding ( x -direction,  Fig. 1.1 ) may occur due 
to variation in the gain due to the current distribution (gain guiding) or 
in the refractive index (index guiding); the former is the case for a wide 
current-confi ning stripe, as in  Fig. 1.1 , whereas a narrow ridge provides 
strong index guiding. The transverse modes ( z ) are controlled by the refrac-
tive index profi le of the slab waveguide (see Agrawal and Dutta,  1993 , 
 section 2.5). 

 The longitudinal modes are determined by constructive interference 
along the axis of the cavity ( y ), and in edge emitting devices where the cav-
ity length is very large there are many such closely spaced modes within the 
gain spectrum of the material. In vertical cavity lasers there is only a small 
number of modes in the propagation direction within the gain spectrum, 
sometimes only one, due to the very short cavity length. 

Electron current density = ξ.σmin 

p-contact
layer  

J 

p-type cladding layer,
hole conductivity  
σh = peμh 

EFe 
 

 1.5      Band diagram illustrating the loss of electrons at the heterobarrier 

due to drift. The fl ow of majority carrier holes in the resistive  p -cladding 

layer produces an electric fi eld which extracts electrons which are 

above the heterobarrier from the active region. These electrons fl ow 

as a minority carrier current to the  p -contact layer and recombine with 

holes at the contact. The diagram illustrates transport of electrons 

by drift only, so the separation of the conduction band edge and the 

electron quasi-Fermi level is constant because there is no electron 

concentration gradient in the cladding layer.  

�� �� �� �� �� ��



 Principles of semiconductor lasers 11

© Woodhead Publishing Limited, 2013

  Figure 1.6  illustrates the transverse refractive index profi le and the opti-
cal fi eld of the fi rst transverse mode. The gain experienced by this mode is 
defi ned as the fractional increase in energy in the mode ( Δ  U/U ) per unit 
distance ( L ) travelled along the  y -direction:

    G
U
L U

=
Δ
Δ

1
       [1.2]   

 The increase in energy is due to additional photons produced by the differ-
ence between rates of downward stimulated transitions and upward absorp-
tive transitions (the net stimulated rate) in the well. Coupling of the optical 
fi eld   ξ  ( z ) of whole mode to the well is usually specifi ed by the confi nement 
factor,  Γ :

    Γ =
∫

∫

ξ

ξ

2ξξ

2ξξ

d

d

gain

z

z
mod

       [1.3]  

where the integrals are taken over the gain region (in this case the well) 
and the whole mode. This defi nition is appropriate when the width of the 
gain region can be specifi ed (see Section 1.4.1). When the gain region is 
very thin, the optical fi eld is constant over its ‘width’ ( ξ  gain ) and we show in 

Square
of the
electric
field.   

ξ2

ξ2

Distance, z 

Core 

Well 

Cladding Cladding 

Index

∫ξ2dz
well

Effective mode width, wmod 

gain

1.6      Transverse optical fi eld profi le due to waveguiding by the index 

profi le of the SCH structure. In this diagram the gain region is a 

quantum well. The effective mode width as defi ned by Equation [1.4] 

is indicated, as is the integral of the squared fi eld over the width of the 

well which is used to calculate the confi nement factor (Equation [1.3]).  
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Section 1.4.1 that it is then convenient to defi ne an effective mode width, 
 w  mod  as

    w

z

mod =

( )z∫ ξ

ξ

2ξξ

2ξξ

d
mod

gain

       [1.4]  

This is the width of a fi ctitious rectangular mode having a constant fi eld 
amplitude   ξ   gain  and the same total energy as the true optical mode, deter-
mined by the area under the fi eld profi le ( Fig. 1.6 ).     

  1.2.4     Threshold and the light–current curve 

 Stimulated emission in the gain region supplies energy to the whole of the 
mode and when this makes up for that lost through the mirrors and by inter-
nal scattering, sustained coherent laser action is achieved (Equation [1.1]) 
and is usually identifi ed by the abrupt increase in light output as a function 
of current as illustrated in  Fig. 1.7 . The threshold current is the current which 
fl ows at the quasi-Fermi level separation necessary to provide the threshold 
gain.  Figure 1.8  is an energy band diagram of a quantum well at threshold: 
in the absence of lateral carrier leakage ( x -direction) in the steady state the 
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 1.7      Schematic light–current curve illustrating identifi cation of the 

threshold current,  I  th . The overall external effi ciency,   η   ext  at threshold is 

illustrated, as is the differential external effi ciency above threshold. The 

effect of temperature on the light–current curve is also shown.  
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external rate of supply of electrons per unit area ( J /e) balances the total 
recombination rate between conduction and valence bands in well and bar-
rier, together with carrier loss over the heterobarrier ( Figs 1.4  and  1.5 ). The 
contribution of stimulated emission  at threshold  is not signifi cant because 
the photon density is very low.       

 Calculation of the threshold current due to all these contributions is diffi -
cult without detailed knowledge of the extrinsic properties of the structure. 
It is therefore usual to calculate the internal  radiative  threshold current den-
sity due to spontaneous recombination in the well alone, Jrad

th , by integrat-
ing the spontaneous emission spectrum, Rspon ( )ϖ ,

    J e Rrad
th

spon
th d( )∫ d) ϖ)d))     [1.5]  

To estimate the overall threshold current density ( J  th ), the carrier loss pro-
cesses are lumped into a quantum effi ciency (  η  ) made up of the internal 

EFe
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Current
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thJrad  
Radiative
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across band gap   
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leakage  

1.8      Band diagram of a quantum well with the quasi-Fermi level 

separation at threshold,  Δ  E   F   . The current density,  J,  necessary to 

maintain the threshold gain must balance the loss of carriers by 

leakage over the heterobarrier, and radiative and non-radiative 

recombination in the barrier and well.  
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quantum effi ciency   η   int  within the well and the fraction of total current which 
enters the well, the injection effi ciency   η   inj , which accounts for lateral cur-
rent spreading, barrier recombination and leakage over the heterobarrier:

    J
J J

th
rad
th

rad
th

injn

= =
η η ηint

       [1.6]  

In the well alone

    ηint =
+

R

R R+ RA

rad

rad nR+ r

       [1.7]  

where Rnr  is due non-radiative deep state (Shockley–Read–Hall) recombi-
nation and  R   A   is the non-radiative Auger recombination rate. 

 Above threshold the photon density increases rapidly and every  extra  
injected electron–hole pair recombines by photon-induced stimulated emis-
sion: the increase in current is due to shortening of the carrier lifetime by 
stimulated recombination. This coupling of the carrier and photon densities 
means that above threshold the carrier populations and quasi-Fermi level 
separations are pinned to fi xed values (Section 1.8.2). This pinning should 
be established once recombination by stimulated emission dominates spon-
taneous emission, and it should be maintained so long as the carrier distri-
butions are thermal.  

  1.2.5     Defi nitions of effi ciency 

 The internal and injection effi ciencies have been defi ned above. The power 
conversion effi ciency is defi ned as the ratio of the optical power out ( P  Lout ) 
and the electrical power in ( P  Ein )

    ηpow
Lout

Ein

=
PL

PE

       [1.8]  

This includes power loss due the difference between the external applied 
voltage and the energy of the emitted photons, which includes voltage drops 
across the internal resistance. 

  Quantum  effi ciency refers to generation and supply of  particles : photons 
and electron–hole pairs. The overall external quantum effi ciency is the ratio 
of the rate of external emission of photons ( L  ext ) to the rate of supply of 
electron–hole pairs ( Fig. 1.7 ):

    ηext
ext=

L

I e
       [1.9]  
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where  I  is the current. (ηint  in Equation [1.6] refers to the  internal  genera-
tion of photons within the well due to spontaneous emission.) 

 If the Fermi levels pin at threshold, the rate of carrier loss over the het-
erobarrier, recombination in the well and barrier due to spontaneous emis-
sion and non-radiative processes also pin and do not increase further above 
threshold. In these circumstances every  extra  injected electron–hole pair 
produces an  extra  photon and the  internal differential quantum effi ciency , 

int
dηη  above threshold should be unity:

    ηint
intdηη

J J

L

I e
=

⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
≈

Δ
Δ

th

1        [1.10]  

However, we can only observe the external light output, Lext ,  therefore 
the quantity measured is the  external differential quantum effi ciency , ηext

dηη ,  
above threshold ( Fig. 1.7 )

    ηext
ext

th

dηη =
⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦

Δ
Δ
L

I e
J J>

    [1.11]  

Light is retained within the cavity by refl ection at the mirrors and ηext
dηη  is 

related to η int
d by (Casey and Panish,  1978 , equation 3.8–32)

    η
α

ηext
dηη

i

dηη
n R

n R
=

( )cLc ( )
+ ( )cLc ( )
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−

−

1

1 int        [1.12]  

It is common to determine η int
d  and   α    i   by applying Equation [1.12] 

to measurements of ηext
dηη  as a function of cavity length (Coldren and 

Corzine,  1995 , section 2.8.1) by plotting 1 ηext
dηη   vs   L   c  ; however, this relies 

on quasi-equilibrium being maintained through the whole structure for all 
cavity lengths so that the effi ciencies   η   inj  and   η   int  remain fi xed and do not 
contribute to the external  differential  effi ciency above threshold. This is not 
necessarily the case (Smowton and Blood,  1997a ) due to current spreading 
for example. It is also necessary that the internal mode loss does not depend 
on the threshold carrier density, otherwise   α    i   will itself be dependent on cav-
ity length. Analysis of data to determine   α    i   using Equation [1.12] should be 
scrutinised to ensure the necessary conditions have been met, for quantum 
wells (Blood and Smowton,  1997b ) and dots (Asryan,  2006 ). 

 Values derived for the  differential  effi ciency ηint
dηη  are sometimes confused 

with ηint  (Equation [1.7]) and used, erroneously, to estimate the  overall  effi -
ciency (  η   Equation [1.6]) to obtain the radiative threshold current from the 
external drive current (Smowton and Blood,  1997b ).   
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  1.3     Key physical concepts 

 Having introduced the laser diode, the next task is to provide a survey of the 
physics of the light-matter interaction which produces the optical gain and 
recombination and the use of Schrödinger’s equation to describe electron 
confi nement in a potential well. 

  1.3.1     Interaction of light and matter 

  Quantum approach 

 There is a detailed balance relation between the rates of absorption, stimu-
lated and spontaneous emission and it is usually assumed that spontaneous 
emission occurs into a free-space cavity much larger than the wavelength 
of light, such that the mode density is independent of cavity volume and 
the spectrum is described by the Planck law. When spontaneous emission is 
confi ned to a cavity with dimensions approaching the wavelength of light, 
these relations are substantially modifi ed (Fox,  2006 , chapter 10) and, while 
microcavity structures are of considerable interest, they will not be consid-
ered in this chapter. 

 In the presence of light, the states   ψ   1  and   ψ   2  of an atom are coupled coher-
ently and the wavefunction is the linear combination

    ψ ψ( ,ψψ ) ( ) ( , ) ( ) ( , )t t( , c ( t,+)) (ψt( r,1 1( )ψψ 2 2ψ( )(        [1.13]  

with the initial condition that the electron is in state ‘1’: c1 1( )0  and 
c2 0( )0 . The probability of the electron being in the upper state (‘2’) after 
a time  t  due to transfer of energy from the light beam is c2

2( )t , from which 
the optical absorption rate can be derived. If the coherent superposition of 
states in Equation [1.13] is maintained for a suffi ciently long time the elec-
tron oscillates between the upper and lower levels (Rabi oscillations: see 
Fox,  2006 , chapter 9; Loudon,  2000 , chapter 2). Usually this does not occur, 
because collision processes destroy the phase coherence with the result that 
 c  2  increases monotonically with time giving the absorption cross-section as:

    σ
ε

γ( )ϖ = ( )ϖ
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠ ( )ϖϖ ( )γγγ

2
2

2

0 0εε ( )ϖ ⎝ 2

2
2

2 2nεεε
e
m

MT     [1.14]  

where    ϖ    is the angular frequency of the light. Equation [1.14] shows that 
interaction is not restricted to photons which are precisely resonant with 
the energy separation of the atomic levels  E   i  . The cross-section spectrum is 
homogeneously broadened ( Fig. 1.9 ) with a half-width in energy of  Λ  ( )= ))  
due to dephasing at a rate   γ  .  M   T   is the transition matrix element. In deriving 
Equation [1.14] the dephasing collisions are assumed to leave no ‘memory’ 
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of the previous state of the atom and the lineshape is a Lorentzian, which 
when normalised is

    L
π

( )ϖ =
( )Eiϖ − +

1
2 2

Λ

Λ
       [1.15]  

When the transitions take place to a continuum of fi nal states, this treat-
ment gives Fermi’s Golden Rule (Coldren and Corzine,  1995 , appendix 9) 
which removes explicit reference to homogeneous broadening. This is the 
usual starting point for calculation of absorption and gain by bands of states 
(Coldren and Corzine,  1995 , p. 118).     

  Maxwell’s equations 

 An alternative approach is to apply Maxwell’s equations to an electromag-
netic wave as it propagates through a dielectric (Chuang,  2009 , chapter 5). 
This provides insights which are not easily gained from the quantum picture. 
It is based on calculation of the polarisation  P (   ϖ   ) (dipole moment per unit 
volume) due to the displacement of the electrons and their nuclei,  x ( t ), by 
the oscillating electric fi eld, and expressed as a complex susceptibility   χ  (   ϖ   ). 
The amplitude gain is related to its imaginary part (Chow and Koch,  1999 , 
section 1.8):

    g kamp ′′
1
2

χ′        [1.16]  

0

5
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Detuning, x
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1.9      Normalised homogeneous broadening Lorentzian lineshape as 

a function of the relative detuning x ( )Ei / Λ  (Equation [1.15]), 

shown as a continuous line. A sech function is plotted as open circles 

for comparison, illustrating the reduced tail at high energies.  
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where the wave vector in the medium of index  n   b  , is k n cbϖnn . The inten-
sity gain is twice the amplitude gain. The  macroscopic  polarisation in a small 
volume at  r  is the instantaneous vector addition of the  microscopic  dipole 
moments   μ    i  ( t ) of the individual atoms in this volume:

    P
V i

t

( ),t = ( )t∑1
δVV

μ     [1.17]  

The oscillating dipoles are all initially in-phase and, while this is main-
tained, the decay rate of the macroscopic polarisation is the same as that 
of the individual atoms, and determined by their individual energy damping 
rate   γ    d  . 

 Dephasing collisions (at a rate 1/ T  2 ) destroy the in-phase motion of indi-
vidual dipoles without dissipating energy and, although the microscopic 
polarisation is not changed by these events, destruction of the coherence 
between them reduces the macroscopic polarisation given by Equation 
[1.17] (Siegman  1986 , chapter 2). Eventually the coherence is completely 
destroyed, resulting in zero macroscopic polarisation. 

 For frequencies of the external fi eld which are close to the natural oscil-
lator frequency,    ϖ     o  , the gain cross-section derived from the complex sus-
ceptibility is similar to [1.14] and is also homogeneously broadened by a 
Lorentzian of half-width in frequency of

    Δϖ
γ

= +
γ⎛

⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

d

T2
1

2TT
    [1.18]  

This makes the distinction between broadening due to damping of the indi-
vidual oscillators (rate   γ    d  , sometimes designated by a time  T  1 ) and elastic 
dephasing collisions (time  T  2 ), sometimes called ‘pure dephasing’. In the 
quantum picture the line may also be broadened by decay of the population 
of electron–hole pairs by recombination.  

  Lineshape functions 

 The Lorentzian form of the lineshape follows from the assumption that the 
collisions are fully randomising, leading to an exponential decay with time 
of the in-phase population, but this is not always the case in quantum dot 
systems (Borri  et al. ,  2002 ; see also Borri  et al .,  2001 ,  fi g. 1.4 ). In some gain 
calculations the homogeneous lineshape is represented by a  sech  function 
to avoid the artefact of absorption appearing below the band edge due to 
the long Lorentzian tail (Chow and Koch,  1999 , section 2.3). Eliseev ( 1997 ) 
has proposed a family of functions, from Lorentzian to  sech,  to describe the 
dephasing process.   
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  1.3.2     Confi nement in a potential well 

 To calculate absorption, gain and emission it is necessary to determine the 
energies and wavefunctions of the states in the potential well ( Fig. 1.10a ). In 
crystalline materials the wavefunction is the product of an atomic-like part 
u ( r ) which has the periodicity of the crystal and is specifi c to the valence 
and conduction bands ( u   c  ,  u   v  ), and a slowly varying envelope function  F ( r ) 
obtained by solving Schrodinger’s equation for the macroscopic potential. 
When the sample dimension is large compared with the de Broglie wave-
length the envelope functions are plane waves satisfying cyclic boundary 
conditions and the allowed states are very closely spaced in energy described 
by a density of states function.    

 When electrons are confi ned to a thin potential well the envelope function 
in the confi nement direction  F ( z ) has the form of a standing wave within the 
well, exp .ik zz

well( )  and an exponential decay,

    F k z
Lbarr

z
barr zL

( )z exp= −exp −
⎛
⎝⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎛

⎝⎜
⎛⎛

⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠2     [1.19]  

due to tunelling into the barrier. There is a small number of solutions, loca-
lised to the vicinity of the well, which are widely spaced in energy compared 
with  k   B   T  (e.g., Fox,  2001 , Section 6.3.3; Chuang,  2009 , Section 3.2.2). 

 Many textbooks deal with a rectangular well; however, the potential may 
be of a different form due to intentional intermixing of the well and barrier 
material or unintentional inter-diffusion; it may be triangular due to electric 
fi elds, for example piezo-electric fi elds due to strain. Whatever the form of 
the potential (including type II systems) it is, in principle, possible to solve 
Schrodinger’s equation to obtain the envelope function and the associated 
energy of the state. 

  Envelope function in quantum wells 

 In a quantum well confi nement is imposed in only one direction ( z ) so the 
envelope function is a plane wave in the ( x, y ) plane, normalised to the area 
of the sample  A , and a localised wavefunction in the  z -direction, which 
includes a normalising constant (illustrated in  Fig. 1.10b )

    F F F
A

F( ) ( )x y ( )z = ( )ik rxy xyrr ( )zexp
1

    [1.20]  

The in-plane area is well-defi ned because tunnelling of the wavefunction into 
the ‘barrier’ at the periphery of the sample is negligible compared with its 
lateral dimensions. This is not the case in the z-direction and the normalising 

condition is F z2 1( )z .d
−∞

∞

∫−
=  The total energy of each state is given by
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 1.10      Illustration of solutions for Schrödinger’s equation in the 

conduction and valence band potential wells. Diagram (a) shows the 

fi rst and second electron states and the fi rst hole state at energies  E  1 e  , 

 E  2 e   and  E  1 h   and (b) shows the corresponding envelope functions  F  ( z ) for 

a relatively wide well.  
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    E
m

= { }k kxy zk ( )
2

2
       [1.21]  

For each confi ned solution ( )z
well  there is a continuum of extended states 

associated with the unconfi ned motion ( k   xy  ) in the ( x, y ) plane ( Fig. 1.11 ), 
and if the ( x, y ) and ( z ) solutions are independent this continuum is repli-
cated for each confi ned solution leading to the states and density of states 
function illustrated in  Fig. 1.11 . The density of states for each sub-band is:

ρ
πxy
m

= ×
π 2

typically 2 7 1 c0 m eV for electrons13 2 1eV−

( )for two spin directions
  

[1.22]

       

Electron energy 

Ec well 

Ev well 

E1e

E2e

E1h

In-plane wavevector, kxy
 

Density of states per unit area 

0 *

π  2

m

Second
electron
sub-band   

1.11      Energy versus  k  curves for the in-plane ( x, y ) motion of the 

lowest electron and hole confi ned states in a quantum well (left hand 

diagram). At  k   xy   = 0 the energy is that of the  n   z   = 1 electron and hole 

confi ned states,  E  1 e   and  E  1 h  . The solid symbols are equally spaced in 

 k   xy   by the same increment for both bands as illustrated by the vertical 

dashed lines. The higher mass and lower curvature of the heavy-hole 

band compared with the electron band modifi es the spacing of the 

states in energy resulting in a higher density of states in energy, shown 

on the right hand side of the diagram. The density of states for the  n   z   = 

2 electron sub-band is shown as a dashed line.  �� �� �� �� �� ��
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  Quantum dots 

 In quantum dots confi nement occurs in all three directions so there are no 
extended states and the three dimensional envelope function is fully loca-
lised to the vicinity of each dot with a form similar to  Fig. 1.10b  in all direc-
tions. The function  F ( r ) extends into the barrier and the precise location 
of the electron is not known but is specifi ed by the normalised probabil-
ity function  F  2 ( r ). The energies of the states are widely spaced and do not 
form a continuum and cannot be represented by a density of states distri-
bution function. If the dots are widely spaced, electrons are unable to trans-
fer directly between them by quantum mechanical tunnelling (see Bimberg 
 et al. ,  1999 , for detailed accounts).  

  Key points  

   1.     In the confi nement direction(s) the envelope functions are not wholly 
contained in the well but decay exponentially in the barrier. The nor-
malising constant in one dimension has dimensions (length) −1/2  but is 
not equal to (well width) −1/2 ; similarly the normalising constant for 3-D 
confi nement in a dot is not necessarily (dot volume) −1/2 .  

  2.     Since the spatial extent of the electrons is not defi ned by the well dimen-
sions a density of states per unit  volume  cannot be defi ned in a well or 
dot. Furthermore when the potential is not rectangular the extent of the 
well itself may not be defi ned.  

  3.     In multiple well structures, if the barrier thickness is many multiples of 
1 kz

barr  the wells are not quantum mechanically coupled, therefore there are 
no transitions between adjacent wells, and gain and recombination rates of 
individual wells should be added. When the barriers are thin, Schrödinger’s 
equation must be solved for the multiple well system and the gain and emis-
sion rates computed for the whole system. Similarly, for strong 3-D confi ne-
ment, electrons are fully localised to the vicinity of each dot.       

  1.4     Absorption and gain in low dimensional 
semiconductor structures 

 We next calculate the optical absorption and gain in the laser geometry in 
 Fig. 1.12  where light propagates along a slab waveguide parallel to a thin gain 
region comprising one or more quantum wells or layers of quantum dots.    

  1.4.1     Quantum wells 

 Based on transition rates calculated from Fermi’s Golden Rule (Coldren 
and Corzine,  1995 , appendix 9) the general expression for modal gain for 
light of polarisation  p  is (Blood,  2000 ),
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  [1.23]  

The terms originate as follows. 

W 
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Waveguide core 
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1.12      Illustration of the slab waveguide geometry for calculation of 

optical gain. The injected carriers invert the carrier population over a 

stripe of width  W  and gain is defi ned by Equation [1.2] for amplifi cation 

of a guided mode over an element  Δ  L  in the  y -direction. The lower part 

of the diagram shows the detail of the overlap of the optical fi eld of the 

guided mode   ξ    2  ( z ), and the confi ned envelope functions of the electrons 

and holes in the  z -direction  F  1 ( z ) and  F  2 ( z ) as expressed by Equation 

[1.23]. TE polarised light has its electric fi eld vector in the ( x, y ) plane.  
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 For transitions between states in the conduction (CB) and valence (VB) 
sub-bands  u   c   and  u   v   are orthogonal and the momentum matrix element is 
given by (Coldren and Corzine,  1995 , appendices 8, 10)

    γ p pγ γ c vM uγ pγ2

2

( ) ( )
⎧
⎨
⎪⎧⎧
⎨⎨
⎩⎪
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⎫
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∫ * .e) p vu ( rd
unitcell

       [1.24]  

where  p  is the momentum operator,  M  is the matrix element of a ‘bulk’ unit 
cell and the factor   γ    p   takes account of angular dependence of the matrix ele-
ments for light of specifi c polarisation (defi ned by unit vector  e ) relative to 
the plane of the well and the different character of light and heavy valence 
bands. Equations [1.23] and [1.24] do not apply to transitions between differ-
ent sub-bands within the same band, as in quantum cascade lasers for example, 
because the atomic wavefunctions of initial and fi nal states both correspond to 
the CB ( u   c  ) and they are not orthogonal (Chuang,  2009 , Section 9.7). However, 
the envelope functions for the  n   z   = 1, 2 confi ned states are orthogonal. 

 The overlap integral of the CB (F 1 ) and VB (F 2 ) ( x, y ) plane wave enve-
lope functions is zero except when the in-plane k-vectors of initial and fi nal 
states are the same, when the integral is unity. Consequently it is necessary 
to sum only over transitions between pairs of states at the same value of  k   xy   
( Fig. 1.13 ). The density of such transitions in energy is given by the reduced 
density of states (better termed the transition density) represented by 
ρreρρ d ( )ϖ . Each of these transitions is homogeneously broadened (Section 
1.3.1) and this may be included in Equation [1.23] (Coldren and Corzine 
 1995 , equation 4.39). A normalised broadening function only changes the 
gain where the density of states changes over an energy interval comparable 
to or smaller than the linewidth.    

 The triple overlap integral in the  z -direction of initial and fi nal states 
and optical fi eld enables Equation [1.23] to be applied to structures where 
the fi eld varies over the gain region, for example multiple quantum well 
structures. For rectangular wells this overlap integral selects transitions only 
between sub-bands with the same  n   z   index. 

 The gain coeffi cient is the fractional change in energy in the mode, so an 
integral of   ξ    2  ( z ) over the full width of the mode appears in the denomina-
tor. The magnitude of the gain is proportional to the difference between 
occupation probability of the upper and lower states participating in the 
transition at ϖ  ( Fig. 1.13 ). 

 Equation [1.23] is very general, making no assumptions about the width 
of the gain region relative to the optical fi eld. It can be applied to any struc-
ture and potential where the envelope function, confi ned energies,  E-k  
curves and mode profi le are known, such as a triangular potential due to a 
piezo-electric fi eld or a parabolic potential due to intermixing of well and 
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barrier material. We next examine simplifi cations of Equation [1.23] in spe-
cifi c situations. 

  Thin gain region 

 When the gain region is thin such that the optical fi eld is constant over the 
extent of the envelope functions with a value   ξ   well  the modal gain is
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[1.25]

  

We defi ne an effective mode width ( Fig. 1.6 ) as in Equation [1.4] then

kxy
 

Carrier density 
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EFe

f (E1)

f (E2)

n

E2e

E2

E1e
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ħω  
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1.13      Illustration of an optical transition at photon energy      between 

states at  E  1  and  E  2  at the same value of in-plane  k -vector, (│ k   xy  │) i , such 

that  E   1    –  E   2    =    . The quasi-Fermi energies  E  Fe  and  E  Fh  determine the 

occupation probabilities,  f,  at  E  1  and  E  2  and are such that the numbers 

of electrons and holes are equal,  n  =  p , given by the areas under the 

carrier density distributions.  
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  [1.26]   

 The well itself usually has negligible effect on the index of the core of the 
waveguide so the effective mode width can be calculated independently of 
well itself.  

  Modal gain and local or material gain 

 A common form of the gain equation is obtained by multiplying numerator 
and denominator of Equation [1.25] by a factor  X  to give
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  [1.27]  

Mathematically, Equations [1.25] and [1.27] are equivalent, and consistently 
assigning any value to  X  in [1.27] recovers Equation [1.25]. Setting  X  =  L   z   in 
[1.27] gives a term   ρ   red / L   z   which is interpreted as a reduced density of states 
per unit volume; the term in square brackets is called the material, or local gain 
( g ). The fi nal term then represents the optical confi nement factor  Γ  (Equation 
[1.3],  Fig. 1.6 ) so that

    Γg        [1.28]  

The material gain and the confi nement factor [1.3] can only be applied to a 
well with a defi ned width, though strictly the states are not wholly confi ned 
and a density of states per unit volume cannot be defi ned. However, if the 
same value is used for  L   z   in the local gain and the confi nement factor, the 
result for  G  is correct, provided the fi eld is uniform over the width used. 

 The well width determines the transition energy; however, Equation 
[1.26] shows that for a single pair of sub-bands in a rectangular well the 
modal gain has no  dimensional scaling  with well width (Blood  2000 ). 
Equation [1.27] indicates that the local gain increases with decreasing well 
width (putting  X = L   z  ) but this is illusory as far as device operation is con-
cerned because the confi nement factor decreases, keeping the modal gain 
of a single sub-band pair constant.  

  Implementation of the gain equation 

 Starting with a chosen electron density or electron quasi-Fermi level, 
the hole density and quasi-Fermi level position is determined by charge 
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neutrality. The energies and occupation probabilities of a pair of states of 
the same kxy  separated by photon energy  ħ    ϖ    are calculated ( Fig. 1.13 ) 
and the gain is calculated with knowledge of the overlap integrals. This is 
repeated for a range of photon energies to generate a gain spectrum for 
the chosen carrier density as shown in  Fig. 1.14  for a model calculation for 
transitions between conduction and heavy-hole sub-bands, with and with-
out homogeneous broadening of 5 meV. The infl uence of broadening at the 
band edge is clear. In real structures, inhomogeneous broadening due to 
variations in well width or composition also broadens the spectra at the 
band edges.      

  1.4.2     Quantum dots 

 The envelope functions and energy states for a specifi c dot can be calculated 
when the potential profi le is known. This is not always the case, but some 
assumptions are often made. The height is usually smaller than the lateral 
dimensions, so this makes the major contribution to the confi nement energy. 
The lateral  x  and  y  dimensions may be similar for a pyramidal structure, in 
which case the confi nement energies associated with them are similar, lead-
ing to a doubly degenerate fi rst excited state due to states with quantum 
numbers (2, 1, 1) and (1, 2, 1), consistent with measurements (Kim  et al. , 
 2003 ; Osborne  et al. ,  2004 ). The potential is often assumed to be a parabola 
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1.14      Quantum well gain spectra for transitions between a single pair 

of sub-bands based on typical III-V material parameters at 300 K 

for injected carrier densities of 1.54 × 10 12  and 3.0 × 10 12  cm −2  for 

charge neutrality in the well. The open circles are calculated without 

homogeneous broadening and therefore have a sharp cut-off at the 

sub-band edge. The solid lines are calculated with a sech homogeneous 

lineshape with linewidth  Λ  = 5 meV. The peak value of gain  G   pk   is 

indicated for each carrier density. For a Fabry-Perot laser the photon 

energy of the gain peak determines the laser wavelength.  
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of fi nite depth because successive transitions are equally spaced in energy, 
as are the states in an harmonic potential well (Deppe  et al. ,  1999 ; Park  et al ., 
 2000 ). 

  Optical gain 

 Historically, the use of dots in laser diodes has emerged from traditional 
semiconductor physics so calculations of gain have often used Fermi’s 
Golden Rule and the language associated with bands of states. While the 
results obtained are broadly correct, conceptually the starting point should 
be the homogeneously broadened optical cross-sections of the fully loca-
lised states Equation [1.14], widely separated in energy ( Fig. 1.15 ). For a 
layer of  N  dots   identical  dots per unit area in the waveguide structure of  Fig. 
1.12  the modal gain along the waveguide due to transitions between the 
upper ( u ) and lower ( l ) states, of separation  E  is:

    G N
w

σ( )ϖ
( )E ϖE ( )f fu lf ff fdot

mod

       [1.29]  

where the optical cross-section (Equation [1.14]) is for the appropriate 
polarisation. This expression neglects effects due to injected carriers; the 
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 1.15      Localised states in an isolated quantum dot, with energy 

separations greater than  k   B   T . For this illustration it has been assumed 

that the  x  and  y  dimensions of the dot are the same so that the (2, 1, 1) 

and (1, 2, 1) states are degenerate. Homogeneously broadened optical 

transitions occur between states within individual dots.  
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major source of many body interactions is the large carrier population in the 
wetting layer (Schneider  et al. ,  2001 ), which causes both a shift in the transi-
tion energies and a reduction in gain at high injection due to the decrease in 
dephasing rate (Lorke  et al. ,  2006 ,  2007 ).    

 To calculate the gain spectrum of an inhomogeneous size distribution of 
dots it is usually assumed that the transition energies are represented by a 
Gaussian distribution, though it can be argued that it would be more appro-
priate to represent the  size  distribution by a Gaussian which then produces 
an asymmetrical distribution in transition energies.  Figure 1.16  illustrates 
calculation of the gain spectrum of an inhomogeneous energy distribution 
given by a normalised Gaussian  P ( E ). The gain at any photon energy  ħ    ϖ    is 
produced by all those dots of different size which contribute to the gain at 
this photon energy by virtue of their homogeneous broadening:

    G
N

w
L P

i
i

N
LLσ( )ϖ ( )EiEi ( )EiEiE ϖ ( )Ei ( )f fuff lff−∑dot

mod
0     [1.30]  

If the dots are not quantum mechanically coupled, stimulated recombination 
is localised within each dot therefore the gain in Equation [1.30] is obtained 
by summing over all contributing dots. Equation [1.14] shows that   σ   0  is 
only weakly dependent on energy,  E   i  , so the gain spectrum is determined 
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 1.16      Homogeneously broadened transitions, of linewidth 5 meV, at a 

range of photon energies  E   i  , with strengths specifi ed by a Gaussian 

inhomogeneous broadening as a function of  E   i  , with standard deviation 

15 meV. The bold line is the spectrum which results by summing the 

individual homogeneously broadened transitions at each photon 

energy. The vertical dashed line illustrates this at the specifi c photon 

energy     ; only those transitions contributing to absorption at the 

indicated photon energy      are shown in the diagram.  
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primarily by the convolution of homogeneous and inhomogeneous broad-
ening, together with the energy distribution of carriers across the inhomo-
geneous distribution.     

  Occupation of dot states 

 There are a number of views on the occupation of states. As illustrated in 
 Fig. 1.17 , electrons and holes are captured from, and thermally re-emitted 
to, the wetting layer. If these processes are rapid compared with the rate 
of recombination, the localised states in each dot come into equilibrium 
with each other by virtue of their interaction with the wetting layer. In this 
situation we can describe the average electron and hole populations of all 
the dots and the wetting layer by global quasi-Fermi levels, with the under-
standing that individual dot states are only occupied by an integer number 
of electrons.    

 The question also arises whether dots are populated independently by 
electrons and holes as implied by the use of separate quasi-Fermi levels, or 
whether the capture of an electron and a hole is correlated by virtue of their 
Coulomb attraction, occurring sequentially or by simultaneous capture of a 
bound electron–hole pair (an exciton). 

Emission Capture 

Wetting layer 

Inhomogeneous
distribution of
energies  

EFh

EFe

 1.17      The occupation of dot states is determined by capture and 

emission of carriers from and to the wetting layer. When these 

processes are fast the occupation probabilities are described by global 

electron and hole quasi-Fermi levels,  E  Fe  and  E  Fh . Recombination may 

occur between wetting layer states as well as within the dots.  
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 Many calculations take the pragmatic approach and specify the occupa-
tion probabilities by global quasi-Fermi levels, and this has some validity at 
room temperature. At low temperature the interaction between dot and wet-
ting layer is not suffi ciently rapid to establish equilibrium and the dots are 
occupied ‘randomly’ by electron–hole pairs, that is, the occupation probabil-
ity of each inhomogeneous group of dot states of the same index is the same, 
independent of its energy (Grundmann and Bimberg,  1997 ), so the occupa-
tion factors in Equation [1.30] are the same for all ground state energies. 

 The transition from random population at low temperature to ther-
mal population at high temperature can be modelled using rate equations 
(Section 1.8.2) to describe coupling of the electron distribution with a 
Bose–Einstein phonon distribution (Huang and Deppe,  2001 ).  Figure 1.18  
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 1.18      Rate equation calculations of the occupation probability of ground 

and fi rst excited states. In the samples studied the dot distribution is 

bimodal so the calculations have been made for two inhomogeneous 

distributions each of which is coupled to the same wetting layer by 

interaction with a thermal distribution of phonons. The horizontal axis 

is the state energy relative to the energy at the bottom of the dot well. 

The two groups of ground states are indicated by squares and triangles, 

and the excited states by circles and stars. Closed symbols are at 20 K, 

open symbols at 350 K; the line is a Fermi–Dirac distribution at 350 K. 

At 20 K all ground states have the same occupation irrespective of their 

energy (0.57) and all excited states have the same occupation (0.01), 

lower because carriers relax from excited states to ground states. At 350 

K the occupation of all states has the same energy dependence brought 

about by rapid thermal excitation to the wetting layer and this can be 

described by a global Fermi–Dirac distribution shown by the solid line. 

(O’Driscoll  et al.  ( 2010 )  IEEE Journal Quantum Electronics ,  46 , 525–532; 

reproduced with permission, © 2010 IEEE.)  
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shows the electron occupation probability as a function of the energy of the 
state relative to the lowest ground state in the inhomogeneous distribution 
(O’Driscoll  et al. ,  2010 ). At low temperature (solid symbols) the occupations 
of ground and excited states are different but each is independent of energy, 
whereas at high temperature (open symbols) the occupation probabilities for 
all states lie on a single curve as a function of energy which corresponds to 
all states being occupied according to a Fermi–Dirac distribution (line). The 
model enables distributions between these limiting cases to be calculated.    

  Figure 1.19  shows illustrative modal gain spectra for thermal occupation 
of an inhomogeneous Gaussian ground state distribution at room tempera-
ture for three different levels of injection. The gain peak position shifts with 
temperature because the distribution is wider than  k   B   T  whereas random 
population gives equal occupation of all states and the gain peak always 
coincides with the peak of the distribution.       

  1.5     Recombination processes 

 The intrinsic current which fl ows through the laser for a specifi c quasi-Fermi 
level separation and gain is due to carrier recombination in the active region. 
The principal radiative and non-radiative processes are reviewed in this sec-
tion to enable the relation between peak gain and current to be derived in 
Section 1.6. 
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 1.19      Calculated modal gain spectra (lines) at 300 K for three different 

levels of injection, for thermal occupation of the ground state of 

an inhomogeneous distribution of dots having a transition energy 

distribution shown by the diamonds. The dot density is 3 × 10 10  cm −2  

and the inhomogeneous and homogeneous linewidths are 15 meV and 

10 meV respectively.  
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  1.5.1     Spontaneous emission 

 The spontaneous emission spectrum for a single pair of sub-bands of a quan-
tum well, based on the same principles as Equation [1.23] is
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where the matrix element M  is averaged over all polarisations. 
 The spontaneous emission spectrum of an inhomogeneous ensemble 

of dots can be obtained by applying the Einstein relations to Equation 
[1.30]:
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In this expression the cross-section should also take account of the polarisa-
tion characteristics of the dots. 

 The radiative current in the gain medium for  n  injected carriers is given 
by:

    J e Rrad se R pon d( )nn = ( )∫ d) ϖ)d)n     [1.33]  

and when calculated for the threshold condition [1.1] this gives the radiative 
threshold current density, Equation [1.5]. 

 For a single quantum well at low injection when the occupation can be 
described by Boltzmann factors (Chow and Koch,  1999 , equation 2.34):

    R R Bnpnrad sR pon d( ) =∫ d) ϖ)d))     [1.34]  

where  B  is the radiative recombination coeffi cient. This equation is widely 
used though the Boltzmann approximation restricts it to situations where 
each quasi-Fermi level is about 3  k   B   T  within the band gap; therefore, it 
is not appropriate when the system is inverted because this requires the 
quasi-Fermi level separation to exceed the band gap. 

 Within a dot, radiative recombination requires the presence of an elec-
tron and a hole  in the same dot , although when summed over all dots, popu-
lated by  n  dot ,  p  dot  carriers per unit area, a simple dependence on the ( n  dot   p  dot ) 
product may not always result (Blood,  2009 ).  
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  1.5.2     Non-radiative processes and power laws 

 Non-radiative recombination may occur via deep states in the band gap 
(Shockley–Read–Hall recombination (SRH)) or by Auger recombination, 
and for quantum wells these processes have been described (Coldren and 
Corzine,  1995 , section 4.5 and appendix 12). When the Boltzmann approx-
imation is applicable and  n  =  p , deep state (SRH), radiative and Auger 
recombination rates in wells are approximately proportional to  n ,  n   2   and 
 n   3   respectively (Chuang,  2009 , section 10.1.1). In quantum dots, where elec-
trons and holes are localised, it is not clear when these power laws can be 
applied to the dependence of ensemble recombination rates on the ensem-
ble carrier density averaged over all the dots. 

 The power law approximations provide means of analysing and identi-
fying the dominant non-radiative processes (originally by van Opdorp and 
‘t Hooft,  1981 ; Olshansky  et al. ,  1984 ; Thompson,  1983 ). However, the car-
rier density cannot be measured directly, so following Equation [1.34] with 
 n  =  p , it is taken as proportional to the square root of the external light out-
put (e.g., Fehse  et al. ,  2002 ). The confi dence which can be attached to these 
studies depends on the extent to which the assumptions underlying them 
are met in practice, particularly the absence of carrier leakage and current 
spreading which, over a limited range, masquerade as dependent upon some 
power of the carrier density. 

 The Auger coeffi cient increases with decreasing band gap, and this is 
thought to be the principal source of non-radiative current in long wave-
length devices. Being intrinsic to the material, it is not easily eliminated 
other than by modifi cation of the electronic band structure, and this has 
motivated interest in type II quantum well structures for mid-IR lasers 
(Grein  et al. ,  1994 ; Meyer  et al. ,  1998 ).   

  1.6     Gain–current relations 

 The relation between peak optical gain and the recombination current is 
the basis for the design and optimisation of Fabry-Perot lasers. This relation 
is calculated from the gain and spontaneous emission spectra described in 
earlier sections, and can be engineered by doping and by the use of strain. 

  1.6.1     Peak gain and radiative current 

 We can now calculate the relation between optical gain and current density 
using gain and emission spectra for a quantum well as an example; this is the 
basis for designing devices. 

 For a laser in which the loss is not strongly wavelength dependent and 
the laser modes are very closely spaced, the modal gain fi rst matches the 
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losses at the peak of the gain spectrum. By repeating calculations of the gain 
( Fig. 1.14 ) and spontaneous emission spectra ( Fig. 1.20 ) for different carrier 
densities it is possible to construct a plot of peak gain,  G   pk  , as a function of 
radiative current density  J  rad  by integrating the emission spectrum, for all 
polarisations (Equation [1.33]). The non-radiative recombination rate is not 
known, being dependent on the defect density of the sample, and an ‘effi -
ciency’ is invoked to estimate the total current (Equation [1.6]). It is possi-
ble to calculate the Auger recombination rate, which is intrinsic (e.g. Wang 
 et al. ,  1995 ; Harder  et al .,  2005 ), but this is rarely done.    

 A typical peak gain versus radiative current density curve is shown in 
 Fig. 1.21  for a single pair of sub-bands in a quantum well (from  Fig. 1.20 ) 
and this determines the intrinsic threshold current density for a specifi c 
optical loss (Equation [1.1]). In this example the transparency current den-
sity, where gain is fi rst produced, is 250 A cm −2  and the threshold current 
density for an optical loss of 50 cm −1  is 356 A cm −2  which, for a cavity length 
of 300  μ m and stripe width of 10  µ m, translates to a current of about 10 mA. 
At high injection the gain–current curve fl attens out due to the constant 
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 1.20      Calculated spontaneous emission spectra for transitions between 

the lowest pair of sub-bands in a quantum well based on typical III-V 

material parameters at 300 K for injected carrier densities of 1.54 × 10 12  

and 3.0 × 10 12  cm −2  and for charge neutrality in the well. The open circles 

are calculated without homogeneous broadening and therefore have a 

sharp cut-off at the sub-band edge. The solid lines are calculated with a 

sech homogeneous lineshape with linewidth  Λ  = 5 meV.  These spectra 

correspond to the gain spectra in  Fig. 1.14 . Laser emission occurs at the 

photon energy of the gain peak indicated (from  Fig. 1.14 ) by the vertical 

arrows,  G   pk  .  
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density of states of one sub-band, until the second sub-band contributes to 
the gain.    

 We have used a single particle picture and while this conveys the essential 
physics, the carrier density above inversion exceeds about 1 × 10 12  cm −2  and 
‘many body effects’ produced by their Coulomb interactions should also be 
considered. There are four principal effects:

   1.     At low carrier concentrations, mutual attraction between an electron 
and hole results in binding to form an exciton manifest as an excitonic 
absorption peak just below the band edge (Bastard,  1988 ). This has 
implications for the occupation of states in dots (Section 1.4.2).  

  2.     Carrier–carrier scattering causes dephasing by homogeneous broadening 
(Section 1.3.1).  

  3.     Screening of the interatomic potential by free charges causes a reduc-
tion in the effective band gap which produces a rigid narrowing of the 
band gap with increasing carrier density.  

  4.     Coulomb interactions cause enhancement of the interaction probabil-
ity leading to increased absorption and gain over that of a free-carrier 
model (Chow and Koch,  1999 ). Carrier scattering effects also maintain 
quasi-equilibrium energy distributions. These effects are part of full 
microscopic calculations (see Chow and Koch,  1999 ), giving good agree-
ment with experiment (Chow  et al. ,  1997 ).     
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 1.21      Illustrative calculated peak modal gain versus radiative current 

density (diamond points) for a single sub-band pair of a quantum well, 

obtained from plots such as  Fig. 1.14  and by spectrally integrating the 

radiative recombination rate spectra ( Fig. 1.20 ). The circled data point 

corresponds to the injected carrier density of 1.54 × 10 12  cm −2  in  Figs 1.14  

and  1.20 . The dashed line is a fi t of Equation [1.35] with  G  0  = 142 cm −1  

(the point of contact with the tangent to the curve which passes through 

the origin) and  J  trans  = 250 A cm −2 . The threshold current for an optical 

loss of 50 cm −1  is indicated.  
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  1.6.2     Parameterisation and optimisation 

  Gain–current parameters 

 The gain–current curves for a single pair of sub-bands of a quantum well can 
be represented by the functions (McIlroy  et al .,  1985 ; Coldren and Corzine, 
 1995 , p. 173)

    G G n
J
JpkG tG

t

+nGtG
⎧
⎨
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⎩
⎨⎨

⎫
⎬
⎫⎫

⎭
⎬⎬1     
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    G G n
J

JpkG tG
trans

    [1.35]  

As illustrated in  Fig. 1.21 ,  G   t   and  J   t   are the coordinates of the point of contact 
between the gain–current curve and a tangent to the curve through the ori-
gin; these simply serve as parameters which specify the curve. Alternatively, 
this equation can be written in terms of the transparency current density, 
 J  trans . Using values of these parameters from the literature the gain–current 
curve can be reproduced. However, these equations are empirical and have 
no direct basis in the physics; indeed, for a fl at density of states the gain 
from a single pair of sub-bands tends to an asymptotic value at high current 
whereas Equation [1.35] does not, so their use is limited to the lower gain 
region (see Ferguson  et al. ,  2011 ). 

 An alternative approximate expression has been proposed for quantum 
dots (Zhukov  et al. ,  1999 ):
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       [1.36]  

where  G  0  is the saturation peak gain,  J  trans  is the transparency current den-
sity and for an ideal system the parameter   γ   is unity. When values of   γ   less 
than unity are required to fi t data it may indicate excited state or wetting 
layer recombination. This equation has the virtue that it tends to the asymp-
totic value of  G  0  at high current. It gives a reasonable representation of 
model quantum dot data at low current but the value of  G  0  from such a fi t is 
not an accurate measure of the true saturation gain of the system.  

  Cavity length and multiple quantum wells 

 With Equation [1.35] it is possible to derive analytically the optimum 
threshold current and threshold current density with respect to cavity 
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length and mirror refl ectivity (McIlroy  et al. ,  1985 ; Coldren and Corzine, 
 1995 , appendix 17). A distinctive feature of QW lasers is an optimum  cavity 
length which minimises the threshold current for a given mirror refl ectiv-
ity due to saturation of the gain–current curve (McIlroy  et al. ,  1985 ; Zory 
 et al. ,  1986 ). 

 Gain saturation at high current can be overcome using multiple wells, 
and  Fig. 1.22  shows a family of curves for modal gain versus radiative cur-
rent per unit area (assuming identical wells): at low gain a single well gives 
the lowest current density because transparency current has to be supplied 
to every well, irrespective of the gain produced; however, where the gain 
begins to saturate multiple wells give a lower threshold current density. 
There are other considerations in using multiple wells. The wells may not 
be equally pumped due to carrier transport within the SCH region and the 
confi nement factor is reduced for wells where the optical fi eld is lower than 
its peak in the centre of the waveguide. On the other hand multiple wells 
reduce the carrier density per well and lower the quasi-Fermi levels which 
reduces carrier leakage, which can be particularly benefi cial in reducing the 
temperature dependence of threshold.      
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 1.22      Modal gain versus radiative current density for 1, 2 and 3 

identical quantum wells (solid diamonds, open squares and solid 

triangles respectively). For a structure with an optical loss of 100 cm −1  

a single well gives the lowest radiative current density whereas 

at 450 cm −1  three quantum wells give the lowest value. This fi gure 

illustrates the importance of the transparency current density at 

low gain. The injected carrier density per well is 1.86 × 10 12  cm −2  at 

 G   pk   = 112 cm −1  for a single well, whereas for three wells generating 

the same total modal gain the carrier density is reduced to 1.39 × 10 12  

cm −2  per well reducing the quasi-Fermi level separation by about 

30 meV.  

�� �� �� �� �� ��



 Principles of semiconductor lasers 39

© Woodhead Publishing Limited, 2013

  1.6.3     Engineering the gain–current curve 

 It is usually desirable to design a structure to give the maximum modal 
gain for a given current density. The waveguide design should maximise the 
overlap of the mode with the gain medium (this also affects the far fi eld), 
and carrier leakage, non-radiative recombination and recombination from 
higher sub-bands or dot states and barriers should all be minimised. The 
gain is the key intrinsic characteristic determining the Fermi level positions 
and the threshold current. Quantum confi nement is itself a means of engi-
neering this characteristic. 

  Figure 1.23  shows calculations of the modal gain for dots and a well for 
the same material. The transparency current can be very small for dots 
because the number of states is small and proportional to the dot density. 
 Figure 1.23  is calculated for 3 × 10 10  dots cm −2  whereas the state density 
of a quantum well sub-band (Equation [1.22]) is ≈   ρ  xy     × ( k   B   T ) ≈ 6.7 × 10 11  
cm −2 . However, in dots there is also a corresponding limit to the maximum 
peak gain. For a low optical loss the dot threshold  current density  is lower 
than the well; however, if it is necessary to increase the device length to 
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 1.23      Peak modal gain as a function of radiative current density for 

thermal population at 300 K of an inhomogeneous distribution of 

3 × 10 10  dots cm −2 . The crosses are for gain from the ground state as a 

function of ground state radiative current density; the maximum peak 

gain available from the ground state is about 15 cm −1 . The circles are for 

ground state gain as a function of the total radiative current (ground 

and excited states), and the solid line is a fi t of Equation [1.36]. The 

dashed line is for a single quantum well calculated using the same 

transition matrix element as for the dots. The diagram illustrates that a 

low threshold current density can be achieved using dots provided the 

gain requirement is not too large, below about 10 cm −1  in this example. 

(Derived from Blood,  2009 .) (Calculation uses different parameters to 

 Fig. 1.21 .)  
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access this low gain region the threshold  current  may be greater than that 
of a shorter well device.    

 Two factors in particular affect the gain–current curve of dots. The inho-
mogeneous broadening should be as small as possible, not only to mini-
mise unproductive radiative transitions but also because the peak gain is 
inversely proportional to the linewidth (as can be shown from Equation 
[1.30]). Second, due to its high relative high density of states, the wetting 
layer makes a large contribution to the current (Matthews  et al. ,  2002 ) 
and it is diffi cult to achieve full inversion of the dots even at high current, 
restricting the maximum peak gain which can be obtained. 

 Beyond these considerations attention has turned to modifi cations of the 
electronic band structure. However, the Einstein relations show that, at any 
photon energy, stimulated and spontaneous emission are related so both 
gain and recombination rate are affected, furthermore it is important to 
treat gain and recombination consistently and not fall back on un-modifi ed 
power law coeffi cients to calculate the current. 

  Figure 1.20  shows that many transitions contribute to the emission 
spectrum which do not contribute to the peak gain and eliminating these 
reduces the threshold current density without impairing the gain. This can 
be done directly by reducing the number of modes available for spontane-
ous emission by use of a photonic structure or microcavity. More common 
approaches to reducing the emission are strained quantum wells (Adams, 
 1986 ; Yablonovich and Kane,  1986 ) and p-doping. 

  Elastic strain 

 It is possible to deposit a material which has a relaxed lattice parameter 
different from that of the underlying layer without formation of defects 
provided the strain × thickness product does not exceed about 100% × Å. 
The deposited layer is elastically strained, taking up the lattice parameter 
of the underlying material in the plane of growth. This affects the light- and 
heavy-hole components of the valence band (LH and HH respectively) 
which are degenerate at  k  = 0 in bulk material. In a quantum well these 
states have a small energy separation as illustrated in the central part of 
 Fig. 1.24 . Laser action usually occurs in the TE y  mode due to transitions to 
the HH band and strain reduces other non-productive transitions and the 
carrier population at threshold by two effects: (i) the  E ( k ) curves are differ-
ent in the growth plane and in the growth direction due to strain-induced 
tetragonal distortion of the unit cell, resulting in changes in the density of 
states, and (ii) the LH and HH bands are separated in energy, with conse-
quences illustrated in  Fig. 1.24 . Under compressive strain the lowest gap is 
from conduction (C) to HH band, and the latter has a low in-plane mass and 
hence a low density of states. This lowers the quasi-Fermi levels, reducing the 
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carrier density and current to achieve inversion, and reducing unproductive 
transitions to the LH band. With tensile strain the former LH band is upper-
most and while this does not bring about a signifi cant reduction in carrier 
density, the matrix element for C-LH TM z  transitions is large, representing 
about one half of the total transition strength which brings improvements in 
gain–current characteristics. Chuang ( 2009 , pp. 141–2, 446) and O’Reilly and 
Ghiti (in Zory,  1993 ) give full accounts of strain effects.    

 Strain has been employed to good effect in short wavelength GaInP/
GaAs lasers (for an analysis see Blood and Smowton,  1995 ) and in long 
wavelength devices (Thijs  et al. ,  1994 ). As well as giving improvements in 
performance, use of strained layers gives greater fl exibility in selection of 
well and barrier materials, widening the range of wavelengths which can be 
achieved (see articles in Manasreh,  1997 ).  

  p-doping 

 In quantum wells the electron quasi-Fermi level is high in the band due 
to the high density of HH states, as illustrated in the central diagram in 
 Fig. 1.24 . By introducing holes into the VB by p-doping the adjacent bar-
rier (modulation doping), the quasi-Fermi levels are lowered and the 

TEy TEy TMz

Quasi-Fermi levels 

Energy 

‘HH’  

‘HH’  

‘HH’  

Unstrained well

Compressive
strain 

Tensile strain
Density of states 

‘LH’ ‘LH’  

‘LH’ 

 1.24      Diagrams showing the densities of states of the conduction, 

HH and LH sub-bands in a quantum well, showing the effects of 

compressive and tensile strain on the valence band edge energies and 

the densities of states.  
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quasi-Fermi level separation necessary for a given inversion is reduced; 
this reduces the radiative current and electron leakage currents ( Figs 1.4  
and  1.5 ). In dots, p-doping fi lls the closely spaced hole states arising from 
the high effective mass, reducing the threshold current and its temperature 
dependence and improving the modulation performance (Shchekin and 
Deppe,  2002a ,  2002b ). An analysis has been given by Smowton  et al.  ( 2007 ). 
(Also see Crowley  et al. ,  2009 ; Ozgur,  2009 ).    

  1.7     Temperature dependence of threshold current 

 An important characteristic of a laser diode is the undesirable increase of 
threshold current with increasing temperature. This is modifi ed by quantum 
confi nement, but not eliminated. In grating feedback devices, particularly 
vertical cavity lasers, the temperature variation of threshold is determined 
by the relative shift of the gain and refl ectivity spectra. 

  1.7.1     The  T  0  parameter 

 The dependence of threshold current on temperature is a shortcoming of 
diode lasers and the quest for a temperature independent threshold was a 
major factor in the drive for quantum dot devices. It is usual to characterise 
the temperature dependence by a parameter  T  0 :

    J J
T
Tth th( )T =

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠0

0TT
exp        [1.37]  

and this parameter can be extracted for any  J  th ( T ) data as:

    
1

0T0 T
=

d
d

th( )nJth        [1.38]  

A low value of  T  0  indicates a large fractional temperature dependence. Care 
is needed in the interpretation of  T  0  values when the functional dependence 
of  J  th ( T ) is not exponential. For example when  J  th  ∝  T  it can be shown, 
using Equation [1.38], that the value of  T  0  obtained from measurements 
at two temperatures  T  1  and  T  2  is the mean temperature of measurement 
1
2 1 2T T1 2( )  and the result therefore refl ects the values chosen for  T  1  and  T  2 . 

Results for  T  0  should be accompanied by information about the method of 
determination and temperature range. 

 The temperature dependence of threshold arises from temperature 
dependence of the optical loss, which determines the gain required, and 
from the temperature dependence of the total current required to provide 
the required gain. In many devices the second effect is the major factor.  
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  1.7.2     Quantum wells 

 When the injection effi ciency is large the temperature sensitivity is determined 
by recombination processes in the well. The gain requirement determines the 
Fermi level positions and for a single sub-band the carrier density is:

    n
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so there is an approximately linear increase in threshold carrier density 
with  T  for fi xed Fermi level and the temperature sensitivity of the current is 
closely related to the dependence of the recombination rates on  n  (Section 
1.5.2). The radiative recombination coeffi cient  B  varies as  T   −1   so for  n  th   ∝   T  
(Equation [1.39]), from Equation [1.34] Rrad

th   ∝   T.   Figure 1.25  shows experi-
mental data for the temperature dependence of spontaneous emission from 
a quantum well laser at threshold, which confi rms this behaviour (Blood 
 et al. ,  1989a ) and shows that the temperature dependences of the current 
originate in thermal broadening of the carrier distribution. The Auger 
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1.25      (a) Measurements of the true spontaneous emission spectrum 

from a GaAs quantum well laser recorded at threshold at each 

temperature between 100 K and 300 K. The peak shifts to longer 

wavelength due to the temperature dependence of the band gap and 

the spectrum broadens on the short wavelength side (higher energy) 

due to the increased thermal spread of carriers. The radiative threshold 

current is proportional to the area under each spectrum. Relative values 

of these areas are plotted as a function of temperature in panel (b) and 

exhibit dependence close to the predicted linear behaviour (line). The 

relative values of the measured threshold current (crosses) increase 

super-linearly above about 250 K due to thermally excited non-radiative 

recombination in the AlGaAs barrier. (Reprinted with permission from 

Blood  et al. ,  Applied Physics Letters   55 , 1167–1169 (1989); Copyright 

1989 American Institute of Physics.)  

�� �� �� �� �� ��



44 Semiconductor lasers

© Woodhead Publishing Limited, 2013

recombination rate varies as  n  3  (Section 1.5.2) so the recombination current 
varies approximately as  T  3 , neglecting any temperature dependence of the 
Auger coeffi cient itself. The power law approach can be used to identify the 
dominant contribution to the device current as a function of temperature 
(Higashi  et al. ,  1999 ). Further temperature dependent contributions may 
arise from higher sub-bands in the well (Blood  et al. ,  1990 ).    

 When the well is not the dominant current path temperature sensitiv-
ity may also arise from recombination in adjacent barrier material (Blood 
 et al. ,  1989b ), and from thermally activated leakage over the heterobarrier 
( Figs 1.4  and  1.5 ). If there is a contribution to the optical loss by free-carrier 
scattering of light then the increase in  n  with  T  will itself bring about an 
increase in optical loss. 

 For quantum well lasers measured around room temperature ( T  1 ,  T  2  ~ 
300 K) values of  T  0  should not exceed about 300 K (radiative recombina-
tion alone). In short wavelength lasers (e.g., 650 nm GaAlInP/GaAs), due to 
carrier leakage measured values of  T  0  are smaller, in the range 190–270 K, 
depending on cavity length (Smowton and Blood, Chapter 9 in Manasreh, 
 1997 ). In long wavelength devices values of  T  0  in the region of 100 K are 
common due to Auger recombination, and even smaller values may arise in 
the presence of carrier leakage.  

  1.7.3     Quantum dots 

 In a system of identical dots, if the spacing of the states exceeds many  k   B   T  
there are no spontaneous transitions other than those between states which 
provide gain and the threshold should be independent of  T . Early papers on 
dots placed great emphasis on this property of an ideal dot system; however, 
this did not take account of the homogeneous linewidth (  Λ  ) and its increase 
with temperature (Borri  et al .,  2002 ,  fi g. 1.8 ). For a system of identical dots, 
the peak gain occurs when ϖ = Ei  in Equation [1.15] when Equation [1.29] 
gives the peak gain:

    G N
wpkG uN l
σ

π
( )Etϖ = NN 0

Λπ mod

( )f fuff lffff        [1.40]  

and as  T  increases  Λ  increases it is necessary to increase ( )f fu lf ff f  to maintain 
the same peak gain, which results in an increase in recombination  current. 
This introduces an intrinsic temperature dependence of threshold into a 
system of dots, even when they are all  identical  (Ozgur  et al. ,  2009 ). 

 There are other contributions to the temperature dependence in dot 
lasers, particularly recombination from non-inverted dots within the inho-
mogeneous distribution, higher lying dot states and thermal excitation of 
carriers to the wetting layer. This has led to investigation of tunnel injection 
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directly into the dot states from a nearby quantum well (Asryan and Luryi, 
 2001 ; Chuang and Holonyak,  2002 ; Walter  et al .,  2002 ; Bhattacharya  et al. , 
 2003 ) though for such a scheme to be effective it is necessary that the carri-
ers do not thermalise to higher lying states (George  et al. ,  2007 ). 

 Quantum dot lasers often show a minimum in the threshold current as a 
function of temperature in the region 200–300 K (Zhukov  et al. ,  1997 ); a typ-
ical example is shown by the data points in  Fig. 1.26  (O’Driscoll  et al. ,  2010 ). 
This is due to the occupation of states across the inhomogeneous energy dis-
tribution becoming random at low temperatures (Section 1.4.2) so carriers 
are distributed over all states with equal probability ( Fig. 1.18 ). This wider 
distribution increases the spontaneous recombination rate for a given gain, 
increasing the threshold over that of a thermal distribution.    

 Measured values of  T  0  for quantum dot lasers range between 80 K and 
claims of ∞! Temperature dependent homogeneous broadening gives values 
as low as 157 K for the ground state alone (Ozgur  et al. ,  2009 ) and the large 
number of closely spaced hole levels and the wetting layer can reduce this 
to below 100 K. In some p-doped devices the minimum in the threshold 
current appears in the region of room temperature, and in some cases cur-
rent components which are themselves temperature dependent combine to 
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 1.26      Experimental measurements (squares) of the temperature 

dependence of the radiative current density for a fi xed modal gain of 

4 cm −1  for a GaInAs quantum dot laser structure emitting at 0.98 eV, 

showing a minimum at about 200 K. The line is a calculation using a 

rate equation model for the dots in equilibrium with a Bose-Einstein 

distribution of phonons. The energy distributions of the occupation 

probabilities at 20 K and 350 K are shown in  Fig 1.18 , illustrating 

the transition from random population at 20 K to thermal at 350 K. 

(O’Driscoll  et al.  ( 2010 ) IEEE  Journal Quantum Electronics ,  46 , 

525–532; reproduced with permission, © 2010 IEEE.)  
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producing a threshold current which is constant over a limited region (e.g., 
Fathpour  et al. ,  2004 ). Again the results are very sensitive to the optical loss 
which controls the degree of inversion required.  

  1.7.4     Vertical cavity lasers 

 In vertical cavity lasers (see Chapter 8 of this volume) there is only one las-
ing mode within the gain spectrum so the laser wavelength is controlled by 
the cavity; as the band gap shifts with temperature the gain peak moves away 
from the cavity mode (due to increasing or decreasing temperature) and more 
current is required to produce the required gain giving a ‘U’ shaped tempera-
ture dependence of threshold current (see Chuang,  2009 , section 11.2.4.   

  1.8     Rate equations 

 This section provides a short summary of the description of laser operation 
by coupled rate equations for the carrier and photon populations which are 
coupled through the stimulated emission process. These can be solved to 
obtain the light–current curve in the steady state, and the small signal mod-
ulation response. 

  1.8.1     Formulation of the rate equations 

 In this section we consider the coupled rate equations for carriers and pho-
tons necessary for an understanding of diode lasers above threshold.  

 The optical mode is coupled to a gain layer in the  x-y  plane and ampli-
fi cation is expressed as a modal gain. The carrier and photon populations 
are represented by averages which are uniform in the  x-y  plane, and are 
expressed as densities per unit area projected onto the  x-y  plane ( n  and  N  ph , 
respectively). These populations are coupled by the net stimulated recom-
bination rate per unit area:

    
R v G Ngstim ph( )n

       
[1.41]

  

where  v   g   is the group velocity of the mode and the modal gain  G(n)  takes 
account of the  z -overlap of the mode with carriers, contained in Equation 
[1.25]. The rate of change of the electron population per unit area is given by:

    

d
d inj rn ad nr stim
n
t

J
e

Rrad R R−i j= ( )n p ( )nη
       

[1.42]
  

where   η   inj  is the injection effi ciency, which for dots takes account of wetting 
layer recombination, and Rnr ( )n  is the rate of all non-radiative processes in 
the active layer. The rate equation for the photon density is:
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where the photon lifetime characterises the rate at which photons are lost 
from the mode due to the waveguide and mirror losses:
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and   β   spon  is the fraction of the total spontaneous emission which is coupled 
into the guided mode (≈10 −4 ). These equations can be solved if the func-
tional dependences of gain, spontaneous and non-radiative recombination 
on  n  are known. 

 These expressions are cast in terms of the  modal  gain and current per 
 unit area , which encompass differences in the ‘thicknesses’ of the optical 
mode and the gain region, and which can be computed from Equations 
[1.23] and [1.31] or [1.30] and [1.32] for any well or dot geometry. For dots, 
 n  is the average carrier density over the  x-y  area, which therefore depends 
on the areal dot density. Dot recombination only occurs within individual 
dots and this detailed physics is wrapped up in the functional relations for 
 G ( n ),  R  spon ( n ) and  R  nr ( n ) which cannot be assumed to be the same as for a 
quantum well.  

  1.8.2     Steady state solutions 

 The steady state solutions are obtained by setting Equations [1.42] and 
[1.43] to zero.  Figure 1.27a  shows the internal net photon generation rate 
(spontaneous emission +/− stimulated emission/absorption) as a function of 
the total recombination current, including non-radiative recombination. A 
large fraction of spontaneous emission coupled into the lasing mode soft-
ens the turn-on of the L-I characteristics as shown by the points for   β   spon  
= 3 × 10 −3 . The internal differential quantum effi ciency (Equation [1.10]) 
(plot (b)) becomes one above threshold, whereas the overall ratio of the 
internal spontaneous recombination rate to the total current at thresh-
old gives a quantum effi ciency (Equation [1.7]) of 0.82, determined by the 
non-radiative lifetime of 3 ns. Part (c) is a logarithmic plot of the spontane-
ous rate and total emission rate into the mode as a function of current den-
sity showing pinning of the spontaneous emission and hence carrier density 
and gain, above threshold (see Section 1.2.5). Above threshold for the data 
point at 543 A cm −2 , the ratio of total emission rate into the mode divided by 
current density corresponds to a quantum effi ciency of 0.17.     
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  1.8.3     Small signal modulation response 

 The rate equations can be solved for the modulation in laser output in 
response to small signal modulation of the drive current by representing 
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 1.27      (a) Steady state rate equation calculations of the light–current 

characteristics of a quantum well laser diode for two values of the fraction 

of spontaneous emission coupled into the lasing mode (  β  ). Panel (b) 

shows that the differential effi ciency becomes unity above threshold 

and (c) shows the saturation of the spontaneous emission rate above 

threshold due to Fermi-level pinning. The cavity loss is 60 cm –1  and the 

non-radiative lifetime is 3 ns. The injection effi ciency is taken to be 100%.  
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the current, carrier density and photon density as small oscillations about 
steady state values. The gain-carrier density relation  G ( n ) is calculated for 
a negligibly small photon density such that there is no current due to stimu-
lated recombination. Above threshold, the carrier density at a given current 
is smaller than in the absence of photons due to additional recombination 
due to stimulated emission in Equation [1.42] and this suppresses the gain 
below that of the material in the absence of photons. Thus in calculations of 
modulation response above threshold the relation between gain and carrier 
density depends upon the photon density and this is incorporated by intro-
ducing a gain compression factor. 

 The general form of the modulation response is that of a forced, damped 
oscillator (Chuang,  2009 , equation 12.1.23). The resonance frequency 
increases with drive current due to the increase in Nph

0 , and is proportional 
to the square root of the differential modal gain and of  G  0  (through  R  stim ). For 
the model calculation of  Fig. 1.27  the resonance frequency above threshold is 
about 3 × 10 10  s −1 . In quantum wells the modulation response is also affected 
by the time for carriers to be transported through the core of the SCH (about 
100 ps; Nagarajan  et al. ,  1992 ) and explicit account should also be taken of the 
capture and emission of carriers between the reservoir in the barrier region 
and the well (Nagarajan  et al. ,  1991 ,  1992 ; McDonald and O’Dowd,  1995 ). 

 The excited states play an important role in the population of quantum 
dot states and multi-level rate equations, including capture and emission 
between dot states and the wetting layer, have been employed (Fiore and 
Markus,  2007 ), particularly to study switching of the laser wavelength from 
ground to excited states (Markus  et al. ,  2006 ; Grillot  et al. ,  2009 ). 

 Other phenomena can be determined from the rate equations including 
chirp (the variation of the lasing wavelength with current modulation brought 
about by carrier induced changes in the mode index), the linewidth enhance-
ment factor (the ratio of the carrier density dependence of index and gain, 
the real and imaginary parts of the complex index) and the turn-on delay (the 
time required to build up the carrier density to achieve inversion and lasing).   

  1.9     Future trends 

 Topics of current research interest are well represented by the chapters in 
this book. The conventional view is that physical size of these devices is ulti-
mately limited by the wavelength of the light generated within them, even 
though the electronic length scales of the gain regions are much smaller. 
This difference in optical and electronic length scales becomes an issue 
as efforts are made to incorporate optical devices in integrated electronic 
devices. There is therefore considerable interest in metal–cavity nano-lasers 
in which coherent light is produced in cavities with dimensions below the 
diffraction limit by use of plasmons at the dielectric–metal interface. This 
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could be regarded as the extension of the semiconductor heterostruc-
ture to include different classes of materials. Fundamental aspects of the 
light-matter interaction lie at the heart of this topic and it therefore offers 
commercial and scientifi c opportunity as well as posing considerable tech-
nological challenges. Further reading can be found in the papers by Chang 
and Chuang ( 2009 ), Hill ( 2010 ) and Oulton  et al.  ( 2009 ).  
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  Abstract : Photonic crystal cavities with ultrahigh quality factors ( Q ) 
and small mode volumes enable realization of integrated lasers which 
feature small footprints, low lasing thresholds, high modulation speeds 
and high collection effi ciencies of emitted light. In this chapter, we review 
the important characteristics of photonic crystal (PhC) lasers, including 
a theoretical discussion of lasing threshold, and illustrate them on two 
experimental examples: photonic crystal nanobeam lasers and photonic 
crystal disk lasers. 

  Keywords : photonic crystals, photonic crystal nanobeams, quality factor, 
mode volume, lasing threshold.  

   2.1     Introduction 

 Photonic crystal (PhC) (John,  1987 ; Yablonovitch,  1987 ), a material with a 
periodic variation of refractive index, is a versatile platform for manipulat-
ing the propagation, refl ection and refraction of light. Specifi cally, light can 
be localized within the  photonic bandgap  (PBG), where the propagation of 
light is prohibited via  Bragg Scattering . This is of great interest for the reali-
zation of functional optical devices including nano-cavities and waveguides. 
Empowered by numerical simulation methods, such as  fi nite-difference 
time-domain  (FDTD) and  fi nite element method  (FEM), and state-of-the-art 
nano-fabrication techniques (e-beam lithography, reactive-ion etching, scan-
ning electron microscopy, etc.), PhC cavities can be designed and fabricated 
with ultrahigh quality factors,  Q , of over a million and small  mode volume  
( V ) close to the diffraction limit [~(  λ  /2 n ) 3 ]. Current technologies enable the 
productions of one-dimensional (1D) (Velha  et al .,  2007 ; Zain  et al .,  2008 ; 
Deotare  et al .,  2009 ) and two-dimensional (2D) (Painter  et al .,  1999b ; Yoshie 
 et al .,  2001 ; Akahane  et al .,  2003 ; Srinivasan  et al .,  2003 ; Song  et al .,  2005 ; 
Kuramochi  et al .,  2006 ; Notomi  et al .,  2008 ) PhC cavities with high integra-
tion capacity on a semiconductor chip. High quality three-dimensional (3D) 
PhC cavities have also been demonstrated (Aoki  et al .,  2008 ), yet scalable 
productions of 3D PhC devices still remain challenging. 
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 Photonic crystal lasers (PhCL) are lasers that utilize PhC cavities to 
achieve the optical feedback. The history of developing lasers confi ned with 
photonic bandgap can be traced back to the  vertical-cavity surface-emitting 
lasers  (VCSEL) (Iga  et al .,  1988 ), where distributed Bragg refl ectors (DBR) 
were used to confi ne light in the vertical direction: in fact, the concept of 
Bragg refl ector can be categorized as 1D PhC. On the other hand, typical 
VCSELs have device diameters orders of magnitude larger than the operat-
ing wavelengths, resulting in weak photon confi nement in the lateral direc-
tions and correspondingly large mode volumes. 

 The fi rst claimed PhC laser was demonstrated in Axel Scherer’s group 
at Caltech in 1999 (Painter  et al .,  1999a ) using a 2D PhC slab cavity. In this 
work, a suspended InGaAsP membrane perforated with a 2D triangular 
lattice of holes was used to localize a cavity mode within a mode volume 
 V  ~ 0.31(  λ  / n ) 3  using DBR in the lateral directions, and total internal refl ec-
tion (TIR) in the vertical direction, as shown in  Fig. 2.1a . The suspended 
slab contained four as-grown quantum wells (QW) that provided the optical 
gain at telecommunication wavelength (~1500 nm). The laser was pumped 
optically, using a pump laser operating at lower wavelength (830 nm). 
Furthermore, the pumped laser was pulsed with 4% duty cycle and the sub-
strate was cooled to 143 K to avoid excessive heating of the device. Owing 
to their planar nature, large arrays of PhCLs can be easily fabricated and 
lithographically tuned to operate at different wavelengths. This is a clear 
advantage over VCSELs, for example, which require epitaxial growth of a 
large number of Bragg-mirror layers using  metal-organic chemical vapor 
deposition  (MOCVD) or  molecular beam epitaxy  (MBE).    

 Following this fi rst demonstration, the PhCL operating at room temper-
ature with continuous wave (CW) optical excitation was demonstrated by 
the Lee group at KAIST in year 2000 (Hwang  et al .,  2000 ). In this work, a 
2D-PhC slab containing semiconductor QWs was fabricated on a low-index 
Al 2 O 3  substrate to facilitate heat dissipation. The same group at KAIST later 
demonstrated the fi rst electrically driven PhCL in 2004 (Park  et al .,  2004 ). The 
main diffi culty associated with realization of electrically driven PhCL is the 
placement of electrodes close to the cavity to enable effi cient carrier injection 
without inducing large optical losses due to metal absorption, which can sig-
nifi cantly reduce the cavity  Q  and be detrimental for the laser performance. 
In their work, the KAIST group solved the problem by leaving a small post at 
the center of the cavity supporting the 2D-PhC slab, as shown in  Fig. 2.1b  and 
 2.1c . The post acted as an electronic wire that delivered the carriers directly 
into the center of the cavity without degrading the  Q  signifi cantly. 

 Owing to their planar nature, PhCLs can easily be integrated with passive 
optical components. There are two main approaches demonstrated so far. The 
fi rst is based on the so-called buried heterostructure (Matsuo  et al .,  2010 ): 
the as-grown InGaAsP QWs were fi rst patterned into a quantum box and 
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a passive InP layer was then regrown on top of them, with the sample pla-
narized. The 2D PhC cavity was subsequently defi ned using e-beam lithogra-
phy so that it spatially overlapped with the QWs. An optical waveguide was 
also realized in the same lithography step to enable effi cient in-coupling of 
pump light and out-coupling of generated laser signal, as shown in  Fig. 2.2a  
and  2.2b . This compact structure not only greatly improves pumping and col-
lection effi ciency through direct waveguide coupling, but also avoids excessive 
heating. The second example makes use of planarizing bisbenzocyclobutane 
(BCB) polymer to bond III-V active materials onto a silicon-on-insulator 
(SOI) wafer (Halioua  et al .,  2009 ). The process started by defi ning an opti-
cal waveguide in the device layer of the SOI, followed with planarization of 
the SOI wafer and bonding with III-V material. After the bonding, the PhCL 
was fabricated in the active material, on top of the Si waveguide. In this way, 
the PhC cavity is evanescently coupled to the silicon waveguide, as shown in 
 Fig. 2.2c  and  2.2d , which facilitates in- and out-coupling of light. This approach 
has lower coupling effi ciency than the fi rst, direct waveguide coupling, method, 
but in turn enables PhCL integration with silicon photonics.       

 The advantages of PhCLs go well beyond their small footprints and 
integration capacity. The most prominent advantage of PhCLs is that they 

Total internal reflection (TIR)

Defect region λ/2 waveguide (n = 3.4)
Etched air holes (n = 1)
Undercut region (n = 1)

Active region (4 QWs)
InP substrate (n=3.2)

Dielectric material

p-InP substrate

Distributed Bragg reflection (DBR)

n
i
p

(a)

(b) (c)

 2.1      (a) Schematic diagram of the fi rst reported PhC laser (Painter  et al ., 

 1999b ). It is based on a 2D PhC suspended membrane that contains 

four as-grown semiconductor QWs. (b) The electric fi eld intensity 

profi le of the defect mode in the 2D PhC cavity, calculated using FDTD 

simulations (Park  et al .,  2004 ). (c, d) Schematic diagram and SEM of the 

fi rst electrically injected PhC laser (Park  et al .,  2004 ).  
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require low threshold powers, mostly attributed to their small mode volumes 
and high  Q s. Optical pumping thresholds have been reported on the order 
of one microwatt for semiconductor quantum well lasers (Nozaki  et al ., 
 2007 ; Matsuo  et al .,  2010 ) and as low as tens of nanowatts for semiconductor 
quantum dot (QD) lasers (Nomura  et al .,  2009 ,  2010b ). In the case of electri-
cal pumping, threshold currents as low as 181 nA have been reported, orders 
of magnitude less than other laser devices (Ellis  et al .,  2011 ). In fact, theory 
predicts that threshold-less lasing is achievable in an ideal single-mode PhC 
cavity fabricated in perfect 3D PhC with omni-directional bandgap. In this 
case, radiative emission coupled to all non-lasing optical modes is prohib-
ited (Yamamoto  et al .,  1991 ; Yokoyama  et al .,  1992 ). A detailed theoretical 
analysis of lasing thresholds of PhCLs is presented in Section 2.2. 

 In addition to low thresholds, PhCLs can also be driven with a high modu-
lation speed: the high  Q / V  ratio of PhC cavities result in the  cavity Purcell 
effect, which extensively reduces the radiative lifetime of carriers (Purcell, 
 1946 ). A modulation speed exceeding 100 GHz has been demonstrated based 

Gain media (InGaAsP) =
pumping region

SQW active region
(InGaAsP/InGaAs/InGaAsP)

InP-based W0.65
2DPhC waveguide

BCB
SiO2

Si substrate Si wire

InP region

1 μm

Air

Air

LPN-CNRS 5 μm

InP

(a) (b)

(c) (d)

 2.2      (a, b) Schematic diagram and SEM micrograph of the buried 

heterostructure PhCL. The active region is embedded in an InP 

layer (Matsuo  et al .,  2010 ). (c, d) Schematic diagram and SEM of the 

PhCL bonded on SOI wafer (Halioua  et al .,  2009 ). (LPN: Laboratoire 

de photonique et de nanostructures; CRNS: Centre national de la 

recherche scientifi que.)  
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on a 2D-PhC laser (Altug  et al .,  2006 ). This feature is especially important 
for information processing applications. Moreover, the design fl exibility of 
PhC cavities allows tailoring the lasers’ polarizations (Noda  et al .,  2001 ) and 
far-fi eld patterns (Kang  et al .,  2009 ). Finally, the wavelength of PhCLs can 
be controllably tuned, by employing optomechanical effects (Perahia  et al ., 
 2010 ) or liquid crystals (Maune  et al .,  2004 ).  

  2.2     Lasing threshold of photonic crystal 
lasers (PhCLs) 

 It was fi rst predicted by Yamamoto  et al . that a high spontaneous emission 
factor (  β  ), defi ned as the fraction of spontaneous emission that couples to the 
lasing mode, is responsible for decreasing the lasing threshold (Yamamoto 
 et al .,  1991 ). In the ideal scenario where the emitter does not suffer from 
non-radiative decay, a system with a   β   = 1 can achieve a fascinating effect: 
threshold-less lasing. This limit, of   β   equals unity, can be achieved using two 
very different approaches (i) by increasing the rate of spontaneous emission 
into the lasing mode, or (ii) by suppressing the spontaneous emission into 
all other non-lasing modes. Both approaches will be discussed in this work. 

 In conventional semiconductor lasers based on Fabry–Perot cavities for 
example,   β   < 0.001 due to the large number of cavity modes that are sup-
ported by the large cavity (Petermann,  1979 ; Zhao  et al .,  1995 ). Larger   β   fac-
tors can be achieved in microdisk lasers due to the larger free-spectral range 
(FSR) of this geometry. For instance, for a small 2  μ m-diameter microdisk 
lasing at 1.55  μ m wavelength,   β   factor as high as ~0.1 was measured (Fujita 
 et al .,  2001 ). In contrast, as we will see, the PhC cavity can be designed to 
have very few (or only one) cavity modes localized within the photonic 
bandgap. This extensively decreases the number of non-lasing modes cou-
pled to the gain medium and increases the   β   factor. Furthermore, the PhC 
bandgap can decrease the optical density of states within the gain spectrum, 
thereby reducing the coupling to other radiative modes. 

  2.2.1     Purcell effect and   β   factor 

 First consider a basic model: a quantum emitter coupled with a single 
 optical mode through cavity-induced interaction. Predicted by Purcell 
( 1946 ), the radiative lifetime of a quantum emitter located within a cavity 
can be altered. The dipole-cavity coupled system can be described using the 
Jaynes–Cummings Hamiltonian (Gerard,  2003 ):

    H a i g a az
⎛⎛
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+ai (( )+ +
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where the fi rst and second terms represent the dipole and photon energy 
respectively, and the third term represents the coupled energy between 
the dipole and the photon. The Rabi frequency is denoted by  g . Two decay 
channels can induce decoherence to the system: emitter non-radiative decay 
(  γ  ) and photon cavity loss (  κ  ). The eigen-frequencies of the system can be 
derived as:

    ω
ω ω δω κ γ
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+
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       [2.2]  

To simplify the analysis, one can make the assumption that there is no fre-
quency detuning between the emitter and the cavity (  δω   = 0), and the loss 
rate induced by the cavity overtakes the loss of the emitter (  γ   <<   κ  ). Then, in 
the strong damping limit ( g  <<   κ  ), the emitter loss rate can be evaluated as:

    Γsp +Im{= =Im{2
4 2

ω
κ

}
g

       [2.3]  

where  g  2  is inversely proportional to  V , and   κ   is inversely proportional 
to  Q . 

 Two more assumptions are made: (i) the emitter is located at the opti-
cal mode’s fi eld maximum and (ii) the dipole’s oscillating direction is 
co-directional with the electric fi eld. The Purcell factor can now be deduced 
by comparing Equation [2.3] to the spontaneous emission rate of an emitter 
in a homogeneous medium with refractive index  n  ref .:

    F= sp

sp free

Γ
Γ ,

=
( )ref

3

4 2 3( )π22

Q

V ((
       [2.4]  

Note that all the foregoing derivations are based on the assumption that 
γ   <<   κ  . However, for most solid-state emitters (bulk semiconductor, semi-
conductor QWs, etc.), non-radiative intraband transition is considerable at 
room temperature. For instance, the InGaAsP QWs have a homogeneous 
broadening of ~8.8 nm at room temperature (Nozaki  et al .,  2007 ). Therefore, 
for high  Q  cavity with  Q  factor larger than 1000, the cavity mode linewidth 
is much narrower than the electronic transition spectrum. The Purcell factor 
should thus be modifi ed to the more general expression:

    F
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    [2.5]  

where  Δ λ    M   = max {  Δ λ    e  ,  Δ λ    c  }. 
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 Equation [2.5] applies to all models where the emitter is coupled to 
a  single cavity mode. In reality, more than one optical mode can inter-
act with the emitter. For instance, considering an ideal 3D photon gas 
model, where the photon is confi ned by metallic boundaries in all the 
three dimensions, the frequency spacing between two neighboring modes 
is calculated as:

    Δ =ω π
ωFSR

ref

2 2 3ππ
3 2ωω

c

n Vref
3

       [2.6]  

Suppose the emitter spectrally overlaps with one of the cavity modes 
(mode 0 with double degeneracy) at   ω  , then Equation [2.5] is only valid 
under the single-mode condition when  Δ ω   FSR  >>  Δ ω    M  . If  V  is large enough, 
the mode spacing allows the emitter to couple to multiple modes, and the 
alteration ratio of the total spontaneous emission rate ( F’ ) should include 

the sum of all these interactions, that is, F FiFF
i

N
′

=

−∑sp sp free, .
0

1
 As  V  

approaches infi nity, the number of modes within the broadening  Δ ω    M   can be 

calculated as N M ( )( )( )nωM λ( λ)(V (S M )( ( nλ)(V (4 , and the total 

spontaneous emission ratio  F ′  ≈   NF  0  approaches unity, as expected (Baba, 
 1997 ). 

 For a dielectric cavity, in addition to the discrete cavity modes, the emit-
ter also can couple to a continuum of radiative modes, which cannot be 
neglected. Thus, Equation [2.6] should be corrected:
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where   ζ   denotes the ratio of the emitter’s emission rate coupled to these 
radiative modes with respect to the emission rate in the homogeneous 
medium. If mode 0 denotes the lasing mode, the spontaneous emission fac-
tor   β   can be expressed as  
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where   α   is defi ned as α ς+
=

−∑ Fii

N

0

1
, which represents the spontaneous 

emission coupled to all the non-lasing modes.  

�� �� �� �� �� ��



 Photonic crystal lasers 63

© Woodhead Publishing Limited, 2013

  2.2.2     Rate equations and lasing threshold 

 In this subsection, the lasing threshold is analyzed from the laser rate equa-
tions (Yamamoto  et al .,  1991 ):
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where  N  and  P  are the carrier and photon density that are confi ned in the 
mode volume  V ;   Γ   G ( N ) P  represents the stimulated emission, where   Γ   is 
the confi nement factor and  G ( N ) is the gain coeffi cient;   τ    r   and   τ   nr  are the 
carrier radiative and non-radiative lifetime respectively;   τ    c   is the photon’s 
cavity lifetime; FinFF  is the pump fl ux (unit: s   −   1 ) of either injected carriers 
or pumped photons; and F P VoutFF out ×P outτ  is the lasing output fl ux, where 
  τ   out  is the photon’s out-coupling lifetime. Defi ne γ in  as the pumping effi -
ciency, and γ τ τoutγγ outc  as the output coupling effi ciency. At steady state, 
Equation [2.9] can be written as:
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Solving Equation [2.10] leads to:
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It is evident from Equation [2.11] that, at steady state, the photon gener-
ation rate from the stimulated emission cannot exceed the photon cavity 
loss rate. Here defi ne the  saturation carrier density  ( N   s  ) that satisfi es the fol-
lowing equation, ΓG Qs c( )Ns = 11 τ ωc = . As the carrier density approaches 
 N   s  , the photon gain rate approaches the cavity loss rate, and the stimulated 
emission term overtakes other contributions in the rate equations. In this 
saturation limit, all the pumped carriers predominantly recombine and emit 
to the lasing mode through stimulated emission, which results in a differen-
tial internal quantum effi ciency of unity, or a linear light-in light-out ( L - L ) 
curve. In classical laser theory, this effect is also referred as ‘gain clamping’ 
or ‘gain saturation’ effect (Rigrod,  1963 ). The rate equations in the satura-
tion limit can be modifi ed to:
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The classical lasing threshold is defi ned as the pump level of the kink in  L-L  
curve. From Equation [2.12], the classical lasing threshold can be derived:
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From Equation [2.13], it is evident that the lasing threshold is dependent 
on multiple factors: (1) mode volume: the threshold scales linearly with 
mode volume; (2) saturation carrier density:  N   s   is inversely proportional to 
the  Q  factor. A high  Q  cavity is desired to reduce  N   s  , though an ultrahigh  Q  
(~10 6 ) is not necessary; (3) coupling to other cavity modes: this term can be 
eliminated by properly designing a single-mode PhC cavity; (4) coupling to 
radiative modes: ideally one needs an omni-directional PBG, that is a 3D 
PhC cavity, to eliminate this term (Tandaechanurat  et al .,  2011 ). However, 
an incomplete PBG has also been shown to be able to greatly suppress this 
radiative coupling (Fujita  et al .,  2005 ); (5) non-radiative recombination: 
most of the non-radiative recombination in a PhCL arises from surface 
recombination and Auger recombination. For QW-based PhCLs, surface 
recombination is especially prominent because of the many d holes per-
forating PhC structures; and (6) external pump effi ciency. From Equation 
[2.13], it is interesting to note that the classical lasing threshold is indepen-
dent of the cavity mode’s Purcell factor  F  0 , though a high  F  0  results in a 
large   β   factor. 

 It is also important to mention that there is another defi nition of the las-
ing threshold (Bjork  et al .,  1994 ), which corresponds to the pump level at 
which the number of stimulated emitted photons starts to exceed the num-
ber of spontaneously emitted photons. In contrast to the classical threshold 
defi nition, this threshold is referred as ‘quantum threshold’. From Equation 
[2.10], the quantum threshold can be derived,  
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where  N   q   satisfi es ΓG Qs c( )Ns = 1 21 2 2τ ωc = . It has a similar form to Equation 
[2.13], with the exception that the quantum threshold increases as the Purcell 
factor increases. This counter-intuitive effect can be explained as follows: in 
the quantum threshold state, there are an equal number of photons emitted 
by spontaneous as by stimulated emission. The Purcell effect accelerates the 
spontaneous emission into the cavity mode. In order to reach the threshold 
condition for lasing in the presence of this effect, it is thus necessary to also 
increase the rate of stimulated emission. 

 To conclude, the ultimate low threshold laser requires a cavity with small 
mode volume, relatively high  Q  factor, single-mode operation, and high 
pumping effi ciency. PhC cavities, with their fl exibility in engineering the 
photonic band, offer the possibility to approach this ultimate goal.   

  2.3     Photonic crystal nanobeam lasers 

 The PhC nanobeam cavity is a type of 1D PhC cavity. It is based on a ridge 
dielectric waveguide, with an array of holes on top that form a PBG mirror 
(Foresi  et al .,  1997 ). PhC nanobeam lasers (Ahn  et al .,  2010 ; Gong  et al .,  2010 ; 
Zhang  et al .,  2010 ) have recently attracted much interest because they can 
achieve high  Q / V  factors while occupying smaller footprints than 2D PhC 
(Lee  et al .,  1999 ; Loncar  et al .,  2002 ) and 3D PhC lasers (Tandaechanurat 
 et al .,  2011 ). Furthermore, nanobeam cavities can be designed to have no 
mode degeneracy, compared with other designs (Gerard  et al .,  1998 ; Vuckovic 
 et al .,  1999 ; Fujita  et al .,  2001 ). This is crucial for nanolasers to operate in the 
single-mode regime, which is the key to achieving a large   β   factor and the 
reduction of lasing threshold (Fig. 2.3). 
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2.3      Layout of the material system of the semiconductor QW 

sample used to realize nanobeam lasers. The energy band of the 

semiconductor QWs are sketched on the right hand side. (VB: valence 

band; CB: conduction band; VL: vacuum level; E: energy.)  
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  2.3.1     Material system 

 There are many promising ways to realize a nanobeam PhCL. The one described 
here features semiconductor QWs lattice-matched to an InP wafer. The QWs 
provide the optical gain. They contain four 8 nm thick compressively-strained 
In 0.58 Ga 0.42 As layers, which are sandwiched in a 326 nm thick In 0.53 (Al 0.4 Ga 0.6 ) 0.47 As 
slab. Below the semiconductor QW slab, there is a 2  μ m thick InP sacrifi cial 
layer for selective wet etching. All the layers are grown with MOCVD tech-
nique to minimize crystalline defects (Huang  et al .,  2011 ). 

 The ratio of III-V components in the semiconductor QWs results in a 
0.32% in-plane compressive strain while satisfying the lattice-matching con-
dition. This compressive strain shifts the heavy-hole (HH) state to lie on 
top of the light-hole (LH) state, which leads to a dominantly TE-polarized 
gain. The TE-polarized modes favor vertical light emission compared to the 
TM-polarized modes, and therefore are more suitable for surface-emitting 
lasers.  Figure 2.4b  shows the photoluminescence (PL) spectrum of the sample. 
The emission spectrum ranges from 1.40 to 1.65  μ m, and peaks at 1.59  μ m.     

  2.3.2     Cavity design 

 The PhC nanobeam design is based on a suspended ridge waveguide with an 
array of identical holes, forming a PBG mirror. The refractive index of the 
dielectric is 3.5 (the index of InAlGaAs/InGaAs QWs at 1.55  μ m). The ridge 
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 2.4      (a) Energy band diagram of electrons, LH and HH bands of the 

semiconductor QWs. (b) The PL emission spectrum of the quaternary 

QWs peaks at about 1.59  μ m.  
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is 500 nm wide and 330 nm thick, the periodicity of the holes is  a  = 400 nm, 
and the hole radius is set to  r  = 0.3 a  to optimize the bandgap. 

 Introducing a lattice grading to the periodic structure creates a localized 
potential for the fundamental TE-polarized mode. To optimize the mode’s 
 Q  factor, the bandgap-tapering technique (Zhang and Loncar,  2008 ; Zhang 
 et al .,  2009 ) is employed for suppressing the scattering losses that take place 
at the interface between the cavity section and the mirror section (Lalanne 
& Hugonin,  2003 ). This design contains a four-segment tapered section with 
holes R 1 –R 4  and a 12-segment mirror section at each side of the cavity, as 
shown in  Fig. 2.5 . Two degrees of freedom are available to modify each 
tapered segment: the width  w   k   and the radius  r   k  . We keep the ratio  r   k   /w   k   fi xed 
at each segment and implement a linear interpolation of the grating constant 
  π  / w   k  . When the central segment  w  4  is set to 0.72 a , a cavity mode is obtained 
to resonate at 1.59  μ m with an ultrahigh  Q  factor above 8 000 000, and a very 
small mode volume of 0.28(  λ  / n ) 3  ( Fig. 2.6a ). The ultrahigh  Q  factors can also 
be explained by looking at the momentum space of the cavity mode.  Figure 
2.6b  and  2.6c  demonstrate the spatial Fourier transformation (FT) of the 
electric fi eld components  E   x   and  E   z   in the  xz  plane ( y  = 0), with the light cone 
indicated by the white circle. It can be seen that both modes’ Fourier com-
ponents are localized tightly at the band-edge of the Brillouin zone on the  k   z   
axis:  k   z   =    π   /a . This minimizes the amount of mode energy within the light cone 
that is responsible for scattering losses (Srinivasan & Painter,  2002 ).       

 In addition to this fundamental mode, the cavity supports another mode at 
a longer wavelength of 1.72  μ m with a larger mode volume of 0.67(  λ  / n ) 3 . This 
is an extended mode with a node at the center of the cavity, as shown in  Fig. 
2.6d . This mode resonates at a wavelength outside the gain spectrum of the 
QWs, and therefore does not affect the single-mode operation of our laser.  

  2.3.3     Fabrication 

 The nanobeam pattern is defi ned using a negative e-beam lithography 
resist [hydrogen silsesquioxane (HSQ)]. The e-beam resist is spun on 

PBG mirror

a

R R R R1 R2 R3 R4 R4 R3 R2 R1 R R R

a aaw1 w1w2w3w4w4w3w2

Tapered section

xy Mirror
plane

PBG mirror

 2.5      Layout of the photonic crystal nanobeam cavity design.  
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the surface with a spinning speed of 3000 rpm resulting in a thickness of 
~100–150 nm. The resist is subsequently cross-linked using an STS Elionix 
ELS-7000 e-beam writer at an acceleration voltage of 100 kV and a beam 
current of 100 pA. 

 Next, the pattern is transferred to the substrate with inductively coupled 
plasma reactive-ion etching (ICP-RIE) using BCl 3 /CH 4 /Ar/HBr chemistry 
at 180°C. This anisotropic etching creates a mesa extended to the sacrifi -
cial layer. Hydrofl uoric acid (HF) is then used to dissolve the e-beam resist. 
Finally the InP sacrifi cial layer is selectively wet-etched by HCl:H 2 O 3:1 
solution. The crystal orientation dependent etch rate is about 100–120 nm/s 
at 8°C, which leads to an etch time of 40 s for a completely suspended nano-
beam structure.  Figure 2.7  shows the scanning electron micrographs (SEMs) 
of an array of fabricated nanobeam lasers. The two pads are designed to 
support the suspended PhC structures.        
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Second-order mode
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 2.6      (a) Mode profi le of the fundamental cavity mode of the nanobeam 

laser. (b, c) Spatial Fourier transform of the electric fi eld component 

 E   x   and  E   z   at  y =  0 plane. (d) Mode profi le of the second-order mode, 

resonating at a higher wavelength outside the gain spectrum.  
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  2.3.4     Characterization 

 The devices are optically pumped at room temperature using a 660 nm 
pulsed laser diode. The pulse width is 9 ns at a 300 kHz repetition rate, which 
corresponds to a duty cycle of 0.27%. The pump beam is focused on the 
sample surface via a 100  ×  objective lens, and the emitted light is collected 
via the same objective lens and analyzed using an optical spectrum analyzer 
(OSA), near-infrared (NIR) camera, and an InGaAs detector (Fig. 2.8). 

 In  Fig. 2.9a  we show the  L - L  curve for one of the measured devices. It 
can be seen that there is no pronounced kink near the threshold. This soft 
turn-on of the laser indicates a large   β   factor. The lasing images taken at 
different pump levels, using the NIR camera, show that the emission spot is 
well confi ned to the center of the nanobeam, which unambiguously proves 
that the lasing is from the localized defect mode.  Figure 2.9b  shows the las-
ing spectrum near the threshold. The spectrum is fi tted with a Lorentzian 
function with a full-width half-maximum (FWHM) of 0.11 nm, which 

(a) (b)

4 μm 800 nm

  2.7 (a, b) SEMs of the fabricated photonic crystal nanobeam lasers.  

3D micro-stage
and sample

1550 nm Emission

660 and 980 nm Pump laser (CW and pulsed)

Polarizer

Detector

OSA

Camera
Filter

Objective

 2.8      Illustration of the measurement setup. CW, continous wave.  
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corresponds to a  Q  factor of 15  000. The  Q  factor is likely limited by the 
resolution of the OSA used.    

 In addition,  Fig. 2.9c  shows the dependence of the output power on 
the pump beam position by scanning the sample in x- z  plane using a 
piezo-actuated stage with a spatial resolution of 6 nm. As the pump beam 
is moved away from the center of the cavity, the beam intensity decreases 
rapidly and fi nally vanishes. This is a further confi rmation of emission 
from the localized mode of the cavity instead of extended band-edge 
emission. Here the pump spot is much bigger than the cavity mode, so the 
cavity mode samples the pump beam. Therefore,  Fig. 2.9c  shows the shape 
of the pump spot as opposed to the profi le of the lasing mode. This also 
allows us to evaluate the effective pump power, that is, the overlap of the 
pump beam with the nanobeam, which is reported in  Fig. 2.9a . An effec-
tive threshold of 84 µW is evaluated for this nanobeam laser, whereas the 
total power threshold measured behind the objective lens is 812  μ W. The 
threshold power is even smaller, considering that not all the pump power 
incident onto the nanobeam is absorbed by the cavity. Finally,  Fig. 2.9d  
shows the polarization dependence of the laser emission. The emission is 
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polarized along  x -axis as expected, and exhibits a large polarization ratio 
of ~10. 

 Next, the behavior of this PhC nanobeam laser is analyzed by fi tting to 
the rate equation that is similar to Equation [2.10]:
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    [2.15]  

where AN,  ( )B) N0
2))  and CN 3  represent the carrier loss rate through 

surface recombination, radiative recombination and Auger recombination, 
respectively. For this nanobeam cavity, ς  is evaluated as 0.91 through FDTD 
simulation. The lasing mode’s Purcell factor is estimated to be ~26, taking 
into account the QW’s homogeneous broadening at room temperature and 
the spatial overlap between the active medium and the optical mode. For 
other parameters, typical values for InP-based QWs at room temperature 
are applied (Park  et al .,  2002 ). 

  Figure 2.10  shows the measured  L - L  in log–log scale along with curves 
obtained from rate equations for different Purcell factors and spontaneous 
emission factors (  β  ). It can be seen that the experimental data are in excel-
lent agreement with the theoretical prediction of  F  0  ~ 25 and   β    =  0.97. This 
is in good agreement with the theoretical estimation of Purcell factor.      
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  2.4     Photonic crystal disk lasers 

 PhCLs based on 1D PhC nanobeams and 2D PhC slabs have proved to 
make good surface-emitter nanolasers with low threshold and high modu-
lation speeds (Loncar  et al .,  2002 ; Altug  et al .,  2006 ; Zhang  et al .,  2010 ), but 
they have a few drawbacks. First, the multiple periodic Bragg layers used 
to confi ne the cavity mode limit the device footprint. Second, most PhC 
cavities depend upon the suspended membranes for a large index contrast. 
For electrically-injected lasers, the top contact has to be placed far from 
the cavity mode to avoid metal absorption losses, and this suspended mem-
brane geometry makes effi cient electrical injection of carriers into the cav-
ity mode diffi cult. For this reason, very few demonstrations of electrically 
driven lasers have been reported so far (Park  et al .,  2004 ; Ellis  et al .,  2011 ). 
On the other hand, microdisk lasers, based on whispering gallery mode 
(McCall  et al .,  1992 ), offer a platform for developing compact electrically 
driven lasers, with device footprint on the order of one optical wavelength 
(Levi  et al .,  1992 ; Fujita  et al .,  1999 ; Liu  et al .,  2010 ). The disadvantage of 
microdisk lasers is that the whispering gallery mode only emits in in-plane 
directions, which makes the collection of photons diffi cult (Lee  et al .,  1998 ). 
Evanescent coupling via a tapered fi ber is thus normally used to collect the 
emitted photons effi ciently (Fujita  et al .,  1999 ). In addition, the whispering 
gallery mode spans over the whole circular edge of the microdisk causing a 
relatively large mode volume ( Fig. 2.11c ).    

 A new type of nanolaser, PhC disk lasers, has been recently demonstrated. 
This design combines the properties of microdisk and PhC nanobeam lasers. 

Transmission
losses

recycled

Photonic crystal disk 500 nm Microdisk

Photonic crystal nanobeam

Transmission losses

(d)

(a) (b)ε|E |2 (c)

Transmission losses

 2.11      (a) Schematic of photonic crystal disk lasers and (b) scanning 

electron micrograph of a fabricated photonic crystal disk laser. The 

device can be viewed as a hybrid between (c) microdisk laser and 

(d) photonic crystal nanobeam laser with photonic crystal folded back 

to minimize the transmission losses.  
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It contains an array of holes at the perimeter of the microdisk to localize the 
whispering gallery mode within a limited angular range on the microdisk. 
The design can be seen, from another perspective, as bending a PhC nano-
beam cavity ( Fig. 2.11d ) into a disk ( Fig. 2.11a ), so the two Bragg mirrors 
at the ends of the nanobeam are combined into one. In this way, the num-
ber of holes can be decreased because the transmission losses in nanobeam 
cavities are cycled through the disk, and hence, the device footprint can be 
smaller than PhC nanobeams. 

 The structure shown in  Fig. 2.11b  is based on a 2.56  μ m diameter disk with 
21 perforated holes. The positions and sizes of the top ten holes near the 
defect mode are slightly tuned to obtain a large  Q  factor, similar to the design 
in PhC nanobeam cavities (Zhang  et al .,  2009 ). The cavity mode resonates at 
1546 nm with a  Q  factor of 1.0  ×  10 5  and a modal volume of 0.52(  λ  / n ) 3 . The 
structures were fabricated in the same material system using the same fab-
rication procedures as those described in Section 2.3. Microdisk lasers with 
the same diameter are also fabricated to compare the results ( Fig. 2.12b ). The 
two laser arrays shown in  Fig. 2.12a  and  2.12b  are scaled linearly in size to 
vary the cavities’ resonant wavelengths. The devices are optically pumped at 
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 2.12      (a, b) Images of photonic crystal disk and microdisk lasers with 

different scaling factors. (c, d) Electric fi eld density profi les of photonic 

crystal disk modes. (e) Experimental results of lasing wavelength 

dependence on diameter of photonic crystal disks and microdisks. The 

solid curves show the mode wavelength dependence obtained using 

simulations. (f, g) Electric fi eld density profi les of microdisk modes.  
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room temperature using a 980 nm semiconductor laser, with 10 ns pulses and 
400 kHz repetition rate. The effective pump power is estimated with power 
measurement behind the 100 ×  optical objective, while taking in account the 
spatial overlap between the pump beam and the lasing mode. The emission 
beam is analyzed with an InGaAs detector fi ltered by a monochromator.    

  Figure 2.12e  plots the measured lasing wavelength as a function of the 
diameter of the disk for the PhC disk and microdisk lasers. It shows a good 
agreement with the simulation results plotted in solid lines, which verifi es 
that the lasing mode (c) is of the designed defect mode. Note that by con-
trolling the position of the pump spot, lasing from two different PhC disk 
modes could be obtained in some structures ( Fig. 2.12e ). The nanolaser, 
however, does operate in single-mode regime in both cases (only one mode 
lases at a time). The two microdisk lasing modes are not the fundamental 
TE 1, m   modes, but the higher-order TE 2,8 , and TE 2,9  modes. These modes have 
a node of electric fi eld in the radial direction. The fundamental modes can-
not be collected from top, because it emits in in-plane directions. 

 Next,  Fig. 2.13b  shows the lasing power as a function of the effective pump 
power (also known as  L-L  curve) from the PhC disk mode in one of the 
devices ( Fig. 2.13a ), in comparison with a microdisk laser emitting at the same 
wavelength. The injection effi ciencies are estimated to be 1.74% and 4.36% 
for PhC disk mode and microdisk mode, respectively. From  Fig. 2.13b , the PhC 
disk lasers have much better extraction effi ciencies than microdisk lasers. This 
effi ciency can be further boosted with subtle far-fi eld engineering of PhCs 
(Kang  et al .,  2009 ). Inset plots the spectrum at 3.2 times the threshold power 
of PhC disk mode, which shows clear single-mode lasing emission.  Figure 
2.13c  plots the  L-L  curve for the PhC disk laser in log–log scale (black dots), 
along with the  L-L  curves obtained from rate equations for different sponta-
neous emission factors (  β  ). The experimental data show good agreement with 
a   β   factor of 0.087. More than ten-fold reduction in   β  -factor of this laser com-
pared to nanobeam laser can be attributed to the existence of higher-order 
modes.  Figure 2.13d  shows the lasing spectrum of the PhC disk lasers slightly 
above the lasing threshold. It has a FWHM of 0.26 nm, which corresponds 
to a  Q  factor of ~6000.  Q  is limited by the resolution of the monochromator. 
Free-carrier absorption is also known to decrease the  Q  factor extensively 
below its passive value. The lasing emission profi le of the PhC disk laser is also 
shown in the inset of  Fig. 2.13d , which is taken from a near-infrared camera.     

  2.5     Conclusion and future trends 

 In this chapter, we have introduced the basic concepts for the development 
of PhCLs. As illustrated by the rate equation analysis, PhC cavities are an 
ideal platform for the realization of ultimate low threshold nanolasers, 
since they can support a single-mode operation with a high  Q  and a small 
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mode volume across the gain spectrum. Furthermore, the high  Q / V  factor 
leads to strong cavity Purcell effect, which enables high-speed operation 
of directly modulated lasers. Two examples of PhCL, which operate with 
pulsed optical pumping at room temperature, are then demonstrated. The 
PhC nanobeam laser shows a high spontaneous emission factor of 0.97 due 
to its single-mode nature; the PhC disk laser has a small device footprint, 
and a higher collection effi ciency than microdisk lasers. 

 During the last decade we have witnessed rapid progress in the develop-
ment of PhCLs: the reduced lasing threshold attributed to its PhC cavity’s 
small mode volume and high  Q  factor (Nozaki  et al .,  2007 ; Nomura  et al ., 
 2010b ), the nanoscale footprint, the boosted modulation speed resulting from 
Purcell effect (Altug  et al .,  2006 ; Matsuo  et al .,  2011 ), the controllable laser 
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polarizations (Noda  et al .,  2001 ), the wavelength tunability integrated with 
optomechanics (Perahia  et al .,  2010 ), and so forth. Extensive research has 
revealed interesting underlying physics, including the strong coupling limit 
of cavity QED (Nomura  et al .,  2010a ), and has also inspired applications such 
as those in biochemical sensing (Loncar   et al ., 2003; Kita  et al .,  2008 ). 

 Nevertheless, several challenges still remain to be solved. First, the cur-
rent state-of-the-art technologies cannot produce PhCLs that operate at 
the designed wavelength, due to fabrication imperfections. This is especially 
important when the gain medium consists of quantum emitters with a very 
narrow gain spectrum (semiconductor QD, for instance). Second, while a 
couple of electrically driven PhCLs have been reported so far (Park  et al ., 
 2004 ; Ellis  et al .,  2011 ), the reliable production of the large-scale electrically 
pumped PhCL array calls for more research efforts. Finally, PhCLs need to 
fi nd a niche in the commercial market for applications ranging from bio-
chemical sensors to on-chip interconnects.  
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  Abstract : Over the last decades, high-power and high-brightness 
semiconductor lasers have transformed the solid-state laser, 
telecommunication, medical and military markets. This chapter covers 
concepts, characteristics and challenges of high-power semiconductor 
lasers. We begin by describing general considerations including epitaxial 
design, laser cavity designs and packaging specifi c to high-power 
lasers. We introduce several common high-power and high-brightness 
semiconductor lasers such as Fabry–P é rot lasers, grating-based lasers, 
large mode-area lasers, and optically pumped lasers, as well as concepts 
for long-wavelength operation. Arrays of devices for ultra-high-power are 
introduced, and device reliability challenges are addressed. 

  Key words : semiconductor lasers, high power, brightness, fi gures-of-
merits, catastrophic optical mirror damage, passivation, broad-area lasers, 
tapered cavity, distributed feedback (DFB), distributed Bragg refl ector 
(DBR), vertical-external-cavity suface-emitting laser (VECSEL), long 
wavelength, laser array.  

   3.1     Introduction: theory and design concept 

 This section deals with theory and design in relation to high-power semi-
conductor lasers, key device characteristics, and failure mechanisms. 

  3.1.1     General high-power quantum well design concepts 

 The quest for higher power, lower cost compact laser sources with desired 
characteristics continues to grow and remains an active fi eld of research and 
development. High-power broad-area semiconductor laser systems based on 
diode laser bars are well established for a variety of applications including 
materials processing and solid-state laser pumping. These lasers can provide 
high optical power, high wall-plug effi ciency and long lifetime, at a relatively 
low investment cost while maintaining a small footprint. In the past decade 
the output power from single emitter diode lasers have reached new levels,  1   –5  
today generating greater than 20 W of output power. These improvements 
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have been made possible by optimal design, improved epitaxial growth, and 
mature fabrication techniques. The maximum achievable output power of 
the fi rst generation semiconductor lasers was mainly limited by thermal roll-
over, due to high internal loss and poor effi ciency. With the availability of 
high quality n-type substrates and state-of-the-art crystal growth, the perfor-
mance of diode lasers has signifi cantly improved to the point that the thermal 
rollover is not the limiting factor. The active layers of high-power diode lasers 
are generally strained or unstrained single quantum well (QW) structures for 
optimum optical and thermal performance. High quality, defect-free QWs are 
required. Precise epitaxial growth with accurate compositions, layer thick-
ness, and doping profi le are achieved by molecular beam epitaxy (MBE) and 
metal–organic chemical vapor deposition (MOCVD), additionally improving 
device reliability. By overcoming previous limitations, the main power limit-
ing mechanism became the catastrophic optical mirror damage (COMD) of 
the diode facets, caused by temperatures exceeding the melting point of the 
laser crystal (1500 K for GaAs). This signifi cant temperature increase is due 
to the high concentration of non-radiative centers localized at the mirrors. 
In this section we highlight the critical parameters and key design features 
relevant to high-power edge-emitting lasers.  Figure 3.1  shows the schematic 
of a typical broad-area high-power Fabry–P é rot (FP) laser.    

 In  Fig. 3.1 , the epitaxial growth direction (direction of  t ) is often con-
sidered the ‘transverse’ dimension. Likewise, the direction of  w , which is 
typically defi ned through processing, is known as the ‘lateral’ dimension, 
while the light propagates along the length  L  of the cavity, which is the ‘lon-
gitudinal’ dimension. While this last dimension is standard for most lasers, 
the fi rst two (transverse and lateral) are defi ned differently out of necessity, 
as the semiconductor is most often not cylindrically symmetric. A notable 
difference is in vertical-cavity structures (e.g. in  Section 3.2.4 ). 

 In comparison to the conventional edge-emitting lasers, the design and 
fabrication of high-power edge-emitting lasers requires specifi c attention. 

Bandgap energy

Waveguide

QW

Waveguide

HR

w

t

P+ Contact layer
P– Cladding

N– Cladding

LR

L

N Substrate

 3.1      A schematic of a high-power FP laser. HR, high refl ectivity; LR , 

low refl ectivity; QW, quantum well.  
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For high-power diode lasers, in addition to optimum optical and electrical 
performance, signifi cant effort must be given to their thermal behavior. An 
optimized high-power diode laser should meet the following requirements:

   low optical loss,  • 
  high internal and external effi ciency,  • 
  optimum facet coating,  • 
  low operating voltage,  • 
  effi cient heat dissipation and  • 
  high temperature performance.    • 

 In the next sections, the key requirements and fi gure-of-merits critical to 
high-power diode lasers will be discussed. In addition, the laser beam qual-
ity, which can be very critical for numerous applications, will be discussed.  

  3.1.2     Key device characteristics 

 Signifi cant insight into the design optimization of diode lasers can be 
obtained from their simple characteristics. For high-power semiconductor 
lasers, the output power is one of the most important parameters to be max-
imized. The optical power ( P  opt ) of a diode laser is simply related to the 
injection current by the relation:

    P
hv
e doptPP d= ( )I IthIII.d.η     [3.1]  

in which  h   ν   is the photon energy,  e  is the electronic charge,  I  th  is the thresh-
old current and  I  the injection current. A critical parameter in maximizing 
the output power is the differential quantum effi ciency (  η    d  ). Differential 
quantum effi ciency is obtained from:

    η η
α

ααd iη ηη m

mi +
.        [3.2]  

  η    i   is the internal quantum effi ciency. <  α    i  > and   α    m   are the modal internal loss 
and the mirror loss, respectively. Minimizing modal internal loss is clearly 
one of the key design parameters in high-power lasers. The mirror loss is 
related to the mirror refl ectivity ( R  1  and  R  2 ) and cavity length ( L ) through:

    αm L R R
= ⋅
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ln        [3.3]  

High-power FP lasers are cleaved into bars with a cavity length in the 
range of 1–3 mm. The mirror refl ectivity is then controlled by applying 
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dielectric coatings to the front and rear facets. Typical values of mirror 
refl ectivity are  R  1  < 10% for the front (output) facet and  R  2  > 90% for the 
rear facet. 

 One key fi gure-of-merits for high-power diode lasers is their power-con-
version effi ciency. Power-conversion effi ciencies (PCE) of diode lasers, also 
known as wall-plug effi ciency (  η   wp ), is the highest of all types of light sources. 
It is defi ned as the ratio of the emitted optical power ( P  opt ) to the injected 
electrical power ( P  elec ). Considering Equation [3.1], it is obtained from:

    η
η

wp
opt

elec

= =
( )νν ⋅η ( )thPo

Pe

νν t−
I V⋅

d ,     [3.4]  

in which  V  is the applied voltage. In order to maximize the conversion effi -
ciency the internal voltage drop should also be minimized. This is typically 
attained by minimizing the number of QWs and optimizing the transverse 
waveguide structure. The use of a strained QW helps in reducing the hole 
effective mass and thus improving differential gain. Concurrently, signifi -
cant efforts have focused on maximizing the differential quantum effi ciency 
by improving substrate quality and eliminating wafer growth imperfections. 
These not only improve the integrity of the epitaxial structure, but also 
reduce the total voltage drop across the device, especially when injecting 
through the substrate – a common geometry for broad-area, high-power 
diodes. 

 Recent advances in epitaxial designs and thermal management have 
resulted in a signifi cant improvement in conversion effi ciency. Diode lasers 
with conversion effi ciency in excess of 65% operating in the 780–980 nm 
wavelength range are commercially available. Examples include individual 
940 nm bars operating in CW mode at >1 kW and 808 nm bars operating 
at >60 W with 65% PCE The new-generation of 9xx nm epitaxial structures 
have values of   η    i   > 98% and internal loss <  α    i  > below 0.6 cm  −   1 . CW PCE as 
high as 72.2% are obtained in 9xx nm strained QW single emitters.  5   ,   6   

  Temperature characteristics 

 A fraction of the injected electrical power  P  elec  will be dissipated in the form 
of heat, which in turn causes a rise in the active region temperature. As 
the laser operates at higher electrical power, the temperature of the active 
region rises and causes degradation of the threshold current and conversion 
effi ciency. The rise in the active region temperature is given by:

    Δ ⋅( ) = ( )−T Z= − Z P⋅T) = ZT ⋅ ( elecPP ,     [3.5]  

where  Z   T   is the thermal impedance of the laser. In order to minimize the 
temperature rise one has to effi ciently extract the generated heat by using 
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highly effi cient heatsink and laser mounting techniques to reduce  Z   T  . The 
thermal impedance for a 1-D heat fl ow can be obtained from:

    Z
h
AT =

⋅ξ
,     [3.6]  

where  h  is the distance between the active region and the heat sink,  A  is the area 
of the heat source and  ξ  is the thermal conductivity of the semiconductor mate-
rial. For reference, GaAs has a thermal conductivity of about 0.45 W ⋅ cm  −   1  K  −   1 . 
For high-power operation the thermal impedance of the laser should be mini-
mized. This is achieved by bringing the active region very close to the heatsink 
through p-side down-mounting of the laser. The thermal resistance of the solder 
layer and heatsink must be taken into account. Moreover, thermally-induced 
stress upon the active material through differences in coeffi cients of thermal 
expansion must be considered when packaging high-power laser devices. 

 Threshold current and PCE of diode lasers are strongly affected by tem-
perature rise. Threshold current increases and slope effi ciency decreases 
with increasing the temperature. The dependence of threshold and slope 
effi ciency on temperature can be estimated from:

    I I e T
thII thII( )T = ( )TreTT f

( )T TreTT f 0TT     [3.7]  

    ηd dη ηη Tηdη e( )T ( )T −( )T TTTT TT 1TT)     [3.8]  

Similarly, the above-threshold current necessary to obtain a targeted output 
power at a given temperature  T  can be obtained from:

    I I e I eT T( )T = ( )T ( )T( )T T ( )T T−
thII TT f pe I) TTT) 1TTI e(TT ( )TT −I eTT I (TT (T TT− ,     [3.9]  

where  T  ref  is a reference temperature with known threshold,  I  th ( T  ref ), and 
current,  I  p ( T  ref ),  to reach the desired output power. The constants,  T  0  and  T  1  
are characteristic temperatures of the diode lasers at threshold and above 
threshold, respectively. Clearly, characteristic temperatures  T  0  and  T  1  should 
be maximized for high-current and high-temperature CW operation. They 
depend on the laser material and structure. GaAs-based lasers have signifi -
cantly higher  T  0  and  T  1  values than InP-based lasers. 

 The use of QW and strained QW structures has been shown to improve 
the temperature characteristics of the lasers. For instance, characteristic 
temperatures of  T  0  ~ 200 K and  T  1  ~ 700 K are reported in 9xx nm InGaAs/
GaAs strained QW laser structures under CW operation.  2    

  Brightness and beam quality factor 

 High-power diode laser systems based on broad-area FP lasers and bars have 
several advantages, such as high optical power, and effi ciency, in addition to 
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low cost and a small footprint. For many applications high-power CW out-
put is the main requirement, although many applications necessitate addi-
tional features such as good beam quality, narrow spectral linewidth, and 
wavelength stability over a wide range of temperature. A major drawback 
of broad-area FP lasers and laser bars is their poor beam quality. The beam 
quality of a laser is characterized by its brightness  B . The brightness of a 
diode laser beam is calculated from:

    B
P

=
⋅

optPP

BPPπ2 2BPPππ
,     [3.10]  

where BPP is the beam parameter product obtained from:

    BPP = ⋅
w0

2 2
θ

       [3.11]  

 w  0  is the emission width (or beam diameter at the waist) and   θ   is full-angle beam 
divergence measured at the far fi eld. BPP is related to the beam  é tendue. 

 Another important parameter used in evaluating the beam quality of a 
laser is its  M  2  factor, which compares an arbitrary beam to a Gaussian beam 
of similar proportions. The  M  2  factor, also called  beam quality factor , is a 
common measure of the beam quality and is related to the beam parameter 
product as follows:

    M2 =
⋅BPP π

λ
       [3.12]  

For a diffraction-limited Gaussian beam the beam parameter product is 
BPP = λ πλ , which gives an  M  2  factor of 1. A laser beam is said to be ‘ M  2  
times’ diffraction limited. Clearly the  M  2  factor of a laser beam limits the 
degree to which the beam can be focused for a given beam divergence 
angle. For asymmetric beams, the  M  2  factor can be signifi cantly different in 
the two orthogonal directions ( MT

2  for the transverse-dimension and ML
2  

for the lateral dimension). This is particularly the case for broad-area FP 
lasers. In fact in edge-emitting semiconductor lasers the waveguide in the 
transverse direction (normal to the growth plane) is single-mode, result-
ing in a very low  M  2  factor with a typical value of 1.2–1.5. This direction is 
known as the ‘fast axis’, as the beam diverges very rapidly due to the small 
waveguide aperture. Meanwhile, the waveguide in the lateral direction 
(known as the ‘slow axis’) is large, and highly multimode. In the case of 
broad-area lasers the lateral emitting region is around 100 microns wide, 
resulting in a much larger  M  2  factor.  M   2   in the lateral direction of 30–50 
has been observed. The brightness of the laser is then obtained by using 
the product of the beam quality factor in the two orthogonal directions:
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    B
P

M MT LM
=

⋅ M

optPP

λ2 2Mλλ 2
       [3.13]  

For a non-diffraction-limited beam, the brightness is reduced by the product 
of the  M   2   for the transverse MT

2( )  and lateral ML
2( )  directions. The bright-

ness ( B ) of diode lasers can be enhanced by increasing optical output power 
( P ) and decreasing  M  2  factor. The latter can be achieved by decreasing the 
far-fi eld divergence and small emitter width. In order to achieve low  M  2  
 factor the laser should mainly support single spatial mode in the transverse 
and lateral directions. In high-power broad-area diode lasers single trans-
verse mode is usually achieved; however, the lateral direction is multimode 
with a high value of ML

2 . 
 In broad-area devices, beam fi lamentation is the main effect that lim-

its the device brightness. While higher output power can be achieved by 
increasing the lateral dimension, this also results in signifi cant degradation 
of the beam quality factor due to self-focusing nonlinearities and fi lamen-
tation. With increasing power level, spatial hole burning occurs, due to the 
interaction between the amplifi ed optical fi eld and the carrier density in the 
active region. Therefore, the complex index of refraction becomes inhomo-
geneous, leads to self-focusing of the optical wave, and results in fi lament 
formation that severely deteriorates the beam quality.  7    

  Spectral linewidth and stability 

 The need for narrow spectral linewidth and stable wavelength emission is 
growing. Narrow linewidth and stable wavelength emission under different 
operating and temperature conditions is critical for diode lasers used in solid-
state laser and fi ber laser pumping. In edge-emitting diode lasers, as the injec-
tion current increases more longitudinal modes can reach threshold, resulting 
in broad spectral linewidth emission. This results in multi-longitudinal modes 
emission of 2–4 nm. In addition, the gain shifts to longer wavelength as the 
temperature of the active region increases, causing a temperature-dependent 
lasing wavelength shift of about 0.3–0.5 nm/K. This can become a major bot-
tleneck for a variety of applications. In order to narrow the spectral linewidth, 
wavelength-selective mirrors (such as gratings) are typically used. Distributed 
feedback (DFB) and distributed Bragg refl ector (DBR) lasers are routinely 
used to generate spectrally narrow linewidth emission with less temperature 
sensitivity. This is covered more thoroughly in  Section 3.2.2.   

  Maximum output power 

 The most important parameter in qualifying the performance of high-power 
diode lasers is the maximum achievable output power. While Equation [3.1] 
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provides a linear relation governing the output power for low injection cur-
rent, it cannot accurately describe the limit of the achievable power for a given 
laser. Two main factors limit the output power of edge-emitting FP lasers: ther-
mal rollover and COMD. We will explore each of these in the following text. 

 High-power diode lasers are extremely effi cient in converting electrical 
energy into light, with conversion effi ciency better than 70%. However, 
the excess power not converted into light can be converted into heat caus-
ing material heating and performance degradation. As the laser is driven 
at higher current for higher output power, the active region starts heating 
up signifi cantly. At higher injection current, when the dissipation of the 
generated heat becomes challenging, the temperature of the active region 
becomes overly hot, causing a reduction of the output power. Excessive 
heat generation by ohmic heating leads to a signifi cant temperature rise in 
the active layer. This results in carrier spreading, signifi cant gain reduction, 
and an increase in non-radiative recombination. Because laser diode char-
acteristics are very sensitive with respect to the increase of temperature, 
for high-power operation they have to be mounted with great care in the 
p-down confi guration, that is, epitaxial side on the heat sink. 

 Three key steps in eliminating thermal rollover are:

   1.     Minimizing internal loss and threshold current.  
  2.     Minimizing thermal resistance between the active layer and the heat 

sink. A very low thermal resistance helps in effi cient heat dissipation 
from the active region through the heat sink.  

  3.     Maximizing conversion effi ciency of the laser by reducing internal loss 
and carrier leakage and minimize non-radiative recombination.    

 The latest improvements in high-power diode lasers have resulted in an 
internal quantum effi ciency   η    i   of over 98% and the internal loss (  α    i  ) of less 
than 0.6 cm  −   1 .  6   ,   8   These lasers can produce record high-power output by elim-
inating thermal rollover. 

 While progress in the design and growth has helped to practically elimi-
nate thermal rollover, another power limiting process known as COMD has 
become the main limiting cause of achievable output power of diode lasers. 
COMD degradation of the diode facets is caused by facet heating and sub-
sequently the rise in temperature exceeding the melting point of the laser 
crystal. The details about the cause of COMD and recent progress will be 
presented in  Section 3.1.3.  The maximum CW output power achievable in 
the diode lasers is directly proportional to the COMD power density limit. 
The maximum output power can be obtained from:  9  

    P W
d R

R
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where  d  is the thickness of the active QW layer,  Γ  is the transverse con-
fi nement factor, and  P  COMD  is the internal optical power density at COMD, 
which is a function of the active-layer material. The COMD optical power 
density of major active-layer materials is summarized in  Table 3.1 .  10   While 
the latest advancement in material growth, processing, and passivation 
has results in higher  P  COMD  of these active regions, the trend presented in 
 Table 3.1  can be very informative. The  P  COMD  decreases as the aluminum 
concentration in the active region increases. This is due to increased sensi-
tivity of the aluminum-containing active regions to oxidation. COMD per-
formance intensity as high as 30 MW/cm 2  has been demonstrated on devices 
with improved passivation.  11      

 For a given material family the cavity parameters should be optimized for 
maximum output power. These include:

   minimizing  • R  1,   
  increasing  • w ,  
  maximizing  • d / Γ .    

 A broad transverse waveguide design can provide a signifi cant improve-
ment in output power. It provides a large transverse effective spot size,  d / Γ , 
resulting in lower optical density at the facet below  P  COMD . At the same 
time, most of the optical fi eld remains confi ned in the low-doped waveguide 
layer resulting in low internal modal loss, (  α    i  ) required for differential quan-
tum effi ciency. High-power diode lasers in the 9xx nm range can now reach 
>20 W per emitter. This has a large impact on the cost/watt fi gure of merit, 
which now enables the diode power to be beam-shaped and engineered for 
direct materials processing applications.   

  3.1.3     Failure mechanisms 

 For most applications, semiconductor lasers are attractive, in part, due to 
their high reliability and long operating lifetime. It is therefore important to 

 Table 3.1     Approximate power densities necessary 

to cause COMD in different QW materials 

Active-region material  P  COMD  (MW/cm 2 )

InGaAs (0.92–0.98  µ m) 18–19

InGaAsP (0.81  µ m) 18–19

InAlGaAs (0.81  µ m) 13–14

GaAs (0.81–0.87  µ m) 10–12

Al 0.07 GaAs (0.81  µ m) 8–9

Al 0.13 GaAs (0.78  µ m) 5
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understand when lasers operate near a boundary which may threaten their 
lifetime. There are various effects which may damage high-power semicon-
ductor lasers. These include thermally driven effects, including poor solder-
ing layers. Another effect is optical feedback from an external refl ection, 
causing instability and potentially laser damage. However, for high power 
edge-emitting lasers, one of the most detrimental effects attributing to laser 
failure is catastrophic facet damage. 

  Catastrophic facet failure and passivation techniques in 
high-power diode lasers 

 As discussed in the previous section COMD is the ultimate limit in achiev-
ing higher output power from diode lasers. Numerous studies have been 
made to understand and control the occurrence of COMD.  12   –   17   The cause 
of COMD is understood to be the formation of defect and excess non-
 radiative recombination at high operating current. Non-radiative recom-
bination on surface defects leads to slow mirror overheating proportional 
to laser operating current. As the output power increases the optical 
absorption at the output mirror facet increases signifi cantly. Such increase 
in optical absorption in the active-layer region of the mirror causes local-
ized material heating. Mirror degradation is caused by facet heating due 
to non-radiative surface recombination of carriers. Facet heating results in 
a reduced bandgap energy of the material which consequently increases 
the absorption coeffi cient at the lasing wavelength leading to further heat-
ing. Such chain reaction results in thermal run-away and a rapid increase 
in facet temperature causing its ultimate catastrophic failure. The absorp-
tion coeffi cient increases to over of 100 cm  −   1  due to heating and the tem-
perature rise corresponding to the melting point of the crystal can occur 
within 100 ns.  15    Figure 3.2b – 3.2d  shows the emission result of COMD on 
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 3.2      Electroluminescence from the output facet of an AlGaInP broad-

area laser (a) before, and (b), (c), (d) after a COMD event. Source: 

Reprinted with permission from SPIE.  14   (e) COMD data for 806-nm laser 

diodes before operation. N2-IBE is native-nitride ion-beam epitaxy. 

Source: Reprinted from the November 2003 edition of  Laser Focus 

World , Copyright 2003 by PennWell.  21    
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the electroluminescence of a broad-area laser, in comparison to the same 
laser facet prior to COMD ( Fig. 3.2a ). The catastrophic effects are very evi-
dent in device output power as well, as indicated by  Fig. 3.2e , where several 
different coating types are compared, demonstrating improvements due to 
facet passivation.    

 A reliable facet passivation is then required to push the COMD to higher 
power densities, which reduces  R  1  in Equation [3.14]. Since facet degrada-
tion is enhanced by the carrier density in the facet region, the fi rst step is 
to ensure that current is not injected near the facet. Also, since the main 
contribution to facet degradation above threshold is due to non-radiative 
recombination of photon generated electron–hole pairs, reduction of the 
optical absorption coeffi cient in the facet region is essential. Creation of 
non-absorbing mirrors is a critical step in increasing the power capability of 
diode lasers. Increasing the bandgap energy of the mirror regions relative to 
the active layer reduces the absorption coeffi cient results in further increase 
of the COMD power density. 

 Key objectives of facet passivation are:  18   ,   19    

   (a)     Removal of surface states resulting from dangling bond imperfections.  
  (b)     Removal of surface oxides.  
  (c)     Minimize optical absorption at the facet by formation of large bandgap 

interface.  
  (d)     Creation of a diffusion barrier against oxygen incorporation from the 

atmosphere.    

 Several passivation techniques have been developed. Some of the most 
widely used techniques are:

   Ultrahigh-vacuum (UHV) cleaving followed by  • in situ  passivation.  16    
  Selective area growth for producing non-absorbing mirror lasers.  • 17    
  Quantum well intermixing (QWI).  • 20    
  Air-cleaving followed by ablation under unreactive ions (e.g. argon or • 
nitrogen).  21    
  Nitridization to reduce surface-state carrier recombination, prevent sur-• 
face contamination and provide a higher bandgap surface layer.  22    
  Sulphation  • 23   followed by a dielectric layer deposition.  
  Hydrogenation and silicon hydride barrier layers.  • 24      

 In addition to reducing the absorption coeffi cient, the creation of higher 
bandgap energy of the non-absorbing mirror region helps prevent current 
diffusion into this region. The dielectric overcoat is applied directly follow-
ing the passivation processes where providing specifi c facet refl ectivity is 
required.    
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  3.2     Single emitters 

 This section deals with recent developments and trends in single emitter 
semiconductor lasers. It covers several high power sources such as broad-
area Fabry–P é rot lasers, high-power DFB and DBR lasers, large mode-area 
lasers, vertical-external-cavity surface-emitting lasers (VECSELs), and 
long-wavelength sources. 

  3.2.1     Broad-area Fabry–P é rot lasers 

 As reported earlier a primary issue limiting the maximum power of diode 
lasers is the heating of the active layer and COMD at high drive currents. To 
minimize heating in the active regions, optimization in every aspect of laser 
development including growth, processing, passivation, and packaging have 
been made. Today, laser structures with very low defect density are grown 
by low-pressure metal − organic chemical vapor deposition (LP-MOCVD) 
in multi-wafer reactors. III-V laser structures grown on GaAs have demon-
strated signifi cant maturity to allow the development of lasers in the 7xx–
11xx nm range. The design and growth of new class of materials with low 
sensitivity to degradation have proven to be very successful. The growth of 
aluminum-free structures has pushed the COMD threshold to higher pow-
ers. One of the most challenging steps in FP laser development is facet pas-
sivation combined with low refl ectivity coating (less than 10%) of the front 
and high-refl ectivity coating (greater than 95%) of the rear facets. Effi cient 
heat dissipation from the active region is achieved by bringing the active 
layer close to a heatsink. The chips are mounted p-side down on cooled 
heatsinks (such as copper or CuW). The use of expansion matched copper-
diamond (CuD) composite carriers (allowing the use of hard solder) are 
also used as a heat spreader between the diode and the copper heat sink.  1   
High-temperature solders such as AuSn provide relatively high thermal 
conductivity while vastly increasing long-term reliability. Laser chips with 
increased cavity length (2–5 mm) are then used to improve heat spreading 
and maximize the output power. Low propagation losses allow long optical 
cavities, which combined with wide-emitting apertures result in the low cur-
rent density operation and improving the thermal behavior of lasers. 

 Among various semiconductor materials, GaAs-based lasers have proven 
to have highest power and performance. Strained QW active regions are 
used in order to remove the degeneracy between the heavy holes and light 
holes, providing higher differential gain and improved temperature charac-
teristics ( T  0  and  T  1 ). A compressive strain QW gives TE polarization, while 
a tensile strain QW laser has a TM polarization. Based on the selection of 
the active layer, these lasers can cover a wide wavelength range of 7xx–
1000 nm and above. Two families of active cladding layers are developed: 
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Al-containing compounds, and Al-free compounds. The main reservation in 
the use of Al-containing structures is defect formation and facet degrada-
tion at high-power operation. As a result, major challenges in Al-containing 
structures are mirror passivation and  P  COMD  improvement, as mentioned in 
 Section 3.1.3.  UHV cleaving and  in situ  passivation, known as E2 passiva-
tion, have been proved to provide excellent reliability. For other standard 
passivation techniques where air-cleaving is performed, Al-free structures 
seem more suitable and reliable. 

 The highest performances have been reported for ~9xx nm InGaAs/
GaAs compressive strained QW. Single emitter InGaAs/GaAs/AlGaAs or 
InGaAs/GaAs/InGaP lasers with CW output power in excess of 20 W have 
been reported for a ~100  µ m emitting aperture.  1   ,   6   Commercially available 
fi ber-coupled single emitter ~980 nm lasers can provide over 10 W power. 

 In contrast with 9xx nm devices, the semiconductor material of 8xx nm, 
especially 808-nm, is more challenging to produce with the highest perfor-
mance. There are three main material choices for 808 nm devices: tensile 
strained GaAsP, compressively strained InGaAsP or compressively strained 
AlInGaAs. Single emitter output power in excess of 10 W is achieved at 
808 nm.  25   ,   26   Commercial 808 nm single emitter lasers can provide 5 W. 

 There are two active-layer designs, AlGa(In)As and Ga(In)AsP, used for 
7xx nm lasers. The Al-free P-based Ga(In)AsP material system intrinsically 
offers the possibility of higher reliable power with standard passivation. 
However, with advanced passivation techniques, the As-based AlGa(In)As 
material system has also demonstrated leading performance. Broad-area 
lasers with an output power in the range of 4–7 W have been reported with 
Al-free structures.  27    

  3.2.2     High-power distributed feedback and 
distributed Bragg refl ector lasers 

 The high-power semiconductor laser industry is dominated by solid-state 
pumping, and therefore wavelength control within the absorption band of 
the solid-state gain medium is required. While the manufacturing epitaxial 
growth continues to result in high gain, high quality waveguides, and uni-
form growth across 4-inch wafers, wafer-to-wafer wavelength variability dur-
ing epitaxy can signifi cantly reduce yields, thus driving up ultimate device 
costs. In the 1990s, typical manufacturing required wavelength tolerances of 
<5 nm, which corresponds well with the (3–5 nm) absorption band at 940 nm 
for Yb:YAG lasers. As high-power lasers progressed toward being com-
modities, improvements in yield tightened tolerances on growth variation, 
and fi nal devices required wavelengths variance to <2 nm. As an example, 
when pumping the same Yb:YAG solid-state crystal mentioned previously 
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at 980 nm (reducing the quantum defect and therefore creating a more effi -
cient laser), the absorption linewidth is only on the order of 1–2 nm. While 
epitaxial growth remains precise, the thin QWs are very sensitive to wave-
length variability. As an example,  Fig. 3.3a  shows the computed gain peak of 
a laser designed for 940 nm, operating at a QW temperature of 320 K.  28   Also 
plotted are the wavelengths of peak gain for an otherwise identical struc-
ture with QW thicknesses that deviate by three atomic layers (~2  Å ) from 
the intended thickness. Such small variation, which nominally refl ects in 1 s 
error in the QW growth, moves the peak gain by about ±7 nm, signifi cantly 
outside typical tolerances of most manufacturing systems.  Figure 3.3b  shows 
the computed spectral gain, assuming a threshold-gain (gain at the peak) of 
approximately 250 cm  −   1 .    

 Although the center of a typical gain curve can vary from growth to 
growth, the gain is quite broad (over 50 nm) and therefore the introduc-
tion of a wavelength-selective element into the laser cavity can improve 
the device yields, with a modest increase of complexity in post-growth 
processing. 

 One method to accomplish this is to include an external grating. This 
method is not dissimilar to fi ber-coupled single emitters, wherein a Bragg 
grating is integrated into the fi ber, providing wavelength-selective feedback 
used to stabilize the wavelength.  29   Due to the nature of typical high-power 
semiconductors, it is diffi cult and ineffi cient to couple the high-power laser 
into a single-mode fi ber typically used for Bragg grating stabilized fi ber. 
In recent years, the proliferation of high quality photo-refractive materi-
als, in which a volume Bragg grating (VBG) can be written into a piece 
of glass, bulk glass VBGs are easily used after fast-axis collimation to 
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 wavelength-stabilize high-power semiconductor lasers. Schematically, this 
is pictured in  Fig. 3.4a . The bulk VBG alleviates the issue of coupling a 
high-power laser into a small mode-area structure such as a single-mode 
fi ber. Moreover, because the mode is distributed over a larger volume, one 
may achieve very high effi ciency (>99%), a variety of center wavelengths, 
and refl ection bandwidths in the picometer range.  30   The feedback is dis-
tributed over a volume of nominally 1 cm 3 , so these structures may be used 
to stabilize very high-power lasers and arrays, and are able to withstand 
large optical fl uences. Because the VBG has achieved such high effi cien-
cies in practice, they are able to be spectrally tailored, and are transparent 
to wavelengths that are not within the stop-band of the Bragg mirror. As 
such their use has proliferated to other high-power schemes such as spec-
tral beam combining,  31   and coherent phase locking.  32      

 However, these are still devices that are assembled within the laser 
package. Packaging remains a signifi cant portion of the assembly cost, pri-
marily because it is accomplished through manual manipulation, and is 
done serially. This does not take advantage of the effi ciency of parallel 
production leveraged by most of the semiconductor industry. An alter-
native approach is to actually integrate the external VBG into the chip. 
This is most economically done using post-growth fi rst- or second-order 
gratings on the high-refl ectivity side of the laser.  33   Surface-relief gratings 
are high contrast ( n  semi  –n  air ), but they interact with the evanescent tail of 
the mode, therefore the coupling remains small. A schematic of the broad-
area DBR laser in depicted in Fig. 3.4b. While this method requires higher 
resolution lithography than typical broad-area lasers use, manufacturing 
processes such as i-line projection lithography stepper systems are gen-
erally available and have proven reliable manufacturing implements. A 
DBR can also take the place of a high-refl ectance facet coating, which may 
be diffi cult to achieve in practice, requiring three or more layers to reach 
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 3.4      (a) Wavelength stabilization of a linear array of broad-area lasers 

through use of an external VBG. Image courtesy of OptiGrate Corp. 

(b) Wavelength stabilization through use of an internal DBR surface-

relief grating.  
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the required back-facet high-refl ectivities. The grating remains volumetric 
in nature because the growth axis remains guided. 

 Logically extending the single passive DBR, and the potential losses 
incurred in a passive region, DFB lasers can also be made high-power, mak-
ing the mirror active. DFB ridge waveguides have been a mainstay of the 
laser diode industry, although to scale the power, it becomes necessary to 
laterally increase the size of the laser. DFB may be used in broad-area lasers 
for stabilization as well. Transverse waveguides for high-power lasers are 
often designed to be multimode, and the gain is positioned such that only 
the fundamental mode has suffi cient gain to overcome losses and reach las-
ing. However, with the inclusion of a perturbation like surface-relief grating, 
these modes are no longer orthogonal and the different transverse modes 
beat against each other. This effect can be made negligible again if the refrac-
tive index perturbation is small, necessitating locating the grating much 
closer to the mode center in a region of large mode overlap. This is most 
often done with epitaxial regrowth after patterning the grating region.  34   

 Finally, a unique DFB cavity known as the  α -DFB achieves spatial and 
spectral mode selection through a Bragg grating at a modest (5°–20°) angle 
with respect to the cavity axis. The cavity facets and the grating are used to 
provide feedback because the light propagates through a ‘zigzag’ pattern, 
which creates an angular selectivity much greater than that of a Fabry–P é rot 
device. Such cavities have demonstrated watt-level output with  M  2  ~ 1.1, 
and powers above 5 W.  35   The   α  -DFB is also ultimately limited by antiguid-
ing, breaking up the lateral coherence.  

  3.2.3     Large mode-area lasers 

 A very powerful method to increase the power is that known as ‘geometric 
power scaling’. For example, if the current injection density is held constant, 
and thermal abatement is maintained (e.g. one-dimensional heat fl ow), the 
CW power produced by a laser is linearly proportional to the gain volume. 
While this is true for all lasers, it can be a particularly powerful improve-
ment to semiconductor lasers, due to their typical quantum confi nement in 
one direction. 

 Generally, the main limitation to laser brightness in large mode-area 
lasers is the linewidth enhancement factor (so-called ‘α-factor’, and denoted 
as ‘ α   b  ’ in this text). For most simple lasers (excluding DBR or DFB lasers), 
a transverse guided-laser mode propagating through material obeys the fol-
lowing partial differential equation:
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where   β   is the transverse propagation factor,  k  o  is the vacuum wavenum-
ber,  n  eff  is background the effective index ( )β ≡ , and the complex 
refractive index is composed of a background and a spatially varying term 
( )n neff eff ff effffnen ff efff( )x zx zz ≡ +nn ffen ff Δ ( )x z,x . The ‘interesting’ physics, including gain and 
loss may be isolated in the spatially varying term, which includes several 
terms:

   Δ ( ) Δ ( ) + Δ ( ) ( )
−n ( n) = Δ T ( i) +

k
i

kT
y

o

y

o
eff e( )( n) = Δff ff

effyyff(e) n) Δ ff α
α

2 2ko

Γ
aga( )− iα1 b ( )x z

  [3.16]  

The fi rst term in Equation [3.16] is the intentional index guiding (such as 
a ridge waveguide), the second term is temperature-induced refractive 
index changes, the third term represents the modal loss, and the fourth 
term represents the modal gain, with an additional real term due to the 
linewidth enhancement factor. This term causes the effect of ‘antiguid-
ing’.  36   The antiguiding effect is a carrier-induced refractive index shift, 
causing the refractive index to drop with an increase in carrier density. 
This effect is primarily the result of band-to-band interactions, and lesser 
contributions from plasma interactions.  37   For our purposes, we call this 
proportionality ‘ α   b  ’, and it is explicitly the dependence of the real part 
of the refractive index on carrier density in relation to the imaginary 
part of the refractive index in relation to the carrier density. The laser 
linewidth is increased by a factor of 1 2+ α2

b , the result of phase ambigui-
ties caused by recombination carrier density changes. This term is of the 
utmost importance in single-mode, large mode-volume lasers, and is one 
of the primary foes of wide-aperture lasers, as will be described in the 
following. 

 In wide-aperture (broad-area) lasers, the fi eld may have some ‘struc-
ture’ within a region of uniform carriers, and spatially much wider than 
the ripples of the optical fi eld. The optical fi eld will cause stimulated 
emission, decreasing the carrier density in the regions of local maxima 
of irradiance distribution of the fi eld. The reduction of carriers will cause 
an increase in the refractive index and further focus the local maxima, 
similar to a waveguide. This effect will break up the fi eld, causing poten-
tial spatial incoherence between each of these ‘fi laments.’ As carriers are 
locally depleted, there will be carrier build-up in regions that are not caus-
ing guiding. Subsequent build-ups will amplify the fi eld in another region, 
and the fi eld will not be amplifi ed in guiding regions where the carriers 
have been depleted, thus the fi laments are dynamic in nature. Many of the 
following types of lasers implement ways to counter this nonlinearity to 
maintain spatial coherence. 
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  Master-oscillator power amplifi ers 

 As mentioned above, the single-mode operation is most problematic at 
high currents and powers. One solution is to make a good low-power 
source, and amplify the output. This confi guration utilizes what is known 
as a  ‘master-oscillator power amplifi er’ (MOPA) confi guration.  38   In the 
early 1990s, an integrated MOPA design was proposed by Spectra Diode 
Labs. Such a device is typically composed of a single-mode DFB or DBR 
ridge laser acting as the low-power ‘master-oscillator.’ This high quality 
single-mode laser output is coupled from one of the ends of the laser to a 
gain-guided power amplifi er, which is tapered to match the natural lateral 
diffraction of the mode. The adiabatic taper is designed to (i) distribute the 
current only in the region where the unidirectional mode has signifi cant fi eld 
and (ii) slowly change the mode and not excite higher-order lateral modes 
within the waveguide. A schematic of such a laser can be seen in Fig. 3.5a. 

 The oscillator is typically composed of a highly index-guided structure (e.g. an 
index-guided ridge laser, or a buried heterojunction laser, requiring regrowth). 
This laser is typically of low power, but of high spectral and spatial quality. The 
amplifi er (especially in the tapered structures depicted in  Fig. 3.5 ) is typically 
a gain-guided structure. Because the guiding is quite weak in a gain-guided 
waveguide, it becomes more diffi cult to excite higher-order modes. As such, 
the mode exciting in the emission aperture, while of similar lateral dimensions 
(~200 µm) as that of typical broad-area lasers, has a much better beam qual-
ity than multimode broad-area lasers mentioned in  Section 3.2.1.  In fact, this 
laser continues to operate in single lateral mode, and ‘diffraction limited’ for 
many times threshold, although it should be noted that the mode shape is not 
Gaussian, and therefore the  M  2  is somewhat larger than unity.    

 While this confi guration is useful and quite straight forward, the ampli-
fi er introduces engineering problems. Namely, an amplifi er requires a high 
single-pass gain while not supporting self-oscillation. This involves reducing 
the facet refl ectivity to very low levels ( R  ~ 1  ×  10  −   4  or lower), which is diffi -
cult to achieve in a manufacturing environment.  

  Tapered unstable resonator lasers 

 An alternative is pictured in Fig. 3.5b, where there is no separation between 
the oscillator and the amplifi er. This laser, known as a tapered unstable res-
onator laser (TURL), where the single-mode ridge waveguide remains, but 
is coupled directly to a tapered gain region. The mode behaves in this region 
much like its amplifi er counterpart in the MOPA. However, when the mode 
impinges on the emitting aperture facet, a small fraction of the light is refl ected 
(generally < 2%) and continues to expand in the taper, however propagating 
backward within the cavity. A small fraction of this mode is re-coupled to the 
ridge waveguide, and refl ected off the back facet to seed lasing. 
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 This class of cavity is known as an ‘unstable resonator,’ and imparts a 
strong mode selectivity. This more complicated cavity design can avoid excit-
ing higher-order modes, thus maintaining the single-mode nature of the laser. 
Unstable resonators are known for having this strong mode selectivity.  39   
Typifi ed by a large mode-dependent loss through some sort of aperture within 
the cavity, along with large mode sizes, they are only considered ‘unstable’ in 
the ray-sense; that is to say, rays are not bound to near on-axis propagation. 

 The ridge cannot easily be made long enough to impart the required mode-
dependent loss. To solve this, the introduction of spoiling grooves becomes 
necessary to aid in maintaining a single mode. These spoiling grooves are 
troughs etched through the active region (seen in Fig. 3.5b), and are a means 
for scattering light out of the cavity, acting as a hard aperture. Numerical 
investigations have shown the most effective location for a hard aperture is 
at the ridge/taper junction. The mode coupled from the taper to the ridge is 
quite large after propagating from the ridge to the taper mirror and back. 
Such a wide mode (relative to the ridge width) means many modes of the 
ridge are excited, and only a small fraction of the power is in the fundamen-
tal guided mode. The spoiling grooves narrow the lateral dimensions of the 
fi eld by acting as a spatial fi lter. The narrow fi eld is centered about the ridge, 
similar to the guided mode. A larger percentage of the light that is transmit-
ted through the spoiling grooves is coupled into the fundamental mode of the 
index-guided ridge. 

 For a generic paraxial laser cavity defi ned by: (i) a geometric ABCD 
matrix and (ii) a single aperture   ρ  ( x ) within the cavity to laterally confi ne 
the mode, one can derive the following eigenmode equation for the scalar 
lateral fi eld ( E ( y )) from the generalized Huygens’s integral:

    γ
λ

ρEγ e
i Bλ

E eikB i
k
B( )y = ( )x ( )x

( )Ax Dy yx+ −Dy

−∞

∞

∫1 2
D+Dy

d ,x        [3.17]  
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3.5      Integrated high-brightness laser examples. (a) Integrated MOPA 

confi guration, composed of DFB oscillator with a tapered amplifi er 

section. (b) Unstable resonator laser with tapered gain section.  
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where   γ   is the eigenmode (the round-trip power loss is 1  −    γ    2 ). For each 

 eigenmode  E  ( n ) , there is an equivalent round-trip loss 1
2

− ( )γ (( . For stable 

resonators, the loss is simply the mirror refl ectivity, not considered in the 
equation above, and the aperture is essentially the gain diameter. As such, the 
gain width is quite large compared to the mode size (encompassing > 90% of 
the mode). This geometry results in modal losses which are nearly degener-
ate. Often at higher powers, small nonlinear effects such as thermal lensing 
will allow unwanted higher-order modes to also lase. Conversely, for unsta-
ble resonators,   ρ  ( x ) is typically on the order of or smaller than the lateral 
extent of  E ( x ). As a result γ ( )γγ n  can vary wildly for different modes. A recent 
calculation for fi nite-aperture tapered unstable resonators  40   (FATURL, a 

subset of TURLs) showed the modal discrimination ( )γ γ( )γγ 1 ( )γγ 2  to be well 

above 10 for most cases, and approaching 30 for some specifi c designs.  41   As 
such, these types of cavities (both TURLs and FATURLs) have achieved 
multi-watt-level operation while maintaining good mode quality.  42   ,   43   

 Beam brightness from these lasers is ultimately limited by heat extrac-
tion, antiguiding, and facet damage. Heat extraction and COMD can be 
made less signifi cant by increasing the amplifi er length, reducing thermal 
densities and laterally spreading the mode at the facet. Unfortunately, 
antiguiding will make a longer cavity more susceptible to fi lamentation. 
These are three design parameters to balance effects in practical laser 
cavities.  

  Slab-coupled optical waveguide lasers and other large mode-volume lasers 

 As previously mentioned, a design consideration for high power lasers is 
to increase the transverse size of the mode to increase the COMD thresh-
old. As this epitaxial waveguide grows, it will also begin to support mul-
tiple modes. Most high-power laser epitaxial structures support multiple 
transverse modes, although the gain is positioned to allow only one mode 
to oscillate. As the size is increased, however, this selection becomes more 
diffi cult. 

 The slab-coupled optical waveguide laser (SCOWL) is a unique design 
which drastically increases the size of the transverse mode up to many wave-
lengths while maintaining a strong mode selectivity. This structure, seen sche-
matically in  Fig. 3.6a , consists of a narrow ridge ‘gain’ section with a weak, 
large area waveguide beneath it. The 2-D transverse modes that are defi ned 
by the weak waveguide all have very low mode overlap with the gain region. 
Higher-order lateral modes, some of which have gain overlaps comparable 
to those of the fundamental mode, leak to the slab waveguide, and therefore 
remain relatively unconfi ned and are not effectively supported by the wave-
guide.  44   If one considers the slab as a waveguide coupled to the ridge, the 
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fi ltering is accomplished by mode-coupling to the higher-order continuum 
of modes in the slab. Due to these large leaky modes, waveguide designs 
require very careful choices for boundary conditions, to avoid refl ections 
from the edge of the computation window.    

 Figure 3.6b shows the computed modal refractive index on a rotated polar 
plot. The computed real part of the modal refractive index is shown along 
the ordinate axis. As is typical, the fundamental mode (labeled ‘SCOWL 
Mode’) has the largest refractive index, although there are many modes that 
have large refractive indices, commensurate with the fundamental. Along 
the x-axis, the modal loss is indicated for each waveguide mode. Because the 
higher-order modes are leaky, their leaking modal loss is large, and there-
fore only the fundamental mode achieves negative loss (gain). 

 The mode overlap remains very small (less than a percent), even for the 
lowest mode. As such, a longer cavity must be used to overcome other losses 
(e.g. mirror loss) to achieve threshold. The mode can be made almost circu-
lar, and makes packaging slightly easier because light coming from the laser 
facet has signifi cantly lower divergence. Moreover, the transverse dimen-
sion of the mode can be designed to be nearly as large as the lateral mode 
dimension supported by a fi ber, alleviating the necessity for cylindrical or 
aspheric optics. This last feature is extremely attractive for coupling the 
power to a single-mode fi ber. 

 SCOWLs are typically many millimeters long (as much as a centimeter, 
or more), and lasers have achieved more than 1 W operating in CW  45   from a 
single device, and wavelength beam combination has allowed 30 W with an 
 M  2  < 2 in both dimensions. Finally, their larger mode size reduces the signif-
icance of COMD as the facet power density is greatly reduced. 

 These low mode overlap lasers also have an interesting feature, a function 
of the small modal overlap with the gain. SCOWLs are able to create rela-
tively high pulse-energies due to the lower gain confi nement, as compared 
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 3.6      (a) Schematic cross-section of SCOWL device, with approximate 

mode shape defi ned. (b) Example of modal index (real)  vs  modal loss 

for many laser modes. Source: reprinted with permission from IEEE.  44    
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with edge-emitting lasers. The gain saturation limit is radically increased, 
and therefore SCOWLs can attain tens of picojoules pulses before gain 
saturation.  46    

  Surface-emitting distributed Bragg feedback lasers 

 Utilizing the combination of unstable resonators to achieve large mode 
volumes with transverse mode selectivity, along with second-order grat-
ings which provide surface emission and refl ection simultaneously, the 
surface-emitting DFB (SE-DFB) has proven to be an ideal candidate for 
high-brightness semiconductor lasers.  47   –   49   This scheme has the advantage of 
spreading the output mode over a large area, thus avoiding the high-power 
densities, which can cause catastrophic optical damage often affecting high-
power edge-emitting lasers. Because this area can be increased from the 
typical ~3  ×  200 µm to ~2000  ×  200 µm, the power density decreases by 
about 1000 × , allowing for effi cient, reliable power extraction. 

 When high-brightness output is desired, laterally increasing the extent of 
the device becomes necessary. The extended mode requires adjusting the 
local phase of the grating to tailor behavior of the laser. While any arbitrary 
shape may be considered, it is instructive to consider circular gratings where 
the radius of curvature ( R ( z )) is chosen such that each grating tooth images 
a point-source wavefront to another.  47   ,   48   The radius of curvatures of these 
circular gratings are only a function of  z , and vary according to:

    
2 1 1

R D z D z( )z
= − ,        [3.18]  

where  D  is the distance from the  z  = 0 coordinate to the point sources 
(located symmetrically about  z ), and is graphically depicted in  Fig. 3.7a . If 
the crating curves toward the center of the laser ( D  < 0), the cavity is likely 
to maintain geometric stability, and will allow multiple transverse modes 
to operate. A linear grating D = ±∞  will be quasi-stable and will become 
stable upon inclusion of thermal lensing. This type of cavity would be anal-
ogous to a cleaved-facet broad-area laser.    

 However, when the grating is convex toward the center ( D  > 0), the laser 
operates in the unstable resonator regime described earlier. Figure 3.7b 
represents a schematic of typical electrically-injected surface-emitting DFB 
laser. In this case, a patterned diffusion region is defi ned for current injec-
tion. A larger second-order curved-grating structure is patterned through 
interference lithography, and the entire device has a p-contact deposited 
over the surface. The device is soldered p-side down to a heat sink and the 
fi rst diffraction order is collected through the substrate. 

 Such a laser has very strong mode discrimination, and has proven to be a 
very effective single-mode emitter. Single emitters have achieved powers as 
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large as 73 W CW.  49   Corrections to the simplistic Equation [3.18] may be made 
to counteract aberrations such as thermally-induced lensing and antiguiding.   

  3.2.4     Vertical external-cavity surface-emitting laser 

 As discussed earlier in the chapter, one major drawback of high power broad-
area diode lasers is their poor beam quality.  Section 3.2.3  introduced several 
alternatives which are able to provide very good beam quality and high 
brightness. However, they all tend suffer from higher cavity loss and lower 
effi ciency. Their output can be highly elliptical and the long gain regions are 
often sensitive to fi lamentation. VECSELs have been investigated as alter-
natives to high-power edge-emitting lasers. Essentially, VECSELs are a ver-
tical-cavity surface-emitting laser (VCSEL) with the top DBR removed and 
replaced with an external curved mirror. The external-cavity optic forms a 
stable resonator geometry, and allows the gain extent (and hence the output 
power) to grow laterally in area to very large transverse sizes. The exter-
nal output coupler (mirror) controls TEM 00  operation with circular optical 
beam. VECSELs with good output power were fi rst developed in the mid 
1990s.  50   ,   51   Since then major achievements have been reported on various 
types of materials and cavity confi gurations for VECSELs.  Figure 3.8  shows 
the schematic of an OP-VECSEL cavity. The epitaxially grown VECSEL 
chip consists of a DBR stack and a resonant periodic gain (RPG) multi-
QW structure where each semiconductor QW is placed at the antinodes 
of the cavity longitudinal standing wave to achieve the maximum modal 
gain. In order to reach multi-watt output power the active area should be 
several hundred microns in diameter. As a result, optical pumping is the 
most straightforward way to achieve uniform carrier distribution over the 
large pump area. Effi cient heat dissipation is very critical for high-power 
operation. The energy difference between the pump and the lasing emission 
is a signifi cant source of heat. VECSEL chips are commonly mounted on 
high thermal conductivity heat spreaders such as CVD diamond. Single chip 
VECSELs with output powers in excess of 100 W have been achieved at 
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 3.7      (a) Plan-view of curved grating showing curvature dependence 

upon position. (b) Schematic of an electrically injected surface-emitting 

DFB laser.  

�� �� �� �� �� ��



104 Semiconductor lasers

© Woodhead Publishing Limited, 2013

near room temperature.  52   A key property of VECSELs is their high output 
power with excellent beam quality, circular TEM 00  emission. Highly effi cient 
20 W CW output power with an  M  2  ~ 1.3 has been reported from a single 
chip VECSEL cavity.  53      

  Power scaling VECSELs 

 As stated, increasing the VECSEL power is as easy as laterally increasing the 
modal size, provided the heat fl ow remains one-dimensional. Unfortunately, 
there are limitations to this growth.  54   The output power of a single chip 
VECSEL is limited by thermal rollover and undesired lateral lasing; these 
effects limit practical mode diameters to the order of 1-mm. As a coherent 
power scaling scheme, the multi-chip VECSEL was investigated,  55   ,   56   and is 
schematically depicted in  Fig. 3.9a . Compared to the single chip VECSEL, 
this multi-chip VECSEL has several advantages. First, the heating is distrib-
uted on various VECSEL chips instead of a single chip. The thermal roll-
over is delayed since less pump power on each chip is needed for achieving 
high-power VECSEL output, thus more pump power can be launched to the 
laser to achieve higher power scaling than that of the single chip VECSEL. 
Secondly, the multi-chip VECSEL has a much higher round-trip small sig-
nal gain than a single chip VECSEL. As a result, output couplers with lower 
refl ectance can be used in order to increase slope effi ciency or broaden the 
tuning range. Finally, the output of a multi-chip VECSEL remains a stable 
coherent beam with good beam quality, avoiding problems such as lateral 
lasing at each chip.    

 A two-chip VECSEL cavity provided over 19 W output power, doubling 
the maximum output power of each single chip VECSEL (see Fig. 3.9b).  56   
High-brightness linearly polarized output with a tuning range of 33 nm is 
demonstrated in a two-chip VECSEL. A three-chip VECSEL experiment 
with intracavity nonlinear crystal achieved an impressive 50 W of  frequency-
doubled  emission with  M  2  ~ 1.3.  55   ,   57    
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 3.8      Schematic of a canonical OP-VECSEL cavity, composed of the 

semiconductor chip (DBR + MQW + window layer), the heat sink, 

the pump, and the output coupler. MQW, multi-quantum wells.  
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  Intracavity functionality enabling 

 Relatively long cavity lengths of a few centimeters in VECSELs combined 
with inhomogeneously broadened gain due to the width- and composition-
fl uctuation in multi-QWs, as well as material defects result in spectrally broad 
(a few nanometers) lasing emission. Having access to the laser intracavity 
mode allows the insertion of nonlinear elements in order to expand the high-
power laser’s functionality. For example, signifi cant attention has been paid 
to saturable absorbing elements such as SESAMs inserted into the cavity to 
achieve passive mode locking. Mode-locked VECSELs with sub-picosecond 
pulse and high repetition rates of 50 GHz have been demonstrated.  58   ,   59   

 High-intensity lasers with high spectral purity may also be a key require-
ment in a variety of applications. The insertion of intracavity spectral fi l-
ters, such as birefringent fi lters,  60   Fabry–P é rot etalons  61   or volume gratings  62   
allows longitudinal-mode selection and single mode emission. Wavelength 
tuning can similarly be achieved by the rotation of the birefringent fi lter. 
Large wavelength tuning of over 25 nm was demonstrated utilizing a single 
gain element. 

 A unique benefi t of the VECSEL is the access to the laser intracavity 
allowing nonlinear wavelength conversion. This has allowed the develop-
ment of semiconductor VECSELs covering a very wide wavelength range 
from deep ultraviolet (DUV), through the visible, near-IR, mid-IR and up 
to terahertz regimes.  63   –   69   Numerous demonstrations of multi-watt blue-
green lasers have been reported by frequency doubling of InGaAs/GaAs 
structures.  70   The use of intracavity frequency doubling in a highly-strained 
InGaAs/GaAs VECSEL structure resulted in 5 W yellow − orange power in 
the 585–589 nm bands  64   (schematic shown in  Fig. 3.10a , and tuning shown in 
 Fig. 3.10b ). Intracavity nonlinear crystals allow for both up- and down-con-
version, thereby spreading the wavelengths achievable with the VECSEL 
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from the UV through to THz frequencies. Figure 3.10b also shows the tuning 
capability through use of a birefringent fi lter, previously mentioned within 
this section.      

  3.2.5     Long-wavelength approaches (quantum cascade 
and type-II quantum well lasers) 

 Type-I  71   –   73   QWs are by far the most common semiconductor laser, due to 
their simplicity, high effi ciency, and large wavelength range available, based 
on material systems. InGaAs/AlGaAs/GaAs-based lasers have shown excel-
lent results in the near-infrared regime due to their ability to achieve large 
carrier and hole confi nement structures. To achieve longer wavelengths than 
about 1.3 µm, one must change material systems. To reach the 1.3–1.6 µm 
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region, the most mature material system is InGaAsP/InP,  74   which has been 
developed as the workhorse for telecommunications applications. 

 At longer wavelengths, one must utilize a smaller bandgap semicon-
ductors, typically based on InGaSb/GaSb materials, 75–   80   as thoroughly 
addressed in Chapter 13. This material system has produced results up to 
about 3.1 µm, with output power of ~80 mW at room temperature.  75   At 
wavelengths above 2.8 µm, degraded performance is primarily attributed 
to valence-band leakage and most importantly, Auger recombination, ulti-
mately limiting laser operation. 

 At threshold, the current is proportional to the composite of the loss 
mechanisms:
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  [3.19]  

where   τ    a   is the parasitic carrier lifetime due to Schockley − Read − Hall 
(SRH) recombination,   τ    b   is the result of spontaneous emission, and   τ    c   is due 
to Auger recombination. While it is an approximation, the current loss of 
each of these respective terms is proportional to  AN  th , BNth

2  and CNth
3 . The 

last term in Equation [3.19] becomes the dominant term at longer wave-
lengths (lower bandgap energies). This dependence results primarily from 
the approximate analytic form of bulk effective mass, where the recombina-
tion depends exponentially on the bandgap energy:
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[3.20]
  

where  A  is between 0 and 0.5, depending on the exact nature of the Auger 
recombination process. It can be seen that the probability increases precipi-
tously at longer wavelengths, and is nominally the shape of the measured 
Auger coeffi cients presented in Figure 3.11. Figure 3.11 shows the trend of the 
Auger coeffi cient  C , as provided by US Naval Research Laboratory, where the 
current loss is proportional to the cube of the threshold current density. As the 
wavelength increases, there are a greater number of energy subbands between 
which transitions are probable. When comparing to 1.5 µm, the Auger coef-
fi cient increases approximately two orders of magnitude (100×) as the wave-
length is doubled (by use of InAs QWs). If all else is held equal, this represents 
a carrier loss of 100×, which thus results in unwanted device heating.  

 To counter the Auger problem and extend to longer wavelengths, it 
becomes advantageous to look to a multi-layer QW structure. The type-II 
‘interband’ cascade laser achieves this by confi ning the holes in a center 
‘well’ while confi ning the electrons in layers immediately adjacent. If the 

�� �� �� �� �� ��



108 Semiconductor lasers

© Woodhead Publishing Limited, 2013

layers are suffi ciently thin, the wavefunction overlap can be considerable, 
with as much as 70% that of a type-I QW. This type of gain is described in 
greater detail in Chapter 14. 

 Carriers may be optically excited, and this optically pumped semicon-
ductor laser (OPSL)  82   has demonstrated outstanding results and have been 
demonstrated between 2.2 and 9 µm  83   at cryogenic temperatures. At low 
temperatures, these devices exhibit multi-watt performance (primarily in 
the 3.5–5 µm band), but the output power drops off dramatically at higher 
temperatures. Optical pumping allows carrier ‘injection’ to each stage inde-
pendently through strategically placed absorbing regions. One may also 
electrically pump the type-II laser, ‘interband cascade lasers’ (ICL), as carri-
ers must be recycled from the valence band to the conduction band between 
stages. This carrier ‘recycling’ from one well to the next increases the differ-
ential quantum effi ciency of these lasers. Devices based upon type-II QWs 
have signifi cantly improved in recent years and are now showing promising 
results for high-temperature operation up to 340 K,  84   opening up the door 
to watt-level devices at room temperature. 

 For this type of active region, as one approaches room temperature, 
device performance can suffer dramatically if careful design is not consid-
ered. Excessive threshold power/current density is thought to be the cause 
in internal heating thus limiting the amount of power out prior to thermal 
rollover.  Figure 3.12  indicates a recent critical improvement to this effect 
by altering not the QW but rather the cascade recycling mechanism. With 
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this improvement, type-II ICLs hold a great deal of promise for fi lling in 
the region between 2.5 and 4 µm. Their operation is bound on the long-
wavelength side by band-fi lling and blue-shifting the band-edges. On the 
short wavelength side, the limit is from control over the narrow center ‘well’ 
thickness of about four monolayers of InAs, with the unbiased bandgap of 
about 4 µm thick, even at low temperatures. ICLs are able to achieve mod-
estly shorter wavelengths presumably, due to the additional energy result-
ing from externally applied bias. Diffi culty in controlling features on this 
order limits the ability to achieve shorter wavelengths.    

 Rather than rely on conduction-to-valence-band transitions, quantum 
cascade lasers (QCL) are a unipolar device where energy differences 
between properly aligned conduction subbands result in lasing. In recent 
years, the QCL has made great strides in the MWIR and LWIR wavelength 
regimes,  85   –   94   increasing the room-temperature operation of single spatial 
mode lasers up to over 4 W, and wall-plug effi ciencies up to about 20%. For 
shorter wavelengths, electron confi nement, ‘intervalley leakage,’ surface 
plasmon loss, high power density, and non-uniform gain in the waveguide 
all diminish device performance.  95   While cryogenic temperatures have real-
ized 3.5 µm operation, shorter wavelengths require larger  Δ  E   c   values than 
are available in the commonly used InGaAs/AlInAs system.  96   An alterna-
tive of InGaAs/AlAsSb lattice matched to InP provides wells as deep as 
1.6 eV,  97   and might extend QCLs to higher energies. Many state-of-the-art 
room-temperature CW results are reported in  Fig. 3.12 .   
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  3.3     Array concept for power scaling 

 Single emitter maximum achievable power is limited in part by COMD and 
is capped by its  P  COMD . In a single emitter laser with  P  COMD  of ~20 MW/cm 2  
and an emitting aperture of 100 µm the maximum achievable power before 
catastrophic degradation can reach just over 20 W. In this case, a practi-
cal output power with high reliability would be signifi cantly less than 20 W. 
Meanwhile power scaling by increasing the emitting aperture of a single 
emitter toward the millimeter regime causes unwanted amplifi ed spontane-
ous emission and parasitic lasing in the lateral direction, drastically degrad-
ing the performance of the laser. In order to achieve usable outputs in the 
hundreds of watts and kilowatts laser bars and stacks are developed. 

 In a laser bar,  N  broad-area single emitters ( N  = 7–30 of them) each with 
an emitting aperture of approximately 100 µm are placed in a one-dimen-
sional array providing a power scaling of almost  N -times the number of 
a single laser. An important characteristic of a diode bar is the fi ll factor 
(FF), defi ned as the ratio of the pumped area to the total area of the bar. 
As the FF is increased the heat dissipation becomes even more critical. The 
thermal resistance depends on the bar geometry, including the FF and the 
cavity length. In general, in order to increase the maximum power high fi ll-
factor bars with long cavities and high PCE are needed. However as the 
FF increases heat dissipation become even more important, which limits 
the increase of the FF. Also long cavities usually lead to lower slope effi -
ciency and PCE. As a result thermal rollover is presently the main limita-
tion in maximum achievable power in diode bars. For high-power effi cient 
heat sinking, laser bars are mounted junction down using AuSn solder. 
While other solders such as indium have higher thermal conductivity, they 
have negative attributes such as ‘solder creep’, which adversely affect the 
package reliability. Two types of heatsink packages are widely used in com-
mercial packages: micro channel cooled packages (MCCP) actively cooling 
and conductively cooled packages (CCP) passive cooling (also known as 
CS-Mounts). Expansion matched copper-diamond (CuD) composite carri-
ers are widely used between the diode and the copper heat sink to both 
spread the heat (for improved thermal resistance) and for thermal expan-
sion matching (allows the use of hard solder). 

 While diode laser bars are highly effi cient devices, their beam quality is 
not as good as competing laser sources. To achieve the highest brightness, 
beam-conditioning techniques can be used in a single package. The most 
common form of beam conditioning is to collimate the fast axis with a sin-
gle cylindrical lens. The light from individual emitter of a bar is then coupled 
into a separate fi ber and all the fi bers are bundled in a close-packed confi g-
uration.  102   ,   103   Polarization-coupling and wavelength-multiplexing schemes 
are also used. For spectral linewidth stabilization VBGs can be deployed.  104   
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 An undesirable property of diode bars is slight bending of the emitted 
beam in the horizontal direction known as ‘smile.’ This is largely caused by 
the coeffi cient of thermal expansion (CTE) mismatch between laser bar, 
bonding solder and the package, casing a concave or convex near-fi eld emis-
sion from the array. Smile error can degrade beam focusing, beam shaping 
and beam coupling effi ciency into fi ber. Optimized packaging process is crit-
ical in minimizing smile.  105   Commercial high-power laser bars have a typical 
smile of less than 1 µm. 

 In the past few years signifi cant progress has been reported in the max-
imum achievable power. Minimizing operating voltage and internal loss 
in combination with high effi ciency, long cavities lasers have been critical 
in higher power achievement.  6   Peak optical power in the range of 400–
500 W from high FF, 1-cm wide laser bars have been demonstrated.  106   –   108   
On a path to kW laser bars, highly effi cient, two-sides cooling of the bars 
with 5-mm cavity length have provided impressive maximum power of 
over 800 W from a 77% fi ll factor at 25°C.  1   

 Laser bars with a CW output power of 80–100 W in the 8xx–9xx nm are com-
mercial available from several diode manufacturers. These bars have a typical 
fi ll factor of 20–50% and PCE better than 60%. Each bar is about 1 cm wide 
with several single emitters each with an emitting aperture of 100–150 µm. 
For kW output powers, laser bars are stacked together (known as ‘stacks’). 
Commercially available stacks can deliver output powers in excess of 4 kW. 

 Although VCSELs have historically been restricted to low-power appli-
cations, the niche applications of large area (poor beam quality) devices 
which can operate with output powers approaching 100 mW. As individual 
lasers, they will ultimately not provide suitable output for most high-power 
applications. However, because the cavity is normal to the surface, their 
geometry is well suited to 2-D arrays. Relatively small lateral diameters 
(~100 µm  ×  100 µm) mean one may pack them very closely together. As 
such, arrays of thousands are not unusual, and CW powers in the hundreds 
of watts is readily achievable.  109   

 Moreover, much as discussed in  Section 3.2.2 , the wavelength of the 
VCSEL array is signifi cantly infl uenced by the Fabry–P é rot control of the 
short cavity between the DBR mirrors. The resulting array wavelength is 
narrower than typical bars of fewer broad-area lasers, and spectrally shifts 
less at higher powers and temperatures. In the case of VCSEL arrays, how-
ever, the limiting phenomenon is heat removal. Thermal power densities are 
on in the range of KW/cm 2 , which are diffi cult to effi ciently remove through 
most conventional means. Moreover, just as in VECSELs ( Section 3.2.4 ), 
the additional heat not only reduces the peak gain, but also detunes the gain 
from the Fabry–P é rot cavity modes. Therefore at thermal rollover, COMD 
is not a particular issue because the mirrors are non-absorbing. Detuning 
will cause a completely reversible and non-destructive shut-off. 
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 An alternative surface-emitting laser may be composed of surface-emit-
ting DFB lasers, as introduced in  Section 3.2.3.  These cavities, while in-plane, 
maintain surface emission. Individual lasers are several orders of magnitude 
larger than VCSELs mentioned previously, although each laser provides 
greater power. While in principal, an entire wafer can be fabricated and 
assembled as a 2-D package where all devices are run in parallel, in practice, 
they are more often packaged as individual lasers and assembled into a two-
dimensional array, to be run in series. This geometry has the advantage of 
reducing thermal crosstalk, making the entire array more reliable. Though 
it consumes approximately the same amount of electrical power, the laser 
array may be run in low current, high voltage mode.  104   These performance 
improvements, however, come at the detriment to more costly packaging. 

 SE-DFB arrays have low fi ll factor, which also provides a convenient 
method for beam combination by interleaving and offsetting multiple 
arrays. This method has resulted in 1 kW of optical power coupled into a 
600 µm fi ber.  49    

  3.4     Conclusion and future trends 

 High-power semiconductor lasers have witnessed tremendous improvement 
in the past decade, making them the source of choice for many applications 
and commercial products. Recent progress in semiconductor growth, pro-
cessing, passivation and packaging have resulted in effi ciency, performance, 
reliability and cost unmatched by other laser sources. Lasers with a wide 
range of materials and cavity designs and a broad range of wavelengths 
and power are commercially available in small size for low cost. This chap-
ter briefl y outlined some of the fundamentals, design requirements and key 
characteristics of high-power semiconductor lasers. The key fi gures-of-merits 
are presented. Several common laser cavities including broad-area, tapered 
cavity, grating-based DFB or DBR lasers, optically pumped VECSEL, 
as well as concepts for long-wavelength operation are covered and their 
designs are highlighted. Their advantages and limitations are addressed and 
the current trends are discussed. Power scaling to kilowatts using array con-
cept is introduced, and challenges are addressed.  
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  Abstract : In this chapter, we will review recent advances and trends in 
phase locking of broad-area laser diode arrays. In particular, we will 
concentrate on coherent phase locking of high-power, broad-area diode 
arrays in a passive external cavity. We will present a newly designed 
external cavity called the V-shape external Talbot cavity. The V-shape 
external cavity is capable of selecting single transverse mode operation of 
individual laser diodes on an array and providing optical coupling among 
laser diodes. The high visibility far-fi eld interference pattern confi rms 
that phase locking is achieved among laser diodes on an array. Two 
experimental schematic designs of the V-shape external Talbot cavity are 
explored. One is the V-shape external Talbot cavity, and the other is the 
closed V-shape external Talbot cavity. The differences in external cavity 
design and performance will be discussed. 

  Key words : semiconductor, laser beam combining, Talbot external cavity, 
Lang–Kobayashi model.  

   4.1     Introduction to laser beam combining 

 Laser beam combining provides the means to achieve high power emission 
with excellent beam quality and reduced thermal management requirements. 
Several types of laser beam combining technologies have been explored 
in the past. Two types have been most extensively studied: (a) wavelength 
(spectral) beam combining and (b) coherent beam combining.  1   

 Wavelength (spectral) beam combining technology provides perfect spa-
tial overlapping of laser beams.  2   –7  The beam quality of combined lasers is lim-
ited by the beam quality of single lasers. The near diffraction-limited beam 
is achieved by using a 100-element, 100-micron pitch array of slab-coupled 
optical waveguide lasers (single transverse mode lasers).  3   ,   4   Wavelength beam 
combining technology is also applicable for beam combining in fi ber lasers.  5   
However, the wavelength beam combining trades high spatial brightness for 
relatively large spectral bandwidth. 
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 For high-effi ciency non-linear optic processes, such as second harmonic 
and terahertz generation, both a high quality laser beam and narrow spec-
tral line-width are required. Coherent beam combining provides a very 
promising methodology to simultaneously achieve excellent beam quality 
(near diffraction-limited beam) and narrow spectral line-width.  8   –   27   Potential 
application fi elds for high power coherent beam include directed energy, 
space and underwater communication. 

 Coherent beam combining achieves increased brightness by maintaining 
a narrow spectral bandwidth. In order to achieve coherent beam combining, 
the crucial step is locking the phase of the combined lasers. In general, there 
are two ways to achieve phase locking among lasers. The fi rst is active control. 
A typical example of active control is the master oscillator power amplifi er 
(MOPA) architecture, accompanied by the active phase control loop. In the 
MOPA design, a stable master laser is used to injection-lock the slave laser 
frequency, while the fast electronic phase control loop is used to compen-
sate the phase difference among lasers. The MOPA design requires a fast 
response phase control loop over all the lasers, which introduces a signifi cant 
challenge, in particular when very large laser arrays are being considered.  9   –   11   

 Compared with active phase locking, passive phase locking schemes 
require optical coupling among lasers instead of external electrical con-
trol.  8   ,   15   –   18   ,   20   –   27   Such designs are relatively simple and have been extensively 
studied. Evanescent wave coupling  12   –   14   and the external Talbot cavity are 
two prevalent approaches to achieving passive phase locking. The external 
Talbot cavity technology has been successfully used for single-mode laser 
diode array phase locking. The optical coupler provides the diffraction feed-
back which is normal to the front facet of the laser diode. This confi guration 
has been successfully applied to an array of single-mode laser diodes. In 
order to increase the output power of the array and maintain the single 
transverse mode, the tapered laser diode was designed.  19   The tapered laser 
diode can provide near-diffraction-limited, high power coherent emission 
by means of a combination of a single-mode ridge structure and a tapered 
amplifi er structure. Coherent beam combining of a tapered laser diode 
array has been investigated by a number of groups.  20   –   21   Phase locking of a 
tapered laser diode array with an external Talbot cavity was demonstrated 
with coherent emission power close to 1.7 W.  21   Recently, an important effort 
to develop high-brightness slab-coupled optical waveguide laser (SCOWL) 
arrays was demonstrated. The SCOWL coherent beam combining with 
7.2 W output power was achieved using an external Talbot cavity.  23   

 Broad-area laser diode technology with a large optical cavity (LOC) 
structure is well developed. It provides high electro-optic conversion effi -
ciency of around 50%. Specially designed effi cient broad-area lasers could 
reach 70% electro-optic conversion effi ciency. Broad-area lasers emit high 
output power and have long life times. The fabrication process of broad-area 
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laser diode is relatively simple. Consequently, high power broad-area laser 
diodes (BA-LD) are widely used in a wide variety of applications, such as 
material processing, illumination, spin-exchange optical pumping (SEOP), 
alkali laser, solid state and fi ber laser pumping. 

 In order to increase the total output power, multiple BA-LDs are fab-
ricated in a linear array on a monolithic chip. Each laser emitter has 
multi-transverse and multi-longitudinal modes, since the emitter size 
is around 100  µ m or even wider. For the broad-area laser diode array 
(BA-LDA), the free-running spectrum bandwidth (FWHM) is 2 ~ 3 nm, 
and the beam divergence is around 120 mrad along the slow-axis. Poor beam 
quality and broad spectrum impose a signifi cant limitation on applications 
of high power BA-LDAs. To improve beam quality and narrow spectral 
bandwidth of BA-LDA, a variety of external cavities have been considered 
and we will discuss this topic in the following sections. 

 Applications of the external cavity BA-LDA are mainly classifi ed into 
three categories: (1) applications that require a narrow spectral line-width 
laser source with minimal requirement on the beam quality; (2) applications 
that require a laser source with excellent spatial beam quality and minimal 
requirements on the spectral line-width; and (3) applications that require a 
coherent laser source with narrow spectral line-width and excellent spatial 
beam quality. 

 Applications such as SEOP and the diode-pumped alkali laser (DPAL) 
fall into the fi rst category. Spectral line-width narrowing is important in 
increasing optical pumping effi ciency.  28   –   35   There are two different external 
cavity approaches to narrowing the spectral line-width. One approach is 
of using external cavity with a plane diffraction grating.  28   –   32   The other is of 
using an external cavity comprising a volume Bragg grating (VBG) and 
beam-transform optics.  33   –   35   Normally, the plane diffraction grating external 
cavity provides a wider wavelength tunable range, while the VGB external 
cavity generates a narrower spectral line-width. 

 On the other hand, for applications such as material processing, illumina-
tion, and solid state and fi ber laser pumping, beam quality is the key factor for 
effective energy delivery. Wavelength (spectral) beam combining meets the 
need for second category. Indeed the BA-LDA was used in the fi rst wavelength 
beam combining experiment.  2   The beam quality of wavelength beam combin-
ing is limited by the beam quality of a single BA-LD. In order to achieve the 
diffraction limit beam quality, the single transverse mode laser diode is highly 
desirable. Recently, a diffraction-limited combined beam was demonstrated 
by using an array of single-mode laser diodes (SCOWL array).  3   –   4   

 Coherent beam combining belongs to the third category. Coherent beam 
combining was successfully demonstrated using an array of single-mode 
laser diodes.  15   –   18   However, the multi-transverse mode emission of a 
broad-area laser diode will destroy coherent interference at the far-fi eld. 
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A well-designed amplitude mask can be placed into an external BA-LDA 
Talbot cavity to limit the transverse mode excitation. The single-lobe coher-
ent addition was demonstrated at relatively low power level.  25   Achieving 
phase locking by regular external Talbot cavity seems very challenging. 

 In the past two decades, single transverse mode operation has been dem-
onstrated for both single BA-LD and multi-stripe laser diode array based 
on off-axis external cavity feedback.  36   –   42   The off-axis feedback generated by 
a stripe mirror (aperture-limited mirror) provides the angle-selective feed-
back which allows only specifi c angle radiation. A plane diffraction grating 
replaces the stripe mirror and provides both angle and spectrum-selective 
feedback to a BA-LD. The BA-LD generates single transverse mode, nar-
row spectral line-width coherent radiation by the grating feedback. Recently, 
the above off-axis feedback scheme was studied in BA-LDA.  43   –   44   The stripe 
mirror array provided each BA-LD off-axis feedback. Therefore, the entire 
array beam divergence angle was reduced to 26 mrad at high power level 
without controlling the laser spectral line-width. For a more advanced design, 
the VBG or aperture-limited mirror can be used to provide angle-selective 
off-axis feedback. The beam quality of the entire array was improved and 
spectral line-width was reduced to 0.3 nm by VBG feedback. But in those 
systems there was no interference pattern to indicate that phase locking was 
achieved. Achieving high power and narrow spectral line-width coherent 
beam combining from BA-LDA still remains a signifi cant challenge. 

 In our work we proposed and implemented an external cavity design 
which combines the advantages of single transverse mode control from the 
single BA-LD off-axis external cavity and phase locking from an array of 
single-mode laser diodes external Talbot cavity. The newly designed exter-
nal cavity forces each BA-LD to oscillate at single transverse mode and 
provides optical coupling among BA-LDs. The twin off-axis beam from a 
single high-order BA-LD mode is spatially separated by two prism mirrors 
and each beam is bent 90 degrees by a prism mirror. 

 Therefore, there is suffi cient space to build up the external Talbot cavity. 
The two prism mirrors, laser diode array, transform optics and diffraction 
grating form an external cavity. We call such an external cavity scheme a 
V-shape external cavity, since the refl ecting surfaces of the two prism mir-
rors form a V-shape. Our experiment demonstrates coherent addition from 
a high power BA-LDA based on both the V-shape external cavity and the 
closed V-shape external cavity. 

 Both the V-shape external and the closed-V-shape external cavities pro-
vide single transverse mode selection for each individual BA-LD on an 
array and optical coupling among BA-LDs. When shifting the grating to 
the Talbot cavity position from the image plane, we observed the far-fi eld 
pattern transition from one broad profi le into discrete peaks, indicating the 
addition of far-fi eld is in transition from incoherent to coherent. The external 
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Talbot cavity provides optical coupling among BA-LDs with strong mode 
discrimination. As a result, one super-mode was selected. The stable and 
high visibility interference pattern indicated that stable phase locking was 
achieved. The angle of the center lobe of the array far-fi eld profi le was around 
1.0 mrad with 0.1 nm spectral line-width (V-shape cavity), or that the angle 
of the center lobe of the array far-fi eld profi le was 1.5 mrad with 0.07 nm 
spectral line-width (closed-V-shape cavity). The output power reached 
9.0 W (for V-shape cavity) and 12.8 W (for a closed-V-shape cavity) with 
high current injection while the coherent addition far-fi eld profi le maintains 
the high visibility. The interference profi le generated by a phase-locked 
array coherent addition was confi rmed by numerical calculation.  

  4.2     Experiments on external cavity broad-area 
laser diode arrays 

 Our experimental scheme is shown in  Fig. 4.1 . The laser diode array was 
manufactured by Lasertel. It comprises 49 emitters with 100  µ m of size, 
and 200  µ m array pitch. The center wavelength of the laser diode array is 
around 770 nm. The front facet of the array is anti-refl ection (AR) coated 
with refl ectivity R  ≈  1%, and the rear facet is high-refl ection coated.    

 A pair of prism mirrors separates the high-order BA-LD modes emission 
into two paths. One is the feedback path (right half of  Fig. 4.1 ). The other 
one is the output path (left half of  Fig. 4.1 ). Each prism mirror is mounted 
on a precision rotation stage. The angle ( θ  = 92.86°) between the two refl ec-
tion planes is carefully set in order to select one higher-order BA-LD mode. 
The two prism mirrors steer two separated laser beams parallel to the laser 
diode facet along the slow-axis direction. 

 In the feedback path, a telescope comprising a fast-axis collimation (FAC) 
lens ( f   g   = 1.3 mm, NA = 0.5) and a cylindrical lens CL2 ( f  2  = 200 mm) col-
limate the laser beam along the fast-axis. The vertical position of the laser 
diodes on the linear array has a curved distribution due to non-perfect man-
ufacturing process. As a result, the image of laser diodes shows a ‘smile’ 
pattern. With external grating feedback, the vertical position ‘smile’ distri-
bution of laser diodes generates a lasing wavelength ‘smile’ distribution, 
and is called the ‘smile’ effect. By using a telescope in the external cavity, 
the ‘smile’ effect can be reduced. Our feedback branch telescope comprised 
cylindrical lenses. This design is slightly different from the round lens tele-
scope in Reference  29 . Following the ray-tracking calculation procedure in 
Reference  32 , the ‘smile’ effect of the laser array in our confi guration was 
reduced by  f  2 /( d  2  –  f  2  –  f   g  ), where  d  2  is the distance between CL2 and the 
laser diode array ( d  2  is not shown in  Fig. 4.1 ). The ‘smile’ effect was reduced 
by a factor of eight. A confocal cylindrical lens pair CL1 and CL3 ( f  1  =  f  3  = 
200 mm) transfer laser diodes image to the surface of the diffraction grating 
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(830-line/mm, gold-coating) which is arranged in a Littrow confi guration. 
The grating blaze angle is about 18 degrees and the fi rst-order diffraction 
effi ciency was more than 85%. The locked center wavelength is determined 
by the grating title angle. The grating is mounted on a linear stage and its 
position is continuously tunable between the image plane (CL3 focal plane) 
and the half-Talbot plane at D =  Z   t  /2 where  Z   t   = 2 d  2 /  λ   is the Talbot distance, 
  λ   is the laser wavelength, and  d  is the array pitch. Since cylindrical lenses 
transfer the laser diode image on the CL3 focal plane, the cavity round trip 
is calculated by the formula  L  = 2D. In the output path, the laser diode 
far-fi eld profi le is imaged on the focal plane of the cylindrical lens CL4 
( f  4   =  300 mm) and is recorded by a CCD camera. A spectrometer with a 
fi ber-collection tip is used to measure the spectrum, while the power-meter 
behind the beam-splitter monitors the output power. 

  Figure 4.2  shows the external cavity for one BA-LD. A single high-order 
BA-LD mode is selected by the external cavity which is composed of trans-
formation optics and a diffractive grating.  Figure 4.2  also shows that the 
feedback beam from the V-shape external cavity enters the laser cavity at 

Output branch

FAC lens

Feedback branch

Half Talbot planeTT

Image plane

GratingD = d 2/λ

Power meter
BS

R=10%

CL4

CCD

CL1

f3ff

CL3CL2

Spectrometer fiber tip

LDA

Slow axis

PMs

θ

 4.1      Schematic design of the V-shape external cavity. The V-shape 

external cavity is shown in top view (slow-axis). LDA is laser diode 

array, CL1–CL4 are cylindrical lenses. FAC lens and CL2 collimate the 

laser beam along the fast-axis and the confocal lens pair CL1, CL3 

image laser diodes on the CL3 focal plane. There is an angle   θ   between 

the two refl ecting surfaces of the prism mirrors. The two prism mirrors 

separate the laser beam into two paths: one for feedback and the other 

for output. The feedback path consists of CL1–CL3, and the grating. 

 D  is the distance between the grating and the focal plane of CL3. In the 

output path, cylindrical lens CL4 projects the laser diode array far-fi eld 

profi le on its focal plane. A CCD camera images the far-fi eld profi le and 

a spectrometer measures the spectrum while a power-meter monitors 

the output power (after Reference  26 , © 2008 OSA).  
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a certain incidence angle. Such off-axis feedback will change the effective 
emission mode size of each laser emitter (see  Fig. 4.2 ). The diffractive grat-
ing provides the spectrum selected optical coupling among the BA-LDs, 
(see  Fig. 4.3 ). Once the grating is placed at the Talbot plane (external  cavity 
round trip equals Talbot distance), the self-image optical feedback pro-
vides the strong mode discrimination diffraction optical coupling among 
BA-LDs.       

  Figure 4.4a  shows the far-fi eld profi le generated from the phase-locked 
laser diode array when the grating is positioned around the half-Talbot 
plane (the round trip of the external cavity is the Talbot distance). The pro-
fi le clearly demonstrates a coherent addition and the visibility of the profi le 
is larger than 80%. The full width at half maximum (FWHM) of the cen-
ter lobe far-fi eld angle is about 1.0 mrad. The angle between two adjacent 
peaks is 3.85 mrad, which is consistent with the theoretical angle spacing 
between the different diffraction orders of a 200  µ m-periodic source (  λ  / D  = 
0.77  µ m/200  µ m = 3.85 mrad). The spectral line-width (FWHM) is about 
0.1 nm. The output power is 5.3 W at 30 A. We fi nd that the energy ratio 
 (center lobe/total) in the far-fi eld profi le does not match the calculation 
with the fi lling factor 0.5 of the laser diode array (100  µ m emitter mode 
size and 200  µ m emitter separation). This is because the off-axis feedback 
in our V-shape external cavity changes the effective emission mode size as 
observed in the single broad-area laser diode external cavity. In our cavity, 

Rear facet
One LD

Laser diode

Front facet

Output

Grating feedback
θ

4.2      V-shape external cavity for individual broad-area laser diode (LD). 

The two branches of one high-order broad-area laser diode mode 

are spatially separated by the two prism mirrors. The right branch 

is sent to the diffraction grating. The diffraction grating provides the 

spectrum-selective feedback and coupling among the broad-area 

laser diodes (after Reference  26 , © 2008 OSA).  

�� �� �� �� �� ��



128 Semiconductor lasers

© Woodhead Publishing Limited, 2013

Image of LDs

D = d2/λ

 4.3      Effective external Talbot cavity. The effective cavity length is the 

distance between the image plane of the laser diodes (CL3 focal plane) 

and the grating (after Reference  26 , © 2008 OSA).  
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 4.4      (a) Experimental results of the far-fi eld profi le of the phase-locked 

laser array at 30 A current injection, and (b) center energy ratio 

(center lobe energy/total energy) of the far-fi eld profi le versus the 

phase-locked laser diode array fi lling factor. In (b) the open-circles line 

is the numerical simulation of the far-fi eld energy ratio for different 

fi lling-factor phase-locked laser diode arrays while the solid line and 

dashed line are the experimental measurements at 30 A (corresponding 

to  Fig. 4.4a ) and 50 A (corresponding to  Fig. 4.6a ), respectively (after 

Reference  26 , © 2008 OSA).  
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each broad-area laser emitter in the array is forced to the single transverse 
mode operation. The actual emission mode size was estimated to be around 
40  µ m. To further verify the effective emission mode size, we have numer-
ically calculated the center energy ratio as a function of the fi lling factor 
for the phase-locked array and results are plotted in  Fig. 4.2b . The exper-
imental measurements of the center energy ratio in both the 30 A and 50 
A cases are shown in solid and dashed lines, respectively. This result con-
fi rms that the observed far-fi eld coherent interference pattern is generated 
by a phase-locked laser diode array with a fi lling factor ~0.2, that is, 40  µ m 
mode size with a 200  µ m emitter separation. Due to the inhomogeneous 
AR-coating, intensity fl uctuations of individual laser diodes in the array are 
of the order of 20%. Such intensity fl uctuation broadens the far-fi eld angle 
of each lobe and reduces the interference pattern visibility. It is important to 
note that no spatial fi lter is needed in our V-shape external cavity, since the 
V-shape external cavity provides suffi cient mode discrimination.       

 In order to elucidate the effect of laser coupling on coherent addition, 
we studied the far-fi eld patterns as the grating position was shifted.  Figure 
4.4  shows two far-fi eld profi les corresponding to different cavity round-trip 
lengths. According to our V-shape external cavity confi guration, the con-
focal cylindrical lens pair (CL1 and CL3) image the laser diode array on 
CL3 focal plane. The effective external cavity of feedback branch is shown 
in  Fig. 4.3 , which is similar to  Fig. 4.3  in Reference  17 . The effective exter-
nal cavity consisted of the image of the laser diodes and the grating. The 
effective cavity round trip is 2D. When grating is shifted close to the image 
plane (D  ≈  0), the effective cavity round trip is close zero ( L   ≈  0). The emis-
sion of each laser diode is directly fed back to the laser diode itself. Such 
an image does not contain suffi cient diffraction coupling among lasers and 
therefore is not able to lock the phase of the entire laser array. Accordingly, 
the far-fi eld profi le shows a single broad peak generated by the incoherent 
addition of individual laser beams. When grating is shifted close to the sec-
ond plane (D  ≈   Z   t  /2,  L   ≈   Z   t  ), the self-image formed by the Talbot cavity cre-
ates a strong diffraction coupling among laser diodes and the entire array 
is phase-locked, as shown in  Fig. 4.5b . The transition between incoherent 
addition and coherent addition shown in  Fig. 4.5  is similar to the result of a 
single-mode laser diode array in a Talbot cavity.  21      

 To examine our V-shape external Talbot cavity design at high power levels, 
the driving current of the array was increased to 50 A and the output power 
of the array was 9 W. At high power high-order modes are usually excited, 
and consequently the coherence of the LDA is deteriorated. Therefore, high 
power operation is usually challenging for LDA coherent addition exter-
nal cavity designs. Nevertheless, in our experiment we observed the high 
visibility interference far-fi eld profi le shown in  Fig. 4.6a . A narrow spectral 
line-width (FWHM = 0.1 nm) is demonstrated in  Fig. 4.6b . The multi-lobe 
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 4.6      Experimental results of (a) the far-fi eld profi le, and (b) the spectrum 

of a phase-locked laser array at 50 A with a V-shape external Talbot 

cavity (after Reference  26 , © 2008 OSA).  

1.0

(a) (b)

0.8
N

or
m

al
iz

ed
 in

te
ns

ity
 (

a.
u.

)

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0
–10 –5 0

Angle (mrad)

5 10 –10 –5 0

Angle (mrad)

5 10

 4.5      Transition between incoherent addition and coherent addition. 

(a) The grating position is around the image plane ( D  = 0) and the 

far-fi eld profi le shows a single broad peak. (b) The grating position is 

shifted to the half-Talbot plane ( D  =  d   2 /  λ  ) and the far-fi eld profi le shows 

a multi-lobe interference pattern. Both intensities are normalized by the 

highest peak intensity in  Fig. 4.5b  (after Reference  26 , © 2008 OSA).  
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far-fi eld profi le indicates that our V-shape external Talbot cavity provides 
robust mode discrimination and strong coupling for coherent beam addi-
tion at high power levels. 

 The robust mode discrimination is primarily based on off-axis external 
cavity design. Previously, off-axis external feedback has been proved to 
increase the mode selection capability of single broad-area emitter as well as 
broad-area laser diode arrays. The V-shape Talbot external cavity described 
in this work provides spectrum-resolved, diffraction-coupled, off-axis exter-
nal feedback. It also reduces the effective emission mode size, which helps 
to further increase the mode discrimination. 

 In our original V-shape cavity we only had one feedback source to laser 
cavities from the external cavity (the grating). To improve our design, we 
would like to fi rst reiterate the differences between a single-mode laser 
diode and a broad-area laser diode. A single-mode laser diode has strong 
transverse mode confi nement; the laser cavity is formed by two facets (front 
facet and end facet). A broad-area laser diode has weak transverse mode 
confi nement, therefore multiple transverse modes exist in the broad-area 
laser diode cavity. The high-order mode emits twin beam along the off-axis 
direction. Once we feedback one branch of the twin beam in the broad-area 
laser cavity, the other branch of the twin beam is well controlled. This is the 
reason why we achieved the coherent addition, even though only controlling 
one of branch of the high-order mode. We designed a new experiment, and 
the schematic design of the setup is shown in  Fig. 4.7 . We added a second, 
grating to the cavity and called the cavity a closed V-shape cavity. For that 
experiment, our laser diode array was manufactured by Jenoptics. It com-
prised 47 emitters with emitter size 100  µ m, and 200  µ m spacing. The front 
facet of laser diodes is AR-coated with 0.5% residual refl ectivity and the 
rear facet is high-refl ection (HR) coated. The center wavelength is around 
808 nm.    

 A pair of prism mirrors separates the laser beam into two different 
feedback paths. The right-side feedback path consists of cylindrical lenses 
CL1 − CL3 and grating G1, while the left-side path consists of cylindrical 
lenses CL4 − CL6 and grating G2. The optical axis of the feedback optics and 
the slow-axis of the laser array form a small angle   θ   = 2.38°. This angle is 
equal to half the angle separating the two laser beams (see  Fig. 4.7 ). 

 In the right-side feedback path, a telescope comprising a FAC lens ( f   g   = 
1.3 mm, NA = 0.5) and a cylindrical lens CL2 collimates the laser beam along 
the fast-axis. The ‘smile’ effect due to a non-perfect manufacturing process 
could be reduced eight-fold by the fast-axis telescope in our external cavity 
confi guration, according to the ray-tracking calculation. The laser diodes are 
imaged on the focal plane of CL3 through the transform optics comprising a 
pair of confocal cylindrical lenses CL1 and CL3. The laser beam is refl ected 
by diffraction grating G1, which is arranged in the Littrow confi guration. 
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The blaze angle of G1 is about 18° and the fi rst-order diffraction effi ciency 
is more than 85%. The locked center wavelength of the laser array is deter-
mined by the grating tilting angle with respect to the laser diodes front facet. 
In the left-side feedback path, a telescope comprising the FAC lens and 
CL5 collimates the laser beam along the fast-axis. Another confocal cylin-
drical lens pair, CL4 and CL6, images the laser diodes onto the surface of 
the grating G2 (2000-line/mm, gold-coating) which is also mounted in the 
Littrow confi guration. G2 refl ects the fi rst-order diffraction into the laser 
diodes while coupling the zero-order out. The grating G2 refl ects 20% of the 
incident light back to the laser array and couples the rest out of the cavity. 
G2 serves as an optical coupler for the entire array. The far-fi eld profi le is 
projected to the focal plane of cylindrical lens CL7 and recorded by a CCD 
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 4.7      A schematic diagram of a closed-V-shape external cavity (top view). 

LDA is broad-area laser diode array, CL1–CL6 are cylindrical lenses with 

the focal length 200 mm. G1 and G2 are diffraction gratings. PM1, PM2 

are prism mirrors. Two prism mirrors form a right angle to separate the 

laser beams into two paths. One feedback path consists of cylindrical 

lenses CL1–CL3, and G1. FAC lens and CL2 collimate the laser beam 

along the fast-axis, and the confocal lens pair CL1, CL3 image laser 

diodes on the CL3 focal plane. The second feedback path consists 

of CL4–CL6, and G2. The FAC lens and CL5 collimate the laser beam 

along the fast-axis, and the confocal lens pair CL4, CL6 image laser 

diodes on the CL6 focal plane. Grating G2 feeds back the fi rst-order 

diffraction beam and couples the zero-order diffraction beam out. The 

far-fi eld profi le of the laser diode array is projected on CL7 ( f  7  = 300 

mm) focal plane. A CCD camera records the far-fi eld profi le and an 

optical spectrum analyzer measures the spectrum while a power-meter 

monitors the output power (after Reference  27 , © 2010 OSA).  
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camera. An optical spectrum analyzer with a sensitivity of 70 pm is used 
to measure the spectrum, while a power-meter behind the beam-sampler 
monitors the output power. 

  Figure 4.8  shows the external cavity for an individual broad-area laser 
diode. The effective external cavity is composed of gratings G1 and G2 
(the AR-coated front-facet refl ectivity of the laser diode is much lower 
than the refl ectivity of the gratings). G1 serves as an end mirror and as a 
spectral selector, while the HR coating rear facet serves as a beam fold-
ing mirror. G2 serves as both a spectral selector and as an output coupler. 
The unfolded external cavity for the entire array is shown in  Fig. 4.9 . The 
near-fi eld distribution of laser diode emission toward the right feedback 
path or toward the left feedback path is imaged on the CL3 and CL6 focal 
planes, respectively. The distance between the grating G1 and the CL3 
focal plane equals the half-Talbot distance D =  Z   t  /2, where  Z   t   = 2 d  2 /  λ   is 
the Talbot distance,   λ   is the laser wavelength, and  d  is the array pitch. The 
diffractive coupling is achieved through the Talbot self-image effect. G2 
is located at the CL6 focal plane and provides non-coupled feedback as 
well as an output. The effective cavity round trip is calculated using the 
expression  L  = 2(D) =  Z   t  .       

  Figure 4.10  shows the two different symmetric far-fi eld profi les gener-
ated from the phase-locked laser diode array when G1 is positioned around 
the half-Talbot plane from the CL3 focal plane and G2 is positioned at 
CL6 focal plane (effective round trip of the external cavity equals Talbot 
distance). To characterize the degree of coherence in our laser system, 
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4.8      Closed-V-shape external cavity for an individual broad-area laser 

diode (after Reference  27 , © 2010 OSA).  
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 4.9      Unfolded closed-V-shape external cavity. The unfolded laser 

diode array is in an external cavity formed by gratings G1 and G2. 

G1 is located at the half-Talbot plane and provides a self-imaged 

diffractive-coupling feedback. G2 is located at the image plane and 

feeds back the fi rst-order diffraction and couples the zero-order out. 

G2 serves as an optical coupler for the entire laser system. CL7 projects 

the laser output and shows the far-fi eld profi le on its focal plane (after 

Reference  27 , © 2010 OSA).  

we calculated the visibility of the far-fi eld profi le using the following 
expression:  V  = ( I  max  −  I  min )/( I  max  +  I  min ). The far-fi eld profi le clearly dem-
onstrates coherent addition, and the visibility of the profi le is higher than 
97%, which signifi cantly exceeds the 80% visibility obtained in our earlier 
work.  26   The FWHM of the center lobe far-fi eld angle is about 1.2 mrad. 
The angle between two adjacent peaks is 4.4 mrad and is consistent with 
the theoretical angle spacing expected from a 200  µ m-periodic coherent 
light source (  λ  / D  = 0.808  µ m/200  µ m = 4.04 mrad). The FWHM of spectral 
line-width is measured at 0.07 nm, which is the resolution limit of our spec-
trum analyzer. The output power was approximately 1.5 W at the injection 
current of 34 A. The out-of-phase super-mode far-fi eld profi le is shown in 
 Fig. 4.10a . One can observe a symmetric structure with the two highest 
symmetric peaks in the far-fi eld profi le equally spaced around the center. 
This indicates that out-of-phase super-mode was selected. When we tuned 
the tilting angle of G2 (rotated in the optical table plane) by 2.2 mrad, 
the far-fi eld profi le showed a symmetric structure with the highest peak 
positioned at the center (see  Fig. 4.10b ), which indicates that the in-phase 
super-mode was selected. The change of the grating tilting angle 2.2 mrad 
is close to α λλ / .= 02d mrad.  8   ,   20   ,   21      
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 The emission power of a laser diode array with out-of-phase super-mode 
far-fi eld profi le is slightly higher than emission power of a laser array with 
in-phase super-mode far-fi eld profi le. We measured laser output power as 
a function of the injection current with the in-phase super-mode far-fi eld 
profi le. The measured L − I characteristic curves are shown in  Fig. 4.11 . The 
squares-curve shows the L − I dependence for an array placed in the external 
closed V-shape cavity while the circles-curve shows the L − I dependence for 
a free-running array. We measured different values of the threshold cur-
rents and slopes for the laser diode array with or without the external cavity. 
For the closed V-shape cavity, the threshold current is 32 A and the out-
put slope effi ciency is 0.41 W/A. For the AR-coated broad-area laser array, 
the threshold current is approximately 40 A and output slope effi ciency 
is 0.98 W/A. There is a cross-over of the two curves at the value of 56 A. 
Different threshold currents and different L − I slopes can be explained by 
analyzing the laser system confi gurations. The closed-V-shape external cav-
ity only enhances a certain off-axis broad-area laser diode mode, which is 
shown in  Fig. 4.12 . The enhanced off-axis lasing broad-area laser diode mode 
suppresses other broad-area laser diode modes. Consequently, the beam 
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(a) out-of-phase super-mode, and (b) in-phase super-mode (after 
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quality of an individual broad-area laser diode has been greatly improved. 
as shown in References  36 –42. The gratings G1 and G2 serve as cavity mir-
rors, which provide more feedback than the AR-coated front facet. As a 
result, the closed-V-shape external cavity reduces the laser threshold from 
40 to 32 A. The slope effi ciency is reduced due to the coupling out effi ciency 
reduction. A similar behavior of the L − I curves for the laser diode array 
with and without an external cavity was demonstrated in References  45 ,  46 . 
By carefully designing the external cavity (optimizing the refl ectivity of the 
gratings and the gain medium length), we can increase the slope effi ciency 
and, accordingly, the coherent emission power. It is important to emphasize 
that, although the slope effi ciency of the AR-coated laser diode array with-
out external cavity is higher, it only generates a broad-spectrum (2 ~ 3 nm), 
poor beam quality non-coherent emission.    

 Our closed V-shape cavity generates a high contrast coherent pattern 
from an AR-coated broad-area laser diode array. A high visibility (>97%) 
coherent far-fi eld pattern at low power (0.8 W,  I  = 32 A) is shown in  Fig. 
4.12a , and the narrow spectral line-width (0.07 nm FWHM) with 50 dB 
side-mode suppression spectrum is shown in the  Fig. 4.12b . The increased 
visibility indicates that a better spatial coherence is achieved. By comparing 
confi gurations of the closed-V-shape external cavity with our earlier exper-
imental design, we found that the closed-V-shape external cavity provided 

V-shape in-phase

Free running

18

20 30 40

Current (A)

50 60

16

14

12

10

8

6

O
ut

pu
t p

ow
er

 (
W

)

4

2

0

 4.11      CW L–I characteristic of the AR-coated broad-area laser diode array 

with and without external cavity. Solid-squares show the output from 

the closed-V-shape external cavity with in-phase super-mode far-fi eld 

profi le. Solid-circles show the output from free-running broad-area 

laser diode array (after Reference  27 , © 2010 OSA).  
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more feedback and increased cavity quality factor. The feedback of two 
gratings provides more spectral control to the laser diode array and, as a 
result, the spatial coherence is enhanced and spectral line-width of laser 
diode array is further narrowed down from 0.1 to 0.07 nm.    

  Figure 4.13  shows the far-fi eld pattern and the spectrum of a closed-V-
shape external cavity laser diode array at high injection current ( I  = 60 A). 
The corresponding output power was 12.8 W. The visibility of the far-fi eld 
profi le was 84% while the spectral line-width showed the same value as 
for low current operation (0.07 nm). Compared with the low injection cur-
rent ( I  = 32 A), the visibility of the far-fi eld profi le was reduced from 97% 
to 84%, and the far-fi eld angle (FWHM) of the center lobe was increased 
from 1.2 to 1.5 mrad. Far-fi eld profi le visibility decreased with the increase 
of injection current. Coherence deterioration may occur because of mode 
competition between intrinsic broad-area laser diode modes and external 
cavity modes. Further reduction of the front facet AR-coating refl ectiv-
ity will increase the threshold of the free-running broad-area laser diode 
array and will shift the cross-over point of the two L − I curves (see  Fig. 4.11 ) 
toward the higher value of the driving current. Consequently mode com-
petition will be reduced and high spatial coherence will be maintained at 
higher injection current.     
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  4.3     Modeling the dynamics of a single-mode 
semiconductor laser array in an external cavity 

 In this section we will discuss how to model the dynamics of a single-mode 
semiconductor laser array in an external cavity. Modeling arrays of 
broad-area lasers is a much more challenging task and will not be discussed 
in this chapter. We believe, though, that modeling single-mode semiconduc-
tor laser arrays can provide some insight into the dynamics of broad-area 
lasers subject to the closed V-shape cavity, since only one transverse mode 
will be present due to grating fi ltering and cavity design. 

 The dynamics of a single-mode semiconductor laser array with external 
cavity feedback can by described as a set of coupled laser diodes rate equa-
tions. In this section we will fi rst recall the Lang–Kobayashi model for a 
single semiconductor laser subject to external feedback, and then we will 
extend this to describe the laser array. 

  4.3.1     Lang–Kobayashi model 

 Lang and Kobayashi introduced a relatively simple model based on the 
laser rate equations to describe the dynamics of a single-mode semiconduc-
tor laser subject to feedback from an external mirror:  49  
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 4.13      Experimental results of (a) far-fi eld profi le and (b) spectrum of a 

phase-locked laser array at 60 A with a closed V-shape external cavity 

(after Reference  27 , © 2010 OSA).  
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E ( t ) is the slowly varying complex amplitude of the electrical fi eld with 
respect to the laser emitting frequency and  N ( t ) is the carrier number. The 
dot stands for time derivatives,   α   = 5 is the line-width enhancement factor,   γ   
= 0.5 ps  −   1  is the photon decay rate,   γ    N   = 0.5 ns  −   1  is the decay time for the car-
riers,  J  is the injected electrical current (pump),   τ   is the feedback delay time, 
 κ  is the feedback strength and   θ   is the optical feedback phase. The Lang and 
Kobayashi model assumes that multiples refl ections on the external cavity 
can be disregarded which is valid for moderate feedback strength. The feed-
back strength  κ  is given by:

    κ =
−c

nl

R

R Rdl2
1 2

3 2R/
       [4.3]  

where  l   d   is the laser diode cavity length,  n  is the refractive index of semi-
conductor material,  c  the speed of the light in vacuum,  R  2  is the intensity 
refl ection coeffi cient at the semiconductor facet and  R  3  is the external mir-
ror refl ectivity. 

 Originally Lang and Kobayashi considered the gain  G ( N ( t ),  E ( t )) to be just 
linear with  N . However when the intensity of the emission becomes large 
there is saturation of the gain. This effect can be taken into account by using:
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where  g  = 1.5  ×  10 –8  ps –1  is the differential gain coeffi cient,  N  0  = 1.5  ×  10 8  is 
the carrier number at transparency and  s  = 2  ×  10  −   7  is the gain saturation 
coeffi cient. 

 The steady state solutions without feedback (  κ   = 0) are obtained setting 
( )t = 0 and N( )t = 0 . From Equation [4.1] one has ( G ( N  st , E  st ) − γ  ) E  st  = 0, 

which leads to two solutions. The non-lasing state,  E  st  = 0,  N  st  =  J /  γ    N   and the 
on-state for which  G ( N  st , E  st ) =   γ  , so that,
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where  I  st  = | E  st | 2  is the stationary intensity while the stationary phase is 
arbitrary. This solution exists only for an injection current larger than the 
threshold given by:

    J N
gNth −N

⎛
⎝⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

γ γ
0        [4.7]  

The presence of the feedback term can effectively decrease the threshold. 
Close to threshold, a laser diode can possess chaotic behavior. Chaotic laser 
synchronization was proposed  50   and demonstrated  51   –   53   for two semiconduc-
tor lasers with external feedback coupled unidirectional, a confi guration 
that draws attention since it can be used for secure chaotic communication. 
Anticipated synchronization has also been found in this confi guration.  54   In 
the case of bidirectional coupling of two identical semiconductor lasers with 
optical feedback, one encounters a spontaneous symmetry breaking lead-
ing to lead − lag synchronization.  55   Zero lag synchronization of two chaotic 
semiconductor lasers with bidirectional coupling can be achieved by using a 
third system that acts as relay.  56   

 If we consider that the external refl ection takes place in a frequency 
selective grating rather than in a mirror, the fi eld is spectrally fi ltered before 
being feed back to the laser. The dynamics of the fi eld feed back to the laser 
 F ( t ) can be modeled as:  57   ,   58  

    F E F( )t ( )t ( )i ( )t ,= ΛE )t (iE t + (i))        [4.8]  

where  Ω  and   Γ   are the grating central frequency and bandwidth respectively.  

  4.3.2     Semiconductor laser array model 

 Now we consider several systems described earlier as coupled together. In 
practice, we should consider that, due to irregularities in the fabrication pro-
cess, the elements of the array will be slightly different. The most important 
difference to be considered is that on the lasing frequency. Therefore, it is 
necessary to include a term of the form  i    ω   E ( t ) in the fi eld equation, where 
  ω   is the frequency detuning of the laser natural frequency with respect to 
a common reference frequency. Besides the natural lasing frequencies, for 
simplicity we will take the other laser parameters to be identical for all the 
elements of the array. It is also necessary to establish how the lasers are cou-
pled. In this case the natural assumption is that a fraction of the fi eld from 
laser  k  after refl ection in the grating is fed back into laser  j . This can be taken 
into account by a complex coupling constant  C   jk   including the strength of 
the coupling and the feedback phase. In general, the value of time-delay   τ   
not only depends on the distance between LD and grating, but also depends 
on the distance between the laser diodes on the chip. Since the distance 
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between LDs on the chip is much less than the distance between LDs and 
a grating, in order to simplify the numerical simulation, we assume that the 
time-delay  τ  is only dependent on the distance between the array and the 
grating and assumes the same value for all the lasers. Then we have
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In the following, for simplicity, we will consider a 1D array in which the 
coupling between the lasers  j  and  k  decays with the distance between them 
as  d |  j     −     k  | where  d  < 1 can be estimated based on the laser diode array geom-
etry confi guration (emitter size and pitch of laser diode array). We will also 
assume that the phase of the feedback is the same for all the laser elements. 
Therefore, we will take  C   jk   =  d |  j     −     k  |. The characteristic values of the laser array 
parameters are presented in the  Table 4.1  below.    

 The total electric fi eld emitted by the array is given by:

    E Ej
j

N

Total ( )t ( )t ,=
=
∑

1

       [4.13]  

where  N  is the number of array elements. The total output intensity is given 
by  I  Total ( t ) = | E  Total ( t )| 2 . Since the calculation of  I  Total ( t ) is based on the fi eld 
addition, it contains information about the degree of coherence of the laser 
diodes. The average output power density of the individual elements of the 
array is given by:
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The ratio between the total and the average intensities  R   I  ( t ) =  I  Total ( t )/ I  Ave ( t ) 
is a measure of the degree of coherence of the array, that is a measure of 
the degree of synchronization between the array elements. If the dynamics 
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of the elements is in-phase synchronized the electrical fi elds add coher-
ently. Assuming each laser diode has a similar emission power  E   j  ( t ) =  E  0 ( t ) 
for  j  = 1,…,  N , R t EI ( )t | (NE ) |) | / |/ | ( )t( )t | .NE= t| (NE (t0

2
0

2 2N  

 Table 4.1     Parameter values for the laser diode used in the numerical simulation 

Symbol Parameter Value

 G The differential gain coeffi cient 1.5   ×   10   −    5  ns   −    1 
s Gain saturation coeffi cient 2.0   ×   10   −    7 
 N  0 The number of carriers at transparency 1.5   ×   10 8 

 λ Laser wavelength 770 nm

 α Line-width enhancement factor 5.0

 γ The photon decay rate 500.0 ns   −    1 
 γ  n The carrier decay rate 0.5 ns   −    1 
  τ   in Internal cavity round-trip time 11.67 ps

  Τ  External cavity round-trip time 3.0 ns

 Ω Center frequency of grating 20.0 GHz

 Λ Bandwidth of grating 16.0 GHz

 R  3 Power refl ection from grating 0.83%

  κ  Feedback coeffi cient 10 ns  −   1 
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 4.14      Time series of chaotic output intensity of laser diode array with 

external cavity feedback (with global coupling  d  = 1.0) at driven current 

 I  = 1.1  I  th . (a) Output of one of the array elements and (b) total output of 

the array (lower, dashed line) compared with 49 2  times the output of 

one element (upper line).  
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 Thus, in the ideal case that all the elements are perfectly synchronized 
the total intensity is  N  2  times the intensity of a single element. If the array is 
emitting incoherently then  R   I  ( t ) ~  N .  

  4.3.3     Numerical simulation of semiconductor laser arrays 

 In this section we provide some numerical results for an array with 49 semi-
conductor lasers obtained from the integration of Equations [4.9–4.11] with 
the parameters given in  Table 4.1 . Close to the threshold, the laser diode 
output is very sensitive to the external feedback. The output of each  element 
shows chaotic behavior.  Figure 4.14  shows the output intensity of element 1 
(panel a) as well as the total intensity (panel b). For comparison, the output 
intensity of an element 1 multiplied by 49 2  times is also shown in  Fig. 4.14b . 
In this case  R   I  ( t ) ~ 800 which is only around one third of the maximum 
possible value 49 2 . Still, it is quite larger than 49 thus some degree of phase 
synchronization is achieved but only partially when injection current of the 
semiconductor lasers is close to threshold.    

 Increasing the injection current to 4.0 times the solitary laser threshold 
current, the semiconductor laser shows a practically stable output, as shown 
in  Fig. 4.15 . In this case  R   I  ( t ) = 2257, which is very close to 49 2  = 2401. This is a 
clear indication of the good degree of synchronization of the array elements. 
 Figure 4.16  shows the output power of the elements 45 and 49. The two time 
series show that almost perfect synchronization is achieved between two 
laser diodes, despite the fact that they have a different natural oscillation 
frequencies (we took   ω   45  = 1.66 GHz and   ω   49  = 0.07 GHz) and despite the 
fact that the initial condition for both elements was taken differently.         

  4.4     Conclusion 

 In conclusion, we have implemented high power coherent addition of LDA 
with a narrow line-width by using a novel V-shape external cavity design. 
The off-axis optical feedback induced in the V-shape external cavity forces 
each broad-area laser diode to operate at single transverse mode and the 
Talbot confi guration external cavity results in coherent addition of laser 
beams. The far-fi eld profi le of phase-locked laser diode array is consistent 
with our numerical simulation. The V-shape external cavity design is robust 
and provides the high power operation capability. 

 We demonstrated high power, coherent beam combing of a broad-area 
laser diode array with narrow spectral line-width by using a closed-V-shape 
external Talbot cavity. The off-axis optical feedback from the two gratings 
enhanced the feedback into the external cavity, increasing the cavity quality 
factor and spectrum selection capability. The visibility of the far-fi eld profi le 
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using a closed-V-shape external Talbot cavity was higher than that obtained 
in the V-shape external Talbot cavity. We observed the far-fi eld profi le tran-
sition between the out-of-phase and in-phase super-modes by tuning the tilt-
ing angle of one of the gratings. The closed V-shape external cavity design 
is robust and offers the capability of high power operation. By further opti-
mizing our closed-V-shape-cavity, it will be possible to further increase the 
output power and maintain high visibility of the far-fi eld profi le. 

 The multi-lobe far-fi eld profi le is generated by the low-fi lling factor of the 
phase-locked array. There are two possible solutions to increase the beam 
combining effi ciency. One is to increase the fi lling factor by customizing 
higher-fi lling-factor laser diode arrays. The other is to use two phase masks to 
compensate the non-uniform phase distribution along array due to the low-fi lling 
factor and therefore to concentrate the energy in the center lobe.  59   –   60    
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  Abstract : The chapter reviews the physical foundations, the theoretical 
analysis, the experimental implementation, and possible applications of 
the three main regimes of ultrafast pulse generation by semiconductor 
lasers (SLs): gain-switching, passive Q-switching (QS) or self-sustained 
pulsation (SSP), and mode-locking. Key parameters governing the laser 
performance, and advantages and limitations of these three methods of 
pulse generation are discussed. Emphasis is given to the recent progress 
in theory and experiment, harnessing new materials and physical 
principles, and current application trends. 

  Key words : semiconductor lasers, ultrashort pulses, gain-switching, passive 
Q-switching, mode-locking.  

   5.1     Introduction 

 The numerous advantages of semiconductor lasers (SLs), such as high effi -
ciency, compactness, straightforward (injection) pumping mechanism, and 
integrability, have long since established their unique place in applications 
including, but not restricted to, tele- and data-communications, information 
storage and retrieval, measurement and sensing, medicine and biosciences. 
For some of these applications, generation of (sub) picosecond pulses is 
important (information storage, measurements, imaging) or may become 
important (future high-bit-rate communications). Thus, ultrafast SLs have 
attracted considerable research effort over at least two decades. A number 
of literature sources, of which the monograph by P. Vasil’ev  1   is the most com-
prehensive, have presented an excellent overview of the principles, physics, 
and applications of ultrafast pulse generation by lasers. In the years since 
that book was published, further progress has been achieved in both the 
understanding of the physics of the ultrafast operation of SLs, and in using 
this understanding for improving their performance. The purpose of this 
chapter is to present both an up-to-date view of the physical foundations 
of ultrafast pulse generation by SLs (with emphasis, as much as possible, on 
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analytical methods illustrating physical tendencies) and an overview of the 
recent practical achievements. Reviewing the entire body of the literature 
on the subject, particularly the earlier papers covered by earlier reviews, is 
not attempted; apologies are extended to authors whose work will have to 
be left out. Instead, we shall try to highlight those tendencies and achieve-
ments of the recent years which we believe to be signifi cant and promising. 

 The organisation of the chapter is straightforward. To generate short (a 
few tens of picoseconds, or comparable to the round-trip of the laser cavity) 
or ultrashort pulses (~1 ps, or smaller than round-trip time) optical pulses 
from SLs, three  main  techniques can be used: gain-switching, Q-switching 
(QS) and mode-locking.  1   These methods will be considered in turn in 
Sections 5.2, 5.3, and 5.4, with a brief summary to follow.  

  5.2     Gain-switching 

 This section reviews gain-switching in terms of its basic features and theo-
retical foundations. 

  5.2.1     The basic features 

 The term ‘gain-switching’ (GSw) refers to the regime of laser operation 
whereby the pumping, and thus the gain, in the laser is modulated by a short 
intense pulse, as a result of which the laser emits a short optical pulse, com-
mensurate in duration with the photon lifetime and thus with the round-trip 
of the laser cavity, and typically about an order of magnitude shorter than 
the pumping pulse that caused it. 

 In the context of  semiconductor  lasers, the pumping is usually by injection 
current, so GSw involves a short (~ 1 ns) current pulse (though GSw in  opti-
cally  pumped SLs has also been studied  2  ). The pumping can be either in the 
form of a single intense pulse, or a regular trail of such pulses, typically at a 
repetition frequency of ~ 0.1–1 GHz; the latter case is known as  repetitive 
QS . A frequently used practical means of realising this is  large-signal har-
monic modulation  of the laser: with an SL being electrically a diode, a large-
signal sinusoidal voltage modulation is translated into a repetitive pulsed 
current modulation. 

 The advantages of gain-switching over the other methods of short pulse 
generation are, fi rstly, that standard commercially available laser construc-
tions can be used in this method (if not necessarily with the best results, as 
discussed below), so long as the electrical properties of the laser circuit allow 
for fast modulation. Secondly, the method does not rely on introducing any 
losses into the cavity, and so provides the highest electrical to optical con-
version  effi ciency  of the main three methods; it also allows for the highest 
optical  pulse energy . Thirdly, the repetition frequency in the case of repetitive 
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QS is determined entirely by the modulating source and can thus be varied 
through a fairly wide range subject to the possibilities of the electronics. 

 The same considerations, on the other hand, determine also the limita-
tions of the method. Firstly, the regime relies by its very essence on large-
signal, fast electric modulation being available. Secondly, the pulse duration 
in this method is commensurate with the photon lifetime in the laser and 
thus typically does not fall below a few tens of picoseconds (at least without 
sacrifi cing a signifi cant amount of energy). Thirdly, in the case of repetitive 
GSw by large-signal modulation, the modulation frequency is restricted to 
values below the small-signal 3 dB modulation frequency of the laser, typi-
cally of the order of 0.1–1 GHz. These considerations determine the main 
applications of the method. Due to repetition rate and pulsewidth limita-
tions, it is of little use for applications such as communications, either cur-
rent or future, but is indispensable in a broad variety of applications where 
high pulse energy is of the essence, such as automobile safety devices, 3D 
imaging, laser tomography and time imaging spectroscopy. The require-
ments on the optical pulses for most of those applications are, fi rstly, the 
high optical pulse energy, and secondly, a moderately short pulsewidth (tens 
of ps is usually suffi cient); the latter also implies the absence of any trailing 
pulses following the QS pulse. Effi ciency, or the ability to extract high opti-
cal energy out of pumping pulses with a moderate (~ 10 A) amplitude, is 
also important for a number of applications. 

 Being thus the most mature and established of all the methods of short 
pulse generation, GSw has been studied for almost as long as lasers them-
selves; therefore, a very large amount of literature exists on the subject, 
with earlier books 1,   3   providing some references. In the following, without 
attempting to review the entire literature on the subject, we shall fi rst pres-
ent the foundations of the theory and then show how the tendencies that 
can be deduced from the theory have infl uenced some important recent 
progress in the area.  

  5.2.2     The theoretical foundations 

 As GSw operates with optical pulses longer than, or at least commensu-
rate with, the round-trip, a simple rate equation model is adequate for its 
theoretical description. The equations are written for the averaged elec-
tron density  N  and photon density  S  in the laser, in the form:
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where  i  is the pump current,  e  the electron charge,  V  is the active layer 
 volume (for defi niteness, we shall consider the case of an edge-emitting 
laser, with  V  =  d   a   Lw  where  L  is the cavity length,  w  the stripe width,  d   a   the 
active layer thickness), n( )N  the carrier lifetime,  v  g  the group velocity of 
light,  Γ   a   is the mode overlap (confi nement) factor of the active layer, and 
  α    t   =   α   out  +   α   int  is the total (outcoupling and internal parasitic) cavity loss, 
and   β   is the spontaneous emission factor. Assuming that the front facet is 
anti-refl ection coated and the rear one, high-refl ected coated, with their 
respective refl ectances satisfying  R   f    << R   r  , the output power  P  out of the 
front facet is calculated from  S  using the usual formula:

    P
d wL
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where ω  is the photon energy, and, as usual, αout = ( ) ( )In) ( . The 
dependence of gain on the photon density is usually introduced through the 
phenomenological gain compression coeffi cient:
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and the dependences  g ( N ) usually taken as linear form for bulk active lay-
ers or logarithmic in single or multiple quantum wells (QW):
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with  N  tr  the transparency carrier density and σg  the gain cross-section (at 
transparency, in the case of QWs). Some authors  4   use a logarithmic approxi-
mation for bulk materials as well. A numerical solution of the equation  system 
[5.1] − [5.2], with a pumping pulse   τ    p   = 3 ns in duration, is shown in  Fig. 5.1 . It 
is seen that the carrier density at the front of the pumping pulse passes the 
threshold value at a certain time  t  0 , at which point the net gain in the laser 
becomes positive and the photon density starts growing from a small seed pro-
vided by the spontaneous emission. However, with  S  still too small to cause 
any signifi cant stimulated recombination,  N  continues to grow as well for a 
certain time interval  t  2  until the optical pulse emerges. During the pulse, the 
carrier density  N  is depleted by stimulated recombination; after the pulse, the 
pumping fully or partially replenishes it again. If the optical pulse is intense 
enough for the depletion of  N  to be strong, and occurs near enough to the 
trailing edge of the pumping pulse, then the recovering  N  does not re-cross 
the threshold value, and the pulse remains single. This is ‘proper’ GSw, the 
intended regime of operation.  Figure 5.1  shows the dynamics for the pump-
ing pulse amplitude and duration close to the highest possible values (for the 
construction analysed) for which this regime is possible – note that the carrier 
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density after the pulse  touches  the threshold value but does not exceed it. 
Higher pumping pulse amplitudes, or longer durations at the same amplitude, 
would result in trailing pulses emerging and eventually, for suffi ciently long 
and/or intense pumping pulses, the light dynamics would take the form not of 
gain-switching but of the standard modulation pattern: a decaying relaxation 
oscillation sequence followed by a long trail reproducing the pumping pulse in 
a quasi-stationary manner. The object of designing a laser and pumping source 
for GSw is to maximise the single-pulse energy while avoiding trailing pulses.    

 To appreciate the tendencies predicted by the theory, it is instructive to 
obtain some  analytical  rather than numerical results. To achieve such ana-
lytical progress, one separates the dynamics of GSw into distinct stages: 
the fast stage (commensurate with the photon lifetime) during the pulse, 
and the slower stages preceding and following it. During the fast stage, the 
analysis follows  1   in neglecting all terms except stimulated recombination 
in the carrier dynamics and, as usual, neglecting the spontaneous emission; 
this results in a reduced system:
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which applies during the pulse emission only. Integrating this over the entire 
pulse gives an estimate for the total pulse energy in the form:
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where ΔN  is the absolute value of the variation of the carrier density dur-
ing the entire pulse. The maximisation of energy then requires maximising 
the quantity ΔN.  
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5.1      Illustration of the gain-switching process.  
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 This parameter can be subdivided into two contributions: 
Δ ΔN NΔ Ni fΔN i f+NΔ i (N( )N Ni N−Ni ( )N N fN N−NN .  The fi rst term, ΔN NΔ Ni iNΔ −NΔ iNΔ th ,  
is the excess carrier density above the threshold value Nth  stored in the 
active layer before the pulse is emitted, and the second, ΔN N Nf fN N−NN ,
describes the dip in the carrier density below Nth  due to carrier depletion 
by the pulse. 

 The evaluation of the initially stored excess carrier density ΔNi  is rela-
tively straightforward.  3   To obtain it, we turn to the slow phase of dynam-
ics that precedes the pulse and observe, slightly generalising the treatment 
presented in References  3  and  5 , that the interval  t  2  ( Fig. 5.1 ) fi nishes when 
 S , growing from a small spontaneous seed  S  sp , reaches a high enough value, 
say  S  1 , at the leading front of the optical pulse. Assuming that the interval  t  2  
is short enough to neglect the current variation during this interval and the 
carrier density variation is weak to moderate ( ),i th  we obtain for 
the stored excess carrier density a very simple estimate ΔN ti ( )i i eV−i 2t)eVi , 
where  i  0  is the instantaneous current value at the time  t  0  and ith  the continu-
ous wave (CW) threshold current. Since ΔN Ni th , we can linearise the 
dependence  g ( N ) in Equation [5.2] (if it is not taken to be linear from the 
start) during the interval  t  2  and thus obtain an estimate for the duration of 
this interval in the form:
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Hence, ΔNi  is given by:
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where both the spontaneous seed  S  sp  and the characteristic photon density  S  1  
at the start of the pulse are yet to be determined; however, since the function 
f x( )x ln=  is extremely slow, only crude estimates are required for these val-

ues. For  S  sp , such an estimate is obtained, following Reference  5 , in the form:
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       [5.10]  

As for  S  1 , it can be naturally assumed  5   to correspond to the photon density 
at which the pumping term in Equation [5.1] is compensated by the sponta-
neous and stimulated terms; then:
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Equations [5.9] with [5.10] and [5.11] give a fully analytical (except for the 
need to evaluate the current  i  0  at the point of crossing the threshold, which 
is a function of the current pulse profi le) result for the excess carrier density 
ΔNi  stored before the pulse. The result of Equation [5.9] agrees well with 
numerical simulations and can be relatively easily refi ned further by a more 
accurate account of spontaneous recombination and current profi le during 
the interval  t  2 . Next, to calculate the post-pulse dip ΔN f ,  one returns to 
the fast stage of GSw dynamics, during the pulse. By dividing one of the 
Equations [5.6a,b] by the other, the time  t  can be eliminated; a transcenden-
tal equation for ΔN f  is then obtained by integrating the resulting single 
equation to obtain  S ( N ) and recalling that  S  = 0 both before and after the 
GSw pulse. In the simplest case, when gain compression can be neglected 
and the dependence  g  =  g ( N ) linearised as in deriving Equation [5.9], this 
procedure results in a relatively simple transcendental equation.  3   In our 
notations, it has the form:
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The result Equation [5.12] can be simplifi ed further by using the fi rst order 
Pad é  approximation, which is in excellent agreement with the exact solution 
of Equation [5.12] for Δ ′N NΔi 2 0 :
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This gives a  fully analytical estimate  for Δ ΔN NΔ Ni fΔN+NΔ i , and hence for the 
GSw pulse energy:
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where ΔNi  and N0
′  are given by Equations [5.9] and [5.13], respectively. 

 If Equation [5.15] is complemented by an estimate for the pulse duration, 
the peak pulse power can also be estimated. The duration of a gain-switched 
pulse was shown by theoretical  2   and numerical  1   analysis, as well as experi-
mentally, to be of the order of the photon lifetime τ αphotττ 1 g tα  in the laser 
and to vary not too strongly with the bias current. An analytical estimate has 
been obtained  2   for the pulse duration; in our notations:
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but it relies on stronger assumptions than Equation [5.15] and is therefore 
less accurate. 

 Equation [5.12] can be generalised  5   for the case of a non-zero gain com-
pression coeffi cient in Equation [5.4], though for the time being only as a 
fairly cumbersome transcendental equation. However, to identify the most 
important qualitative trends, Equations [5.15] and [5.9] are suffi cient. 

 First of all, it is seen from Equation [5.15] that intense pumping pulses 
(high ( )th0  in Equation [5.9]) are desirable for high output pulse energy. 
However, this needs to be contrasted with the requirement for single-pulse 
emission. The analysis presented above and leading to Equation [5.15] does 
not address the issue of single-pulse regime directly, though the carrier den-
sity depletion ΔNfNN  combined with the carrier dynamics after the pulse can 
be used to fi nd the condition for the recovering carrier density to stay below 
the threshold value, thus ensuring that the pulse remains single. A simplifi ed 
approximate form for this criterion for single-pulse emission is:
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∫ th d
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    [5.17]  

where the integral is from the time the optical pulse is emitted till the end of 
the pumping pulse, and ΔN f  is given by Equation [5.12] or [5.14]. Since ΔN f  
is a monotonically growing function of ΔNi  and thus of the pulse energy, 
higher pulse energy simultaneously helps single-pulse generation – how-
ever, to ensure that the tendency continues, the pumping pulse durations 
should be shorter than the repetition frequency of the electron − photon 
oscillations in the current range studied, which realistically means   τ    p   < 1 
ns. This tends to require custom-built III-V semiconductor-based electrical 
pulse generators (see e.g., Reference  6 ). 

 It is clear, therefore, that high pumping pulse amplitudes need to be 
complemented by suitable laser design to achieve an optical pulse that is 
both high-energy and free from trailing pulses, particularly with the mod-
erate pumping pulse durations (>1–1.5 ns) more readily obtainable with 
silicon electronics. Some clues for such laser design can also be taken from 
Equations [5.15] and [5.9]. Indeed, it follows from Equations [5.15] and 
[5.9] that the pulse energy, for a given peak pump current/duration, has a 
tendency to increase roughly as a square route of the  modal volume V /  Γ    a  . 
This is mainly because an increase in  V /  Γ    a   increases the time  t  2  Equation 
[5.8] during which the carrier density builds up before the pulse; this in 
turn increases the stored carrier density ΔNi  given by Equation [5.9] and 

�� �� �� �� �� ��



 Ultrafast pulse generation by semiconductor lasers 157

© Woodhead Publishing Limited, 2013

thus the pulse energy estimated via Equation [5.15]. In the case of a sub-
linear g( N ) as in QW materials, the high threshold densities and thus the 
decreased d g /d N  (which features the denominator in Equation [5.9]) con-
tributes to an increased ΔNi  in structures with a decreased   Γ    a  . One notes, 
however, that the dependence of the output pulse energy on  V/   Γ    a   for a given 
pulse amplitude is not monotonic: if the modal volume is made too large, 
the CW threshold current ith  increases too much, and the factor i i0 th  
in Equation [5.9] brings the output pulse energy down; thus for a given 
pumping pulse amplitude there is an optimal modal volume that maximises 
the pulse energy. However, the higher the modal volume, the higher is the 
single-pulse energy that can be obtained from the laser given a suffi ciently 
intense optical pulse. 

 In the case of an edge-emitting laser, the stripe width  w  is limited to about 
100 µm by beam shape considerations, and increasing the length  L  tends 
to increase the photon lifetime and hence the GSw pulsewidth; besides, a 
longer laser has a lower threshold carrier density than a shorter laser which 
decreases the relative excess current at which the secondary pulses appear 
and thus partly counters any improvement to single-pulse generation. Thus, 
increasing  V /  Γ    a   =  d   a   wL /  Γ    a   usually involves increasing the ratio of the active 
layer thickness to the confi nement factor  d   a  /  Γ    a   (sometimes referred to as the 
effective transverse mode size, though technically this term is only meaning-
ful for symmetric waveguides with the active layer in the middle).   

  5.3     Important developments in gain-switched 
semiconductor lasers (SLs) 

 The main achievements in increasing the energy of gain-switched pulse 
duration from a single laser in the last decade or so have indeed been mainly 
associated with the use of specialised laser constructions. 

  5.3.1     Single-heterostructure lasers 

 One construction successfully used for GS by a number of teams has been 
the  single-heterostructure  (SH) laser, in which the active layer is effectively 
a thick (several micrometres) weakly doped  p -layer in an  N + -p-p +   single 
heterostructure.  7   ,   8   It has to be noted that the theoretical analysis of Section 
5.2.2 does not apply to such laser structures directly – fi rstly, because the 
pumping term for the very thick active layer cannot be written in the simple 
form used in Equation [5.1] and secondly, because the refractive index step 
at the  p-p+  homojunction is so weak (~ 10  −   3 ) that the optical confi nement 
used in Equation [5.2] is not constant in SH lasers but depends noticeably 
on the carrier density (therefore it can be said that the dynamics of the 
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laser combines features of GS and active QS, see Section 5.3); in fact, the 
waveguiding for some wavelengths can be destroyed during pulse emission. 
Accurate analysis of such structures involves solving the drift − diffusion 
equation for carriers and the analysis of  N  resolved along the vertical direc-
tion as well as dynamic waveguiding analysis.  8   However, such lasers still 
 combine a wide effective active layer and hence the large active area volume 
with relatively low optical confi nement , that is, conform to the qualitative 
optimisation route suggested by the relatively simple analysis presented in 
Section 5.2.2. Gain-switched pulses with pulse powers up to 400 W, with a 
duration of just 32 ps full width at half maximum (FWHM), corresponding 
to a pulse energy of more than 12 nJ, have been reported from such lasers at 
  λ   = 0.89  µ m,  7   ,   8   when pumped by electric pulses ~4 ns long at half maximum 
and 40 A in amplitude. The optical pulses had a small (suppressed by about 
20 dB) quasi-stationary trail, but this did not prevent their intended use in 
laser radars. 

 A modifi cation of the structure in the form of an AlGaAs heterostructure 
in which an extra barrier layer serves to separate the thick, strongly  p -doped 
(10 19  cm  −   3 ) active layer from the  p  + - n  +  junction and to control the accumu-
lation of electrons before the pulse, leading to sharper pulses, has also been 
proposed. Pulses of a duration of 20–30 ps have been registered from this 
structure, but the powers obtained appear to be more modest than those of 
the single-heterostructure lasers.  9    

  5.3.2     Narrow asymmetric waveguide lasers and 
related structures 

 Recently,  10   a team including one of the current authors proposed a structure 
for high power laser operation involving strongly asymmetric, non-broad-
ened double heterostructure lasers, in which the combination of a relatively 
thick ( d   a   ~ 0.1  µ m) active layer with a very low confi nement factor (  Γ    a   ~ 
0.01) is explicitly designed to provide a large  V /  Γ    a  . Theoretical analysis  10   
predicted that lasers of this type should be capable of producing pulses with 
energies of 1–5 nJ, with a duration around 100 ps, when pumped by current 
pulses of a nanosecond duration, with an amplitude of ~ 10 A, that is, within 
the reach of standard silicon electronics. 

 Experimental results obtained with a laser structure based on this design 
have indeed demonstrated successful operation, with pumping pulses 10 A in 
amplitude and about 1 ns long, generated by an Si avalanche diode source.  11   
The pulse durations were around 100 ps as predicted; the peak powers 
obtained so far have not exceeded 10 W (corresponding to a total energy of 
~ 1 nJ);  12   higher amplitudes are expected with further structure optimisa-
tion. The structures employed so far have used bulk active layers; theoretical 

�� �� �� �� �� ��



 Ultrafast pulse generation by semiconductor lasers 159

© Woodhead Publishing Limited, 2013

predicions  13   show that operating with multiple quantum well active layers 
may be benefi cial (the sublinear  g ( N ) dependence helps carrier accumula-
tion before the pulse, in agreement with estimates [5.9, 5.10]. 

 Essentially a modifi cation of this design is the waveguide with a verti-
cal 1-dimensional photonic crystal (periodic modulation of composition 
and hence refractive index) in the waveguide structure.  14   As the crystal in 
the structure used in this work operated in the  index-guiding  rather than 
 photonic bandgap  mode, the shape of the modal distribution is virtually 
identical to that in an asymmetric waveguide (apart from very small per-
iodic perturbations by the crystal layers). Gain-switched lasers of this type 
have been recently used to achieve pulses about 100 ns in duration, with an 
energy of about 11 nJ (though some of the energy was contained in a low-
power tail of the pulse).  14    

  5.3.3     Gain-switching structures with 
saturable absorbers (SAs) 

 SAs in the form of unpumped sections of the laser cavity are typically 
 introduced in the laser structure for the purposes of passive QS or mode-
locking (see Sections 5.3 and 5.4). However, an SA can also be introduced 
to aid the performance of a laser intended for GS. In this case, the associated 
high threshold ensures that a large carrier density is accumulated before 
the pulse, while the saturation of the SA during the pulse helps increase 
the peak power and reduce duration in a regime that combines features 
of true GS and passive QS; the fast SA recovery can also prevent trailing 
pulses. Since concentrating the SA in a single area of the laser was shown to 
lead to strong spatial hole burning reducing the pulse power,  15   a geometry 
whereby the SA was distributed in short sections along the length can be 
used instead. Ion implantation was used  15   to create such an SA. A simple 
double heterostructure laser with  d   a   = 0.25 µm and 20 short SA sections 
occupying one-fi fth of the length produced pulses with a relatively modest 
energy of 50 pJ. In a single-heterostructure laser similar to that used in the 
experiments of References  7  and  8 , the introduction of an SA at the laser 
facets helped to achieve shorter, more intense pulses than a similar laser 
without the SA, with peak powers up to 380 W and a FWHM duration of 
40–45 ps, implying energies as high as ~ 15 nJ.  16    

  5.3.4     Spectral properties and control of gain-switching 

 By default, Fabry − Perot GS lasers have a broad lasing spectrum; there-
fore, considerable effort has been dedicated to the control of their spectral 
properties and achieving narrowband emission, desirable for a number of 
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applications. Most straightforwardly, this is achieved by using specialised 
constructions such as distributed Bragg refl ector (DBR)/DFB lasers or 
external cavity grating coupled  17   constructions. These can generate single-
frequency pulses (tuneable in the case of the construction of Reference  17 ) 
in either repetitive or single-pulse GS. In simpler constructions not involving 
integrated gratings, spectral narrowing in repetitive GS (large-signal mod-
ulation) can be achieved by a method known as  self-(injection)seeding ,  18   ,   19   
whereby a small fraction of the laser emission is spectrally fi ltered ( resonant  
self-seeding) and fed back to the laser with a time delay slightly smaller than 
an integer number of modulation periods. This seeds the GS pulses and leads 
to GS in a narrow line (down to a single longitudinal mode), with little loss 
in pulse energy/power. In the case of the external refl ector being a diffrac-
tion grating, which is easily spectrally tuneable, tuning of the gain-switching 
pulses over a range of > 40 nm is possible. Interestingly, even  non-resonant  
self-seeding,  20   whereby the pulse is fed back from a simple, spectrally  non-
selective  external refl ector, can lead to a considerable spectral narrowing 
(from 11 to 0.05 nm), though slightly less pronounced than with a spectrally 
selective feedback.  21     

  5.4     Q-switching 

 This section covers QS in terms of its main features, its theoretic founda-
tions, and the applications of passive QS. 

  5.4.1     The main features 

 In general, the term ‘QS’ can refer to any regime whereby short pulse gen-
eration is achieved by modulating, not the optical gain as in the case of GS, 
but the optical loss in the cavity (internal or outcoupling) and hence the 
quality factor ‘ Q ’ of the cavity – hence the term QS. QS can be active, with 
a modulator inserted in the laser cavity, or passive, usually achieved either 
with an SA or a saturable  refl ector.  Thus, QS is different from GS in the 
sense that it requires a specially designed laser construction, often involving 
a separate electrical contact for the SA/refl ector or modulator, whereas GS 
can be achieved in standard lasers not intended specifi cally for short pulse 
generation, as discussed in Section 5.2. 

 Active QS is, from the physical point of view, fundamentally not too dis-
similar from GS: modulating either gain (in GS) or loss (in active QS) essen-
tially represents modulating the  net gain  in the cavity. Like GS, active QS can 
be single-pulse or repetitive. The difference is mainly quantitative: in most 
practical GS schemes it is not the gain directly that is modulated but the 
current applied to the laser, as discussed in Section 5.2; therefore, the effect 
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on the gain is moderated by the dynamics of carrier density, which limits the 
sharpness of the net gain modulation. In active QS, on the other hand, the 
modulation of loss (e.g., with an intracavity electro-absorption modulator) 
can be more direct, leading to a possibility of shorter net gain pulses and 
hence shorter, intense single output optical pulses – at the expense of, fi rstly, 
a more complex laser construction, as mentioned above, and, secondly, a 
reduced effi ciency because a realistic modulator always introduces some 
extra loss into the cavity. An example of the potential of active QS has been 
shown by recent experiments on a DBR laser with a tapered gain section, 
which have demonstrated optical pulses  ≈ 75 ps wide with a pulse power of 
6.3 W at a repetition frequency of 1 GHz, corresponding to a pulse energy 
of 0.47 nJ at   λ   = 1064 nm.  22   Since the structure was a DBR one, the laser 
operated in a dynamically single-mode regime, with a spectral width of only 
< 0.05 nm. 

 Passive QS, on the other hand, is fundamentally different from GS since it 
does not require pulsed, nor high-frequency modulated, pumping; the laser 
operates in a self-pulsating mode under a  CW  pumping regime. In fact, self-
sustained pulsation (SSP) is a frequently used alternative term for passive 
QS. The term SSP is more often used when the effect is unwanted (e.g., as 
an envelope modulation in ML lasers, see Section 5.4), whereas the term 
‘passive QS’ is more often reserved for constructions where essentially the 
same regime is the desired and intended mode of operation. Below, we shall 
concentrate on passive QS. This can be achieved by including a saturable 
element (absorber or refl ector) in the laser cavity, with a recovery time of 
the same order as, or shorter than, the gain recovery (carrier recombina-
tion) time. An SA can be realised either by designing the laser waveguide 
and contact stripe so as to have an unpumped area (which then acts as the 
SA) alongside the centre of the stripe (which in this case is the gain area) or 
by introducing an absorbing layer in the laser structure, or fi nally as a spe-
cial reverse-biased segment in tandem with the gain segment as in  Fig. 5.2  
(the latter is known as the two-section, or tandem, laser geometry, which is 
also the standard geometry for mode-locking, see Section 5.4).     

  5.4.2     Foundations of theory 

 Passive QS, like GS, operates with pulses at least of the same order as 
the cavity round-trip. Therefore, passive QS with SAs, too, can usually be 
described using a rate equation model, with an extra equation of the type of 
Equation [5.1] for the carrier density in the SA:
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Here,  f   g   and  f   α   are the overlaps of the laser mode with the gain and SA areas 
that supersede the confi nement factor in Equation [5.2]; in the case of a tan-
dem geometry with two contacts,  f   g    + f   α    =   Γ α  ;   α   is the saturable absorption 
coeffi cient, the carrier densities  N   g   and  N   α   relate to the corresponding sec-
tions, the rest of notations are as in Equations [5.1] and [5.2]. As in the case 
of GS, gain and saturable absorption can be calculated microscopically; in 
the simplest version of the model, for gain one can use the expressions [5.4] 
and [5.5], and for the SA, a similar linear approximation:

    σα−α0 N,        [5.21]  

can be adopted. 
 The system [5.18]–[5.20] has a formal steady-state solution; however, 

within a certain range of parameters this solution is unstable due to the 
presence of the SA; within this range of parameters, what is normally 
decaying relaxation oscillations turns into SSP, or passive QS. The range of 
parameters for QS for a typical tandem laser is illustrated in  Fig. 5.3 ; note 
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 5.2      A schematic diagram of a monolithic two-section laser.  
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that the SSP range increases with a decrease in the SA lifetime. Another 
important parameter whose increase increases the range of QS, at all 
values of the SA recovery time, and also leads to shorter, more intense 
pulses, is the SA to gain cross-section ratio s g= σ σα /  1,   23   (a condition  s >1 
is necessary for successful passive QS; 1,23  as will be shown in Section 5.4, 
this parameter is also very important for the other important dynamic 
regime of two-section lasers, mode-locking; note that the parameter range 
in Fig. 5.3 has been  calculated without regard to the possibility of the ML 
regime, which considerably alters the operating regimes map observed 
experimentally).    

 Within the current range for passive QS, the pulse amplitude (defi ned as 
the difference between the maximum and minimum power) shows a non-
monotonic behaviour on current, with a broad maximum towards the higher 
side of the current range. At the high-current side of this maximum, the 
pulses have an extinction ratio signifi cantly below 100%, with a large SW 
background, before dying out completely with an increase in current. An 
approximate analytical theory of QS predicts that the repetition frequency 
 F  of QS shows, within the fi rst approximation, a linear dependence on cur-
rent: F i i−i th .  23   From more accurate numerical solution of Reference 
 24 , the dependence  F ( i ) at low currents is somewhat superlinear, turning 
sublinear at high currents when the QS pulses gradually approach normal 
decaying relaxation oscillations, whose frequency is known to vary with cur-
rent roughly proportionally to 

q
F i i−i th . Near the peak pulse amplitude 

range, the approximation F i i−i th  still holds as a good approximation. 
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5.3      Stability limits of Q-switched SL operation. The effect of the 

s -parameter is illustrated.  
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 Instead of the SA, QS can also be achieved with a saturable  refl ector , 
in particular with a double-contact  25   or triple-contact  26   distributed feed-
back (DFB) lasers, in which one of the sections is biased at lower (but 
positive) current to act as the refl ector, while the other, more strongly 
pumped, section(s) act(s) as the gain section(s). The carrier dynamics 
in the amplifi er and refl ector section, combined with the strong carrier 
dependence of the refractive index, lead to the dynamic detuning between 
the lasing wavelength and the refl ector peak; due to the strong dispersion 
of refl ectance this can lead to the refl ectance increasing with an increase 
in light power, which is equivalent to SA operation. The regime is there-
fore known as dispersive self-QS. It has produced pulsations at repetition 
rates up to 12 GHz in a double-section construction,  25   dependent (some-
what more weakly than the SA-induced QS) on the operating currents of 
the gain and refl ector sections. In triple-section constructions,  26   frequen-
cies of up to 28 GHz have been attributed to this phenomenon. Reliable 
theoretical analysis of such constructions is not possible with a simple 
rate equation model; it can be performed using either dynamic analysis 
of laser cavity eigenvalues or a travelling-wave model similar to those 
used for ML lasers discussed below. The advantage of those construc-
tions, over those incorporating an SA, is single-frequency generation, 
typical in DFB lasers. However, they are more complex construction, and 
the parameter (current) range for pulse generation tends to be relatively 
narrow.  

  5.4.3     Applications of passive Q-switching 

 By far the most widespread application of passively Q-switched SLs is 
related to the fact that, unlike CW operated lasers, these self-pulsating 
devices are virtually immune to optical feedback. This is very important in 
information storage and retrieval systems such as CD players and have led 
to mass production of self-pulsating red (  λ   = 650 nm) lasers, in which sat-
urable absorption is provided by unpumped areas in the laser stripe, thus 
enabling a cheap, single-contact construction. The exact pulse properties are 
not very important in such lasers, only the actual fact that self-pulsation 
takes place. 

 Early work on more sophisticated Q-switched SLs with an electrically 
isolated reverse-biased SA section concentrated on their possible applica-
tions in communications, including all-optical clock generation and clock 
recovery, which was indeed demonstrated;  27   ,   28   some later work followed this 
trend.  29   The fact that the repetition frequency in Q-switched lasers is not a 
function of the construction, but varies with current, makes for a relatively 
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broad (several per cent of the free-running frequency, depending on the sig-
nal amplitude) locking range of clock recovery. 

 However, the bit rates accessible with passively Q-switched lasers with 
SAs are most often restricted to a few GHz, so all-optical clock extraction 
using passively Q-switched lasers was only possible at limited bit rates of 
up to about 10 GBit/s per channel (bit rates of 2.5 and 5 GBit/s per channel 
with a SA-induced QS were reported in References  27  and  28 , and clock 
recovery with DQS lasers was shown at 10 GBit/s  29  ), for which more tra-
ditional electronic means of clock recovery are now available at reason-
able cost. Besides, since each Q-switched pulse emerges independently from 
spontaneous noise, these lasers are known to suffer from considerable jitter 
(though no degradation in bit error rate was reported by the authors of 
References  27  and  28 ). 

 Probably for these reasons, after considerable interest in the (mainly 
early) 1990s, research in Q-switched SLs and their applications has seen 
somewhat less attention in the subsequent decade; however, new applica-
tions have emerged over the recent years. 

 In Reference  30 , the broad injection-locking property of self-pulsating 
lasers has been exploited for optically assisted radio communications. The 
self-pulsating laser was locked onto a 1.393-GHz carrier amplitude shift key 
modulated with 155-MB/s pseudo-random data. Tuneable selection of car-
riers at 1.409 and 1.630 GHz have been demonstrated, with the resultant 
injection-locked signals being amplifi ed by  ≈ 20 dB. 

 Another application  31   ,   32   makes use of the properties of passively 
Q-switched lasers operated near the peak QS power, namely, the fact that 
this regime shows a roughly linear dependence of the pulse repetition fre-
quency on current, combined with a roughly constant pulse amplitude, as 
discussed in the previous section. This makes such lasers attractive sources 
for  stroboscopic measurements  of fl uorescence lifetimes, for example in 
biological tissues. The stroboscopic technique does not require costly and 
bulky time-domain measurement techniques; instead, the material under 
investigation is excited by a stream of short (much shorter than the repe-
tition period) optical pulses with a roughly constant energy and variable 
repetition rate (which in a Q-switched laser near peak pulse power is 
easily varied by current variation). The  average  luminescence intensity 
is then measured as a function of the repetition rate, and the lifetime 
is extracted from this measured dependence. The authors used simple, 
cheap, single-contact Q-switched lasers intended for use in CD players 
to successfully demonstrate the technique for measuring lifetimes in a 
dye, which are in the nanosecond range.  31   ,   32   The technique was then used 
and extended for demonstrating wide-fi eld, real-time, lifetime imaging of 
cancer cells.  32     
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  5.5     Mode-locking (ML) in semiconductor lasers: 
an overview 

 This section provides an overview of ML in SLs, focusing on the principles 
and positioning of SLs among ML sources, ML techniques in SLs, and pro-
gress in the modelling of ML lasers. 

  5.5.1     General principles and the place of SLs among 
ML laser sources 

 ML is a regime whereby the laser emits light in several modes with constant 
and precisely equidistant frequencies. Usually, the term is used more spe-
cifi cally in referring to  amplitude modulation  (AM) ML, meaning that the 
phases of the (longitudinal) modes may be considered approximately equal. 
In time domain, this corresponds to the laser’s emitting a train of ultrashort 
(shorter than the round-trip) optical pulses, at a repetition frequency  F  near 
the cavity round-trip frequency or its harmonic:

    F
M v

L
h gv

≈
2

       [5.22]  

( v  g  being the group velocity of light in the laser,  L  the cavity length and  M   h   
the harmonic number, or the number of pulses coexisting in the cavity; in 
the simplest and most usual case,  M   h   = 1). 

 In most cases (some important exceptions will be mentioned in Section 
5.8.3), ML does not occur spontaneously and requires a special laser con-
struction and/or operating conditions. Namely, it is usually achieved either 
by modulation of the laser net gain at a frequency  F  or its (sub)harmonic 
( active  ML) or by exploiting non-linear properties of the medium to 
shorten the propagating pulse, countering the broadening effects of gain 
saturation and dispersion ( passive  ML). Passive ML, in turn, is usually 
achieved by introducing an SA into the laser cavity, as in passive QS. The 
SA both facilitates a self-starting mechanism for ML and, more impor-
tantly, plays a crucial role in shortening the pulse duration. More recently, 
saturable  refractive index non-linearities  approximately equivalent in their 
action to SA have been intensely studied; salient examples are  additive 
pulse ML  and  Kerr lens ML  in solid-state lasers. A combination of active 
and passive methods of ML is known as  hybrid  ML; if the external mod-
ulation is in the form of short pulses, the corresponding regime is known 
as  synchronous  ML. 

 SLs (at least in a monolithic confi guration) cannot yet directly gener-
ate the sub-100 fs pulses routinely available from diode-pumped crystal-
based lasers,  33   –35  but they represent the most compact and effi cient sources 
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of (sub-)picosecond pulses. They are directly electrically pumped, and the 
bias can be easily adjusted to determine the pulse duration and the opti-
cal power, thus offering some electrical control of the output pulse param-
eters. They also offer the best option for the generation of high repetition 
rate trains of pulses, owing to the small  L  in Equation [5.22] and hence the 
large values of  F . Ultrafast SLs have thus been favoured over other laser 
sources for high-frequency applications such as optical data/telecoms. Being 
much cheaper to fabricate and operate, ultrafast SLs also offer the potential 
for dramatic cost savings in a number of applications that traditionally use 
solid-state lasers. The deployment of high-performance ultrafast SLs could 
therefore have a signifi cant economic impact, by enabling ultrafast applica-
tions to become more profi table, and even facilitate the emergence of new 
applications. 

 The basic physical mechanisms underlying the generation of short pulses 
from SLs are fundamentally similar to those of other types of lasers, but a 
number of features are very different. Semiconductors have both a higher 
gain per unit length and a higher non-linear refractive index than other gain 
media. The interaction of the pulse with the gain and the resulting large 
changes in the non-linear refractive index lead to signifi cant self-phase 
modulation, imparting a noticeable  chirp  to the ML pulses, usually up-chirp 
in the case of passive ML lasers, which combined with the positive disper-
sion of the gain material leads to substantial pulse broadening. This mech-
anism has been among the limitations in obtaining pulse durations of the 
order of 100 fs  directly  from the SLs, with picosecond pulses being the norm. 
Furthermore, a strong saturation of the gain also results in stabilisation of 
the pulse energy, which limits the average and peak power to much lower 
levels than in vibronic lasers. Output average power levels for ML SLs are 
usually between 0.1 and 100 mW, while peak power levels remain between 
10 mW and 1 W. Only with additional amplifi cation/compression setups can 
the peak power reach the kW level.  36   In addition, the typical scale of carrier 
relaxation times in semiconductor materials is of the order of hundreds of 
picoseconds, comparable to the ML repetition time, leading to a rich variety 
of dynamic instabilities in the laser behaviour. This combination of practical 
promise and scientifi c challenge has made ML SLs an important topic of 
research for more than two decades; they have arguably attracted consid-
erably more attention than all other methods of ultrashort pulse genera-
tion taken together. Early work concentrated on external cavity structures; 
later, monolithic and multi-gigahertz constructions, reviewed in an earlier 
paper,  37   became a research priority. The most recent years have seen con-
siderable progress in both improving the theoretical understanding of ML 
in SLs, and using this understanding to improve their performance in terms 
of power, pulse duration/chirp, stability, accessible repetition rates, and inte-
grability issues. To this end, new constructions as well as new materials have 
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been proposed. Here, as with the other laser types, we attempt to summa-
rise both the current theoretical understanding of ML laser performance, 
including the recent theoretical progress (Sections 5.5 and 5.6), and the use 
of this understanding for improving ML laser performance (Sections 5.7 
and 5.8). The use of more radical novel ML principles is also briefl y dis-
cussed (Sections 5.8.2 and 5.8.3).  

  5.5.2     Mode-locking techniques in SLs: 
the main features 

 The main advantages of ML over other methods of generating ultrafast 
pulses by SLs are the higher repetition rate pulses and shorter pulse dura-
tions. To realise these advantages to the full, a variety of ML techniques 
and device structures have been investigated and optimised.  1   All three main 
forms of ML – active, passive and hybrid – have been extensively studied 
for SLs. 

 Purely  active  ML in a SL can be achieved by direct modulation of the 
gain section current with a frequency very close to the pulse repetition fre-
quency in the cavity, or to a subharmonic of this frequency. Alternatively, an 
electro-absorption segment of a multi-element device can be modulated to 
produce the same effect, or a separate modulation section introduced. The 
main advantages of active ML techniques are the resultant low jitter and 
the ability to synchronise the laser output with the modulating electrical 
signal, which is a fundamental attribute for optical transmission and signal 
processing applications. However, high repetition frequencies are not read-
ily obtained through directly driven modulation of lasers because fast RF 
modulation, particularly of current, becomes progressively more diffi cult 
with increase in frequency. 

  Passive  ML of SLs typically utilises an SA region in the SL. Upon start-
up of laser emission, the laser modes initially oscillate with relative phases 
that are random; in other words, the radiation pattern consists of irregular 
bursts. If one of these bursts is energetic enough to provide a fl uence of 
the order of the saturation fl uence of the absorber, it will partly bleach 
the absorption. This means that around the peak of the burst where the 
intensity is higher, the loss will be smaller, while the low-intensity wings 
become more attenuated. The pulse generation process is thus initiated 
by this family of intensity spikes that experience lower losses within the 
absorber carrier lifetime. The dynamics of absorption and gain play a cru-
cial role in pulse shaping. In steady state, the unsaturated losses are higher 
than the gain. When the leading edge of the pulse reaches the absorber, the 
loss saturates more quickly than the gain, which results in a net gain win-
dow, as depicted in  Fig. 5.4 . The absorber then recovers from this state of 

�� �� �� �� �� ��



 Ultrafast pulse generation by semiconductor lasers 169

© Woodhead Publishing Limited, 2013

saturation to the initial state of high loss, thus attenuating the trailing edge 
of the pulse. It is thus easy to understand why the saturation fl uence and 
the recovery time of the absorber are of primary importance in the forma-
tion of ML pulses.    

 In practical terms, the SA can be monolithically integrated into an SL by 
electrically isolating one section of the device (as in the Q-switched laser, 
 Fig. 5.2 ). By applying a reverse bias to this section, the carriers photogene-
rated by the pulses can be more effi ciently swept out of the absorber, thus 
enabling the SA to recover more quickly to its initial state of high loss. An 
increase in the reverse bias serves to decrease the absorber recovery time, 
which will have the effect of further shortening the pulses. Alternatively, an 
SA can also be implemented through ion implantation on one of the facets 
of the laser, thus increasing the non-radiative recombination.  38   

 Passive ML provides the shortest pulses achievable by all three tech-
niques and the absence of an RF source simplifi es the fabrication and oper-
ation considerably (albeit at the expense of somewhat larger pulse jitter and 
RF linewidth than in active or hybrid ML). It also allows for higher pulse 
repetition rates than those determined solely by the cavity length, by means 
of harmonic ML ( M   h   > 1 in Equation [5.22]; the means of achieving this will 
be reviewed in more detail in Section 5.7.4). 

  Hybrid  ML is usually achieved by applying RF modulation to the SA 
section, which in this case doubles as an electro-absorption modulator (RF 
modulation of the gain section current is also possible but has been proven 
to be less effi cient). In this case the pulse generation may be seen as initi-
ated by a modulation provided by the RF signal, while further shaping and 
shortening is assisted by the SA. This process results in high quality pulses, 
synchronised with an external source.  

(a)

Lo
ss

 a
nd

 g
ai

n

(b)

In
te

ns
ity

Net gain

Time

Time

Loss

Gain

 5.4      The mechanism of passive ML: (a) the loss and gain dynamics that 

lead to (b) pulse generation.  
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  5.5.3     Progress in modelling of ML lasers 

 Until recently, there were three main types of ML laser models; more 
recently one of them got signifi cantly developed, to become effectively the 
new, fourth type of a model. These four approaches are explained below, 
with the most recent one explained in most detail. 

  1.  Conceptually the simplest, and historically the oldest, models of ML 
lasers are  time-domain lumped models , based on the approximation that 
the pulsewidth is much smaller than the repetition period, and treating a 
hypothetic ring laser geometry with unidirectional propagation. The ampli-
fi cation and gain/group velocity dispersion, which in reality are experi-
enced by the pulse simultaneously, may then be approximately treated in 
two independent stages. This allows the representation of the distributed 
amplifi er in the model by a lumped  gain element  performing the functions 
of amplifi cation and self-phase-modulation. Mathematically, this element 
can be described by a non-linear integral or integro-differential operator 
G  acting on the complex pulse shape function (complex slow amplitude) 
 Y ( t ),  t  being the  local  time of the pulse. Separate time scales are intro-
duced explicitly for the pulse (the short time scale) and relaxation period 
between pulses (the long time scale). A similar element, described by a 
non-linear operator Q, is introduced to describe the saturable absorption, 
and the dispersion (gain/absorption and group velocity) is introduced as a 
separate, linear dispersion operator D . With the approximation of small 
gain and saturable absorption per pass (inherited from the non-semicon-
ductor laser theory, for which the model was originally developed), neglect-
ing dispersion, and assuming emission of pulses of equal energy, the model 
yields transcendental equations that allow for quasi-analytical calculation 
of ML boundaries, and also of the pulse energy (but not duration and peak 
power, which cannot be calculated without accounting for dispersion). This 
is known as New’s model of ML (though G. New’s original paper  39   related 
to non-semiconductor lasers). If, on the other hand, dispersion is taken into 
account, but, in addition to the approximation of the small gain and absorp-
tion per pass, also the gain and absorption  saturation  are taken as small, 
expanding the integral and differential operators G ,Q , and D  in series 
and requiring that both the amplitude and the  shape  of the pulse is con-
served from one repetition period to the next allows for a single integro-
differential equation for the pulse profi le  Y ( t ) on the short time scale to be 
obtained. The equation, known as the master equation of ML, admits an 
analytical solution of the form:

    Y Y
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known as the  self-consistent profi le  (SCP). The corresponding theoretical 
approach is known as the SCP, or Haus’s, ML theory; it is based on H Haus’s 
work on ML in lasers of an arbitrary type  40   and was later extended to account 
for large self-phase modulation in SLs.  41   ,   42   Substituting the SCP in the ML 
equation, one obtains three complex, or six real, transcendental algebraic 
equations  41   ,   42   for six real variables: pulse amplitude | Y   0  |, duration measure 
τ    p  , chirp parameter   β  , optical frequency shift  Δ   ω   =   ω    −    ω   0 , repetition period 
detuning   δ   T , and phase shift arg( Y  0 ) (which is not a measurable parameter, 
so in reality there are fi ve meaningful equations). These equations, being non-
linear and transcendental, generally speaking, cannot be solved analytically, 
but still allow for some insight into the interrelation of pulse parameters. 
The Haus model also allows the conditions for stable ML to be determined, 
which are different from those obtained using New’s model. 

 Thus lumped models, particularly the SCP model, allow for considerable 
analytical progress in treating ML, but quantitatively are very far from describ-
ing monolithic ML SLs accurately, and are not even capable of simulating the 
variety of dynamic regimes observed experimentally (see analysis below). 

  2.  At the other end of the spectrum of theoretical approaches to the ML laser 
properties are  distributed time-domain , or  travelling-wave , models, which 
treat the propagation of an optical pulse through a waveguide medium with 
space as well as time resolution. The model starts with decomposing the 
optical fi eld in the laser into components propagating forward and reverse 
in the longitudinal direction (say,  z ):

   Y t x( ,r ) ( , )y p( )i tx, y ( )Yf bY ( )ii ( )zYfYY exp(ii YY) ( i+)zz b p(bYYz p( iz ref        [5.24]  

with  Φ  being the transverse/lateral waveguide mode profi le and   ω   ref  and 
  β   ref  =  n (  ω   ref ) k  ref  =  n (  ω   ref )  ω   ref / c  being the reference optical frequency and the 
corresponding wave vector respectively. This results in equations for slowly 
varying amplitudes  Y   f , b  :
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where gmod  is the modal gain, which in general is implemented as an opera-
tor to represent gain dispersion (at  z  values within SA sections, the gain 
value  g  is naturally changed to  –   α  ,   α   being the saturable absorption coef-
fi cient),   α   int , the internal parasitic loss, Δ nmod  dynamic correction to the 
modal refractive index, including the group velocity dispersion operator if 
needed. The coupling coeffi cients kbf fb,  allow for introduction of built-in 
distributed refl ectors or dynamic gratings introduced by standing wave pro-
fi les, and the last term is the Langevin noise source that drives the model. 
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 The equations are directly solved numerically, in a system with spatially 
resolved rate equations for the carrier populations in the gain and SA sec-
tions, which are used to calculate the gain and absorption dynamics. This 
is usually done using phenomenological relations, though an interesting 
recent development has been an introduction of an effi cient, if somewhat 
simplifi ed, miscroscopically-based model of spectral-temporal dynamics of 
gain and absorption into a travelling-wave simulator.  43   

 Travelling-wave models are very powerful and general; they combine large-
signal approach with accurate account for spectral features. They have been 
extensively and successfully used by a number of research groups to analyse 
and design many edge-emitting laser constructions including ML lasers; they 
also form the core of several commercial simulators, some of which have 
been applied to ML laser design  −  see Reference  44  for an overview. The 
main limitations of travelling-wave models are, fi rstly, the absence of any 
analytically solvable cases – the approach is essentially numerical which lim-
its the physical insight gained from the models – and, secondly, the relatively 
high requirements such models pose on the computing time and memory.  44   

  3.  An approach totally alternative (or complementary) to the time-domain 
analysis of ML is offered by the technique of  modal analysis, static or 
dynamic  (as in Reference  45  and references therein, and also in References 
 46  and  47 ). In this approach, instead of analysing the pulse shape dynam-
ics, a modal decomposition is used and the dynamics of mode amplitudes 
and phases followed, with the dynamics of gain and absorption providing 
the non-linear coupling terms that ensure ML is given the right param-
eter values. The advantage of the modal expansion is that the time steps 
can be much longer (and the number of variables can be smaller) than in 
the travelling-wave model, which makes the modal approach particularly 
effi cient in analysing, say, long scale dynamics of external locking of DBR 
hybridly mode-locked lasers. It also has the logical advantage of describing 
steady-state ML as a steady-state solution of the model. Unfortunately, this 
is contrasted by the limitations, chief of which is the inherent assumption of 
weak to modest non-linearity (the model is not large-signal, which can be a 
signifi cant limitation in edge-emitting ML SLs), which causes time-domain 
approaches to be more widely used. 

  4.  Arguably the most signifi cant development in the ML theory during the 
recent years has been the development of a model intermediate between 
the traditional lumped models of ML and the travelling-wave models.  48   ,   49   
This approach, known as the  delay-differential equation (DDE) model 
or theory , contains a rigorous extension of Haus’s and New’s theories 
for the case of strong gain and absorption per pass, which is usually rea-
lised in SLs. Like those traditional ML models, it can provide signifi cant 
analytical insight, with parameter values more relevant to SLs, but unlike 
those models, it allows also for detailed, self-starting, and computationally 
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effi cient, large-signal numerical analysis. This combination of analytical 
insight and numerical potential, small- and large-signal possibilities, within a 
single framework – which is unique among time-domain ML models – makes 
the DDE model very attractive for analysis of performance trends (if not 
necessarily numerical parameters) in real lasers. Extensions of the model to 
specialised constructions such as quantum dot (QD) lasers have also been 
developed and used successfully,  50   though not addressed here; the reader is 
referred to a recent monograph  51   for details of QD ML laser theory. 

 As the traditional ML theory, the DDE uses a model of unidirectional 
ring propagation, giving a gain operator in the form:
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with   α   Hg  the Henry linewidth enhancement factor in the amplifi er and 
G g t z( )t ( ,z )= ∫

g

Γ d  the total gain integrated over the length of the ampli-
fying region. 

 The SA element is described by a similar element:
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with  Q   s   the saturated absorber, and   α    H     α   , the absorber linewidth enhance-
ment factor. There are, however, signifi cant differences from the traditional 
models. Firstly, the DDE model dispenses with the assumption of  G ,  Q   s   << 1 
necessary in traditional ML models, and also does not, in its general form, 
introduce the two separate time scales, neglecting non-stimulated recom-
bination between the pulses. Instead, ordinary differential equations are 
written for  G ,  Q   s  , based on the spatially integrated carrier rate equations. 
Assuming that the pulse in the unidirectional cavity treated by the model 
passes the absorber before the amplifi er, the equations take the form:
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Here, g0 (or G0 = τgg0/τα) characterises the unsaturated gain determined by the 
pumping conditions, q0   is the unsaturated absorption, P v A tg( )t | (Y ) |= ωAAX

2  
is the optical power, τg  and τα  are the gain and SA recovery times, and:
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are the saturation energies of the amplifi er and the SA, with 
σ σgσ g N N=σd d d d; α α  being the gain cross-sections (the derivative of 
the gain on the carrier density  N ) and  A   xg   and  A   x    α   the cross-sections of the 
optical beam (mode) in the gain and SA sections. 

 The second difference of DDE from traditional ML theories is in the 
treatment of the dynamics of ML. As in previous theories, it describes pulse 
propagation by cascading the operators. However, in previous theories 
the dynamics are essentially described by an iterative procedure, setting 
Y Yi iYY YY=( )tt ( ) ( )t , where  i  is the number of the pulse round-trip 
(determining the ‘slow’ evolution of the ML pulse), the time  t  is on the fast 
time scale commensurate with the pulse duration, and the dimensionless 
parameter   κ   < 1 introduces the total (integrated) unsaturable intensity losses 
in the cavity, both dissipative and outcoupling. The  stationary  ML equation 
can then be obtained by writing out the condition that the broadening and 
narrowing cancel each other, and the shape of the pulse is conserved from 
one repetition period to the next: ( ) ( ) ( )Y( e Yi= (e Yδψ , where 
  δ   T  is the shift of the pulse or detuning between the repetition period and the 
round-trip of the ‘cold’ cavity (or its fraction in case of locking at harmonics 
of the fundamental frequency), and   δψ   is the optical phase shift induced by 
the round-trip. In between the pulses, on the slow time scale commensurate 
with the round-trip time, gain and SA are allowed to recover with their char-
acteristic relaxation times, according to the rate equation for carrier density 
with  S  = 0. This allows one to calculate the values of gain and saturable 
absorption at the onset of the pulse, given the pulse energy and repetition 
period. In DDE, with the two different scales for pulse analysis, in general, 
abandoned, the iteration procedure is substituted by a  delay  one. In its most 
general form, this procedure may be written as Y Y( )t ( )t T( )( )Y t)= ( RTTT
, where  T  RT  is again the round-trip of the cold cavity, and  t  is still the local 
time of the pulse. A particularly useful form of this model, however, is 
obtained if the dispersion operator D  is expanded as a differential one The 
authors of References  48  and  49  showed that for a bandwidth limiting ele-
ment with a Lorentzian spectrum DY YT T( )) γ( )i p( )pi( )p

⎡
⎣

⎤γ ⎦
⎤⎤1 (  (i.e., 

neglecting group velocity dispersion), assuming without much loss of gener-
ality that the peak gain frequency   ω    p   coincides with one of the laser resona-
tor modes, and taking it as the reference optical frequency, we can re-write 
the equation for  Y  as:

    Y
Y

t
Y( )t

( )t
( )t T( )( )= −

∂
∂

Y t+ ( )−γ 1
RTTT     [5.31]  

Equation [5.31], which is a delay-differential one, gives the DDE model its 
name; note that the original papers  48   ,   49   use a slightly more general form of it, 
without assumptions on the peak and reference frequencies. 
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 Equations [5.28]–[5.29] and [5.31] are a closed system suitable for a 
detailed numerical simulation of both stationary and dynamic behaviour of 
passive ML. They can also be fairly easily adapted to allow numerical analy-
sis of  hybrid  ML behaviour. As shown in Reference  49 , the DDE model also 
allows for signifi cant  analytical  progress, similar to one achieved with classi-
cal New’s and Haus’s models, but for large single-pass gain and absorption, 
more relevant for most SL constructions than the classical SCP. In the ana-
lytical procedure, the slow absorption and gain approximation (neglect of 
non-stimulated recombination and absorption recovery during the pulse) 
has to be reintroduced, and the slow (relaxation of gain and absorption 
between pulses) and fast (evolution during the pulse) stages of laser dynam-
ics are, as in the traditional ML models, treated separately. 

 In particular, it is possible to analyse the stability of the solutions by 
requiring that net gain both immediately before the pulse and immediately 
after the pulse are smaller than one:

    
G Q

G Q
−Q

+ +G QG Q

−Q

−Q

In <0

In <0

κ
κ

    [5.32]  

Here  G    −   ,  Q    −    are the total (integrated) gain and absorption immediately 
before the pulse,  G   +  ,  Q   +   are the values immediately after the pulse. This is a 
generalisation of the condition proposed in traditional ML theory  39   for the 
case ln ( / ) 1/ ))) , to the case of an arbitrary κ.  

 Further analytical progress is possible in two limiting cases. The fi rst is 
the case of a model without spectral fi ltering (  γ    →   ∞ ), which the authors of 
Reference  49  identifi ed as the  generalised New’s model  for the arbitrarily 
large gain and absorption per pass. This theory, as the traditional New’s one, 
cannot predict the pulse shape or duration, leading to pulses collapsing to a 
delta-function shape. The total pulse  energy U   p  , however, can be estimated 
approximately from a closed system of fi ve (non-linear and transcenden-
tal) equations for the fi ve unknowns:  G ±,  Q ± and  U   p  . The solution gives 
the dependence of pulse energy (though not duration or peak power) on 
pulse parameters, represented by the unsaturated gain (which is related 
to pumping current) and absorption (which is related to the reverse bias 
applied to the absorber). The other fundamental absorber parameter also 
dependent on the reverse bias, the absorber lifetime, only enters the calcu-
lations through the relaxation equation for the absorption between pulses, 
obtained from and does not infl uence the results from this model at all if 
  τ   α  <<  T  RT  (in which case, obviously,  Q   −     ≈    q  0 ). The solution to this non-lin-
ear algebraic equation system can then be substituted into the inequalities 
[5.32] to analyse the stability boundaries of the ML operating range with 
respect to the leading-edge and trailing-edge instability. The curves, in gen-
eral, can only be calculated numerically, though some special points can be 
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determined analytically.  49   In particular, the model confi rms the conclusions 
from the traditional ML analysis on the importance of  the gain-to-absorber 
saturation energy ratio  s U U A Ag XU g gXX XU UUU

α
σAXA gX .  Namely, it shows that 

the condition  s  > 1 for any range of successful ML to be present, derived in 
the traditional SCP approach for the case of small gain and loss per period 
(and thus small dissipative loss), needs to be generalised in the case of arbi-
trary losses in the cavity as,

    sκ > 1     [5.33]  

(in a more realistic construction, an extra geometric factor could also be 
required). 

 The second case when full (semi-) analytical solution of the DDE model 
(with relaxation terms during the pulse neglected) is possible is when the 
dispersion is taken into account, but the saturation of gain and absorption 
during the pulse is assumed to be small, as in the Haus model of ML (though 
the gain and absorption themselves are not necessarily small, unlike the case 
of the traditional Haus model). The authors of Reference  49  called this the 
generalised Haus’s model. In this case, a steady-state solution is sought, as 
in the standard Haus’s model; in our notations, Y e Yi( )t T ( )t T .T −

RTTTTT δ TTΨδδ

Then, from Equation [5.31], a generalised form of the master equation of 
ML in Haus’s theory can be derived,  49   which admits solutions of the same 
Equation [5.23] as the original master equation. Six equations are then 
obtained for six real parameters: peak pulse power, duration, time shift δTδδ ,  
optical frequency shift Δω , phase shift per round-trip δ Ψ , and the chirp 
parameter   β  . 

 By substituting the solutions into the conditions [5.32], stability limits in 
the generalised Haus’s form can be obtained. In general, they depend on the 
linewidth enhancement factors; however, for direct comparison with other 
models, the case of   α   Hg  =   α    H    α    =  0 is useful. Results of such analysis, repro-
duced from Reference  49 , are plotted in  Fig. 5.5 . In the plot, the subscript 
 N  refers to results from New’s model, generalised (solid lines) or standard 
(dashed lines); and the subscript  H , to those from Haus’s model (calculated 
with zero linewidth enhancement factors). The fi lled/empty dots are the 
leading/trailing instability boundary calculated by numerical integration of 
the model. In this numerical integration, the gain and absorber operators 
are treated on a continuous time scale, without the need to introduce sep-
arate time scales for pulse and the free relaxation period as in the iterative 
procedure. As seen in the fi gure, standard Haus’s and New’s models are 
extremely inaccurate in predicting the instability boundaries of ML in a typ-
ical SL (with the range predicted by New’s model being too wide, and that 
from Haus’s model, too narrow, as noted also in Reference  52 ). The gener-
alised Haus’s model gives good agreement within its validity limits at low 
currents/unsaturated gain values, while the generalised New’s model gives 

�� �� �� �� �� ��



 Ultrafast pulse generation by semiconductor lasers 177

© Woodhead Publishing Limited, 2013

very good agreement with numerical simulations at all parameter values 
(there are some modest deviations, which will be discussed in more detail 
below). Thus, the large-signal nature of the DDE model is proven to be a 
very important advantage over the classical ML theories.    

 Apart from allowing some analytical progress in the limiting cases, the 
DDE model also allows the use of numerical techniques that have been 
developed for the analysis of delay-differential equations, in particular 
of numerical packages that allow a full bifurcation analysis of delay-
 differential equations. Such a study was indeed performed in Reference  49 , 
comprising the full (in)stability analysis of the stationary solution of the 
DDE. The stationary solution (the steady-state light-current characteristic 
of the laser) itself is found by seeking the steady-state light output in the 
form of  Y ( t )= Y  0s exp( i   Δω    s   t ), which gives an equation for the steady state 
in a parametric form. The equation is a transcendental trigonometric one 
and thus has an infi nite set of formal solutions, corresponding to the cav-
ity modes. The steady-state solution, as usual in laser theory, is the one 
with the lowest value of the threshold gain  G   s  ( Y  = 0), in other words, the 
closest to the peak of the gain spectrum.  Figure 5.6 , after Reference  49 , 
shows the results of a numerical bifurcation analysis of this solution. The 
line  H  1  indicates the  Andronov-Hopf bifurcation  (transition from a steady 
state to a periodically oscillating solution with an amplitude smoothly 
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 5.5      Stability boundaries of ML with respect to leading (L) and 

trailing (T) edge instabilities, calculated semi-analytically in traditional 

and generalised New’s (N) and Haus’s (H) models. In the calculations, 

 s  = 25,  T  RT /  τα   = 1.875,   τα  /  τ    g   = 0.0133,   κ   = 0.1, g0 = (τα/τg)G0, q0 = Q0. Source: 

After Reference  49 , reproduced with permission.  
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increasing from zero as the controlling parameter, the unsaturated gain in 
this case, increases beyond a critical value), corresponding to oscillations 
at the fundamental ML frequency. ML is predicted at a certain range of 
conditions (unsaturated gain and absorption) above threshold, whereas 
at high enough unsaturated gain (or current) and low enough absorption, 
CW lasing is expected to be stable. The line  H   q   indicates the Andronov-
Hopf bifurcation corresponding to passive QS, or SSP, instability, of the 
type discussed in Section 5.3. The frequency of these oscillations is about 
an order of magnitude below the ML frequency, so that at low current and 
with a suffi ciently high saturable absorption in the cavity, the ML pulse 
train is expected to be modulated by the SSP envelope. The lines  H   m  .  m  > 1, 
show the bifurcations corresponding to a solution oscillating at the  m   th   
 harmonic  of the fundamental ML frequency. At high enough values of 
unsaturated absorption, there are ranges of  G  0  (or current) in which ML 
at higher harmonics is predicted to be stable, but ML at fundamental 
harmonic is not.    

 These predictions are confi rmed by a full numerical integration of the DDE 
model ( Fig. 5.7 ), showing the extrema of the laser intensity time dependence 
calculated for different values of the pumping parameter  g  0  = (  τα  /  τ    g  ) G  0 . At 
low values of  g  0  (and thus current), the laser exhibits a regime when the ML 
pulse power is modulated by passive QS envelope, originally with nearly 
100% modulation depth ( Fig. 5.8a ). As the pumping parameter increases, 
the QS modulation gradually decreases in amplitude, and eventually the 
modulation regime undergoes backward bifurcation, moving to a stable ML 
regime (this corresponds to the border of the trailing-edge instability in  Fig. 
5.5 ). Within the area of stable ML fundamental round-trip frequency, a train 
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 5.6      Bifurcation analysis of the steady-state solutions of the DDE model. 

Parameters used:   γτα   = 33.3;   α   Hg,   α   = 0, the rest as in Fig. 5.5. Source: 

After Reference  49 , reproduced with permission.  
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of short pulses is observed as in  Fig. 5.9a , with amplitudes increasing with  G  0 . 
At higher still pumping, the laser dynamics sees areas of harmonic ML at the 
second and third harmonic of the fundamental ML frequency  Fig. 5.9b  and 
 5.9c , separated by narrow areas of unstable operation. Finally, the ML breaks 
up completely with the onset of chaotic modulation of the pulse power, with 
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 5.7      Bifurcation diagram obtained by direct numerical implementation 

of a DDE model.  q  0  = 4, the other parameters as in Fig. 5.5. Source: 

After Reference  49 , reproduced with permission.  

2

1

0
0 10 20 30

τ

|A
|2

2

3(a)

(b)

1

0

|A
|2

40 50 60 70

 5.8      Illustration of the aperiodic regimes in Fig. 5.7: combined ML/QS 

regime at  G  0  = 50 (a) and chaotic pulse competition regime at  G  0  = 350 

(b) τ = t/τα. Source: After Reference  49 , reproduced with permission.  

�� �� �� �� �� ��



180 Semiconductor lasers

© Woodhead Publishing Limited, 2013

multiple pulse trains competing in the cavity, as in  Fig. 5.8b  (the regimes 
separating fundamental frequency ML and harmonic ML areas are similar). 
Eventually, the system undergoes a transition to CW single-frequency oper-
ation in agreement with the bifurcation diagrams of  Fig. 5.5 .          

 An interesting result obtained in Reference  49  is that, while the conditions 
[5.32] of negative net gain before and after the pulse are useful indications 
of the stability ranges of ML operation, the onset of instabilities in numer-
ical simulations does not coincide with those limits  exactly . One of the con-
sequences of this effect is that the onset of instabilities may be expected 
to be sensitive to perturbations such as spontaneous noise. The effect of 
spontaneous emission was indeed studied analytically and numerically in 
Reference  49 , with the noise introduced as a delta-correlated random term 
in the right-hand-side of Equation [5.31]. It was concluded that, while the 
onset of QS oscillations (trailing pulse edge instability) is a dynamic process 
independent of noise, the onset of the chaotic envelope instability (leading-
edge instability) is strongly affected by the noise, with an increase in the 
noise narrowing the window of stable ML. This is confi rmed by the more 
complex travelling-wave models. 
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 5.9      Illustration of the periodic regimes in Fig. 5.7: fundamental 

frequency mode-locking at  G  0  = 150 (a) and second and third harmonic 

ML  G  0  = 225 (b) and 270 (c) τ = t/τα. Source: After Reference  49 , 

reproduced with permission.  
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 The DDE model when used as a numerical tool is not only fully large-
 signal, but also self-starting: it does not, unlike previous lumped time-domain 
theories, require a trial pulse to start with and can reproduce the emergence 
of ML pulse train from randomly pulsing light output that is seen as the 
laser crosses the threshold condition. 

 There remain however some limitations to linking the DDE approach 
directly to the performance of a specifi c practical laser construction. Firstly, 
the model as studied in Reference  49  does not account for fast absorber sat-
uration and fast gain non-linearity (though it could be  possible to include 
them, at least in some approximation, and in the QD case, the explicit 
introduction of fast non-linearities may not be necessary  −  instead, sepa-
rate rate equations for dot and reservoir populations are used). Next, the 
spatial integration of gain and absorption in DDE is mathematically jus-
tifi ed only if both  g  and  α  have a simple linear dependence on the carrier 
densities in the corresponding elements, which is in itself an approxima-
tion, or alternatively if  G,Q  << 1. Finally, like traditional ML theories, the 
DDE model studies an artifi cial unidirectional ring geometry. The  latter 
two assumptions are relatively easily addressed in the case of ML  verti-
cal external cavity surface-emitting  lasers (VECSEL, see Section 5.7.3), 
which consist of an amplifying (gain) chip and a semiconductor SA mirror 
(SESAM) chip, separated by an unguided propagation path (possibly with 
collimating optics). As both the gain chip and SESAM are very short asym-
metric resonators, the lumped-element formalism is a very natural one for 
their description. A special version of DDE, derived independently and 
presented in a somewhat different form than one of Reference  49 , was 
indeed used to analyse the dynamics of external cavity VECSELs, with rea-
sonable quantitative agreement with experiments.  53   More advanced con-
structions known as MIXCELs (see Section 5.7.3), with the QW gain and 
QD absorber layers located in one chip, could be described by a similar, 
possibly even somewhat simpler, model, with the single chip refl ectance 
operator containing the effects of both the gain and the absorption. In the 
case of edge-emitting lasers, the accuracy of a DDE model is more suspect, 
and travelling-wave analysis looks more suitable for quantitative analysis 
of specifi c laser structures.   

  5.6     The main predictions of mode-locked laser 
theory 

 This section considers the main predictions of ML laser theory, taking into 
account the dependence of operating regime on operating point, and the 
primary parameters affecting ML laser behaviour. 
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  5.6.1     Operating regime depending on the 
operating point 

 The most basic result of all the modern ML theories, confi rmed by the 
experiments, is that the dynamics of notionally ML SLs are quite rich and 
can show, apart from stable ML, a number of other dynamic regimes. Here, 
we shall briefl y discuss the general trends in their dependence on the laser 
parameters. 

 One of the most important features in the dynamic map of operating 
regimes of an ML laser is the SSPs, or passive QS, instability at low cur-
rents. As shown in  Fig. 5.7 , produced by the DDE model, the range of cur-
rents, or unsaturated gain, values in which this regime is observed increases 
with the amount of saturable absorption in the laser (which, in a given laser 
construction, either QW or QD, may be varied to some extent with reverse 
bias, due to electro-absorption). The other model parameter affected by 
the reverse bias is the  absorber lifetime    τα  , which is known to decrease 
approximately exponentially with the reverse bias in QW materials (see 
Reference  54  and references therein) and to some extent in QDs too  55  ). 
The dependence of the QS range on   τα   is not straightforward; the  QS  range 
tends to be broadest at a certain absorber recovery time, of the order of 
the round-trip time though somewhat longer. At longer   τα  , the SP range 
slowly decreases; however, it also decreases as   τα   is decreased and at   τα   
of fraction of the round-trip, QS instability can be expected to disappear, 
leaving a broad area of stable ML. This is illustrated by  Fig. 5.10 , produced 
using a travelling-wave model and showing approximate borders of differ-
ent dynamic regimes for a representative Fabry − Perot laser operating at 
40 GHz.    

 This means, fi rstly, that care needs to be taken when interpreting the bias 
voltage effects on the performance of either QW or QD ML laser, as both 
the unsaturated absorption, the SA cross-section, and the SA recovery time 
  τα   are likely to be affected. The effect on the latter is probably the most 
signifi cant though, as the dependence of   τα   on voltage is quite strong (expo-
nential), while the effect on the unsaturated absorption appears, from mea-
sured threshold currents, to be more modest. Secondly, it means that for the 
same SA parameters, longer lasers with longer repetition periods are less 
likely to suffer from the QS instability, which needs to be borne in mind 
when analysing the dynamics of QD lasers (due to the relatively low gain, 
these often have to be quite long if operation at the ground state band is 
desired). 

 The lower current (or unsaturated gain) limit of the self-pulsing insta-
bility may be positioned either below or above the low boundary of ML 
itself, depending on the gain and absorber saturation energies ( s -parame-
ter) and the absorber recovery time. If the boundary for ML is below that 
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for self-pulsing (which tends to happen in long lasers, when   τα   is signifi -
cantly smaller than  T  RT  but not small enough to completely eliminate self-
pulsing), then the stable ML range is split in two by the self-pulsing area, 
with an area of stable ML seen below the QS limit at currents just above 
threshold. The area is narrow however, and the pulse powers generated in 
this regime are typically rather low. If, on the other hand, the boundary for 
ML is above that for self-pulsing (which tends to be the case for shorter 
lasers or longer absorber relaxation time, when  T  RT  >   τα  , then an area of 
pure self-pulsing, with noisy/chaotic fi lling of pulses, is seen at small to 
modest excess currents above threshold, as in  Fig. 5.7 ; as the current is 
increased, the pulses acquire a regular structure and the combined ML/SP 
regime develops. 

  Figure 5.10  also shows the other main instability of ML, the leading-
edge, or chaotic, instability. As was shown by the DDE model, the bor-
der of this instability is pushed towards higher currents by the increased 
amount of absorption in the laser. Shortening   τα   also decreases the risk of 
this instability. 

 At long   τα   and high currents, the laser operates in a chaotic regime, which 
gradually evolves into some type of CW or quasi-CW operation. Whether or 
not true single-frequency CW operation predicted by the DDE is achieved 
depends on the length of the laser and the gain bandwidth; longer lasers 
(with a repetition frequency ~ 10 GHz) with broader gain tend to not reach 
true CW, instead operating in a chaotic quasi-CW regime with a narrow 
spectrum including only a few modes.  
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  5.6.2     The main parameters that affect ML laser behaviour 

 To understand the rationale behind the recent advances in ML laser science 
and technology, it is instructive to briefl y overview the effects of the main 
laser parameters affecting ML in SLs in general, as predicted by the models 
discussed above and confi rmed by experiments. 

 The effects of the operating point (gain section bias and SA voltage, 
determining the unsaturated gain and absorption and the SA time) on the 
operating  regime  of the laser have been discussed in the previous section. 
Furthermore, within the stable ML range, the effect of the operating point 
on the pulse parameters is as follows. 

 The pulse  amplitude  grows with pumping current, as illustrated in 
 Fig. 5.11 , calculated by a travelling-wave simulation. Notice that qualita-
tively, the fi gure is quite close to the bifurcation behaviour seen from  Fig. 
5.7 , except that in the numerical model, and with the different set of param-
eters, only the second rather than third harmonic operation is predicted. As 
regards the pulse  duration , it has been predicted by early frequency-domain 
theories  56   to reach a minimum near the area of QS instability; this has been 
later confi rmed by both experiments and time-domain simulations. The 
pulse duration thus tends to grow with current within the stable ML range 
 above  the upper boundary of QS. On the other hand, if an area of stable 
ML below the QS range is observed (which is sometimes the case in longer 
resonators), then a  decrease  of pulse duration with current can be expected 
within this area.    

 The dependence of the pulse duration on   τα   (and this on the absorber 
bias) within the stability range is shown in  Fig. 5.12 . As seen in the fi gure, to 
achieve stable ML, the absorber relaxation time needs to be below a certain 
critical value; longer   τα   produces instabilities. Within the stable ML range, a 
decrease in   τα   tends to shorten the pulses, due to both the effects of partial 
absorber relaxation during the pulse and, probably more signifi cantly, to 
the fact that the slow relaxation of the absorber leads to the absorber being 
always partially saturated, thus reducing the initial absorption  Q   −  .    

 Among the other important parameters that affect the ML properties are: 

  The  s -factor, or the absorber to gain saturation energy ratio 

 While it is well known that the increase in  s  facilitates ML, it is not imme-
diately intuitively clear whether an increased  s  helps ML stability, as it 
is known  23   that the passive QS regime, which is one of the instabilities 
affecting ML, is also facilitated by an increase in  s . However, the results 
from both DDE and travelling-wave simulations  57   show that in fact it is 
the stable ML range that is increased with  s  at the expense of the QS (or 
self-pulsing) range.  
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  Gain and group velocity dispersion parameters 

 Most models of ML laser operation predict that without  gain  dispersion, sta-
ble ML with a fi nite pulse duration is impossible, and so the gain dispersion, 
or width of gain curve, represented by the parameter   γ   in the DDE or   ω    L   
in the travelling-wave model, should play an important role in determining 
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the pulse width and stability. Within the range of gain dispersion typical in 
ML SLs, which usually corresponds to   ħω    L   of the order of tens of meV (or 
the wavelength range of tens of nm) and does not change too much with 
operating conditions or construction, gain dispersion is not the most drastic 
factor limiting the pulse width. However, achieving a broad gain spectrum 
is still desirable. This may be one of the advantages of QD active media, as 
discussed below. 

  Group velocity  dispersion (GVD), like gain dispersion, acts to broaden 
the pulses in the case of normal dispersion (which is usual in SLs). As dis-
cussed above, the effect of this parameter is modest in most SLs since the 
pulse durations at which it would become important (~100 fs) are never 
achieved; however, with stronger GVD possible in QD lasers, some account 
for this effect may be necessary.  

  The gain suppression and absorber compression coeffi cients 

 Pulses generated by ML lasers tend to be of picosecond duration. This is 
below the critical pulsewidth at which the fast gain saturation, rather than 
the average carrier density dynamics, begins to dominate the pulse ampli-
fi cation and shaping, at least in the gain section; this critical pulse duration 
has been estimated  58   ,   59   to be of the order of εg gvg ( )g Nd dg . With typical 
semiconductor parameters, this estimate gives values of the order of 10 ps. 
Thus, the gain compression (and, similarly, absorber compression) effects 
and the coeffi cients that describe them (if introduced) may be expected to 
play a signifi cant part in ML properties. 
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 In practice, the effect of non-linearities is twofold. Firstly, gain com-
pression tends to broaden ML pulses, with absorption compression hav-
ing the opposite effect. Secondly, and in some regards more importantly, 
an increase in gain compression  stabilises ML operation , suppressing the 
 QS  instability (the latter can be easily shown by rate equation analysis 
of Q-switched lasers  60  ). Again, fast absorber saturation has the opposite 
effect.  

  The gain and absorber linewidth enhancement factors 

 The linewidth enhancement factors have a very modest effect on pulse 
 energy  for a given current and absorption, but a more noticeable one on 
amplitude and duration. They do not signifi cantly affect the onset of the 
 QS  instability (the lower current or unsaturated gain limit of ML stability), 
but have a stronger effect on the upper limit of ML stability associated with 
the irregular envelope and pulse competition. ML behaviour is most sta-
ble when the gain and absorber linewidth enhancement factors are not too 
different from each other. According to the DDE model predictions, the 
most stable operating point (which also corresponds to the highest pulse 
amplitude and lowest duration) is for   α    Hg   =   α    H    α  ; however, travelling-wave 
and modal analysis predict that the best quality ML is achieved with   α    Hg   > 
  α    H    α  ; the discrepancy is likely to be caused by the different geometry of the 
long amplifi er and the shorter absorber. The main parameter determined by 
the linewidth enhancement factors is the  chirp  (dynamic shift of the instan-
taneous frequency) of the pulse. Passively ML pulses tend to be up-chirped 
(with the instantaneous optical frequency increasing towards the end of 
the pulse) when the absorber saturation factor   α    H    α   is small and the chirp is 
mainly caused by   α    Hg  . With a certain combination of   α    Hg   and   α    H    α   (typically 
  α    Hg   >   α    H    α  ), an almost complete compensation of chirp is possible; with   α    H    α   
>   α    Hg  , the pulse is typically down-chirped.  61   As up-chirp is observed more 
frequently than down-chirp in experiments, one may conclude that typical 
values of   α    H    α   are smaller than   α   Hg . In active ML,  down-chirp  is typically 
observed, while hybrid ML allows the chirp to be tuned to some extent, and 
there is typically a combination of bias and current or voltage modulation 
amplitude for which the chirp is minimised and close to zero, if only in a 
very narrow range of operating parameters.    

  5.7     Important tendencies in optimising the 
ML laser performance 

 This section reviews ML laser optimisation in the light of gain-to-absorber 
saturation energy, reducing SA recovery time, increasing the optical power, 
and engineering the bit rate. 
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  5.7.1     Achieving a high gain-to-absorber saturation 
energy ratio 

 The importance of a high gain-to-absorber saturation energy ratio  s  for 
short pulse generation has been semi-empirically understood for some 
time, and the recent analysis with the DDE model reconfi rmed its impor-
tance also for maximising the stable ML range.  48   ,   49   Since, by defi nition, 
s U U A Ag XU g gXX XU UU ασAXA gX  there are at least two ways of increasing  s :

   (i)     In most non-SLs, where the absorber and gain regions are discrete ele-
ments, the most straightforward way of increasing the  s -parameter is to 
ensure that the light is focused more tightly in the SA than in the gain 
section so that A AX XA gXXα

. The same is usually done in non-monolithic 
semiconductor constructions such as vertical external cavity lasers 
(VCSEL). In  monolithic  SLs, a similar strategy can be pursued to some 
degree by  tapering  the laser waveguide so that the absorber region is 
narrower than the gain region. Used originally for QS QW lasers in a 
‘bow-tie’ construction with the narrow SA in the middle of the cav-
ity and the two amplifi er sections tapering outwards,  62   this strategy 
has later been realised most convincingly in QD ML lasers. In 2006, 
Thompson  et al.  demonstrated the generation of pulses as short as 780 
fs, by using a tapered waveguide confi guration in a two-section InGaAs 
QD laser.  63   Further optimisation of the SA length later resulted in the 
demonstration of transform-limited ultrashort pulses with pulse dura-
tion of 360 fs, average power of 15.6 mW and peak power of 2.25W 
(at 12°C).  64   Nikitichev  et al.  have recently demonstrated operation of 
a tapered monolithic passively ML QD laser in a very broad range of 
absorber reverse bias (3–6 V) and gain section current (700–1500 A). 
This structure had a peak power of 3.6 W, with a corresponding pulse 
duration of 3.2 ps at a repetition rate of 14.6 GHz.  65   In the later work 
by the same team, the pulse power was brought up to the value as high 
as 17 W  66   (see Section 5.7.3 for more detail).  

  (ii)     In many cases, however, fabrication ease and fi bre coupling consider-
ations suggest the same waveguide structure in the gain and absorber 
sections, and so A AX XA gXXα

.  The parameter  s  is then equal to the 
 absorber to gain cross-section ratio  s g= σ σα / .gσ  QWs, with their sublin-
ear (approximately logarithmic) dependence of gain on carrier density 
(population inversion) have long been seen as superior to bulk material 
for ML performance, since the sublinear  g ( N ) helps achieve σ σα / .σg 1
The authors of References  48  and  49  used their analysis to conclude 
further that when designing a QW laser for ML purposes, a structure 
with a  smaller number  of QWs was preferable to one with a larger num-
ber – indeed, the smaller number of QWs means a smaller confi nement 
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factor, hence a higher threshold carrier density, hence a smaller d g /d N  
at threshold due to the sublinear  g ( N ), which in turn gives a higher value 
of the ratio  s . These considerations infl uenced the choice of structures 
with just 2–3 QWs for realising DBR ML lasers capable of generating 
very stable pulses about 2 ps long at 40 GBit/s.  57   It may be argued that 
the same logic also in part accounts for the success of QD ML lasers, in 
which the dependence of gain on the (total) carrier density in the active 
layer is even more sublinear than in QWs; however, it has to be borne 
in mind that the concept of total carrier density is somewhat misleading 
in QDs  −  a more accurate picture is given by more complex analysis, 
considering separately the population of the dots themselves and of the 
reservoir that supplies them with carriers.     

  5.7.2     Improving stability and pulse duration by reducing 
the saturable absorber recovery time 

 As described above (Section 5.6), decreasing the SA recovery time leads to 
both shorter and more stable ML pulses. Therefore, a number of teams have 
suggested alternative routes for reducing the time   τα   . :

    (i)     In earlier experiments,  heavy ion implantation  of the laser facet was 
used to produce SAs with a recovery time   τα   ~ 10 ps, governed by 
non-radiative recombination. This enabled some of the fi rst results on 
ML monolithic SLs, with picosecond pulses at both 0.87 and 1.55  µ m 
wavelength band.  67   ,   68    

  (ii)     In more modern QW laser constructions with a reverse-biased SA, 
the most fundamental of the processes governing   τα   is the sweep-out 
of photocarriers from the absorber QWs into the waveguide layer by 
the bias fi eld. In InGaAsP materials most frequently used in lasers 
operating at 1.55  µ m, the potential well for heavier holes is deeper 
than that for lighter electrons, making hole sweep-out a bottleneck 
for achieving small   τα   at sensible values of the SA reverse bias (of the 
order of a few volts). On the other hand,  AlGaInAs quaternaries  have 
a shallower potential well for holes, making for much more effi cient 
sweep-out. Absorber recovery times as low as 2.5–3 ps at a bias of  − 4 
V, several times shorter than in InGaAsP quaternaries at the same bias 
voltage, have been measured in such QW heterostructures.  69   ,   70   Lasers 
with AlGaInAs quaternaries have been successfully used for ML 
operation in both a relatively traditional 40 GHz constructions  71   and 
in more advanced harmonic ML lasers operating at 160+ GHz, 70,   72   ,   73   as 
will be discussed in Section 5.7.4. The pulse durations obtained were 
in the sub-picosecond range for harmonic operation at 160 GHz.  
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   (iii)     Thirdly, it has been pointed out that faster sweep-out may be achieved 
by  engineering the quantum well profi le  to include steps or oblique 
rather than vertical walls.  74   At the time of writing, such structures do 
not appear to have been realised experimentally, but theoretical pre-
dictions are encouraging.  

   (iv)     It is also important to note that, even after carriers have been swept 
out of the  absorbing (active) layer , they need to be effi ciently removed 
from the  waveguide layer , to prevent both their diffusion back to the 
SA and the carrier screening of the electric fi eld applied to the well. 
In a standard structure, this happens through drift in the electric bias 
fi eld, with the transport of heavy holes limiting the process speed. 44,   75   
To avoid this, lasers with  unitravelling carrier absorbers  have been pro-
posed and realised.  76   ,   77   In these devices, the SA is not a reverse-biased 
section of the same  p-i-n  heterostructure as the gain section, as is the 
case in more usual constructions. Instead, the laser heterostructure is 
etched away in the SA section and a separate structure is grown for 
the SA, in which light is absorbed in a special  p+- layer. Then, the holes 
are majority carriers so they are removed from the structure via collec-
tive relaxation (a faster process than drift), and it is only the electron 
drift (faster than hole drift) that limits the absorber recovery speed. 
The limitation of such structures is the need for a regrowth procedure, 
which increases the complexity and potentially the cost of the struc-
ture. Besides, even very small (< 10 –4 ) residual refl ectances between 
the laser and absorber waveguides can lead to formation of satellite 
pulses (as in compound cavity lasers discussed in Section 5.7.4), which 
was indeed encountered in practice. Satellite-free pulses 0.9 ps long at 
the repetition rate of 40 GHz have been achieved in UTC structures, 
or 0.6-ps pulses with some satellite pulses.  76   ,   77    

   (v)     Finally, absorber recovery speed is one of the advantages of  QD  mate-
rials (Section 5.8.1), which have shallower potential wells for both 
electrons and holes than QWs, hence faster sweep-out. The relatively 
small total numbers of photogenerated carriers compared to QWs can 
also partly alleviate any potential problems with carrier screening of 
the bias fi eld.     

  5.7.3     Increasing the optical power – broadening the 
effective modal cross-section 

 While optimising the absorber parameters can help reduce the pulse dura-
tion, and increasing the stability range helps somewhat extend the achiev-
able power range too, non-linear processes, such as the onset of high-current 
instabilities, by necessity limit the total average power in standard ML 
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lasers to a few units to tens of milliwatts, depending on the construction 
and repetition rate. A route to a considerable increase in the output power 
is suggested by observing that in the theoretical analysis in Section 5.6. The 
non-linearities that limit the achievable power (including irregular non-
linearities) respond, not to the absolute power, but to the  photon densities  

S Y P v Ag g g XA,g ( ,g )αYgYY ,g αωAAAA=Y
2

 in the gain and absorption sections of the 

laser. With an increase in the modal cross-section AXg ,  the entire map of 
the dynamic regimes of the laser, including the onset of chaotic instabilities, 
is scaled towards higher power while keeping the photon density constant. 
Therefore increasing the modal cross-section  A   xg   is a robust way of achiev-
ing stable high power output. As with ordinary CW operating lasers, argu-
ably the main challenge is to achieve this while keeping the laser operating 
in a single transverse-lateral mode. The logic here is similar to the expan-
sion of mode volume in gain-switched lasers, discussed in Section 5.3. 

 ( i)  One laser construction that realises this principle, whether operated 
CW or ML, is a  slab-coupled  laser waveguide, in which the active layer is 
positioned at the edge (rather than in the centre, as is the case usually) of a 
waveguide (slab) layer, which is as thick as 3–4 µm in the transverse direc-
tion and unbounded laterally. Lateral waveguiding is by means of a rela-
tively shallow ridge, with the width also of a few microns. The combination 
of the waveguide structure and active layer position ensures laser operation 
in a single longitudinal-lateral mode which is broad (e.g., in Reference  78 , 
the effective cross-section was  A   xg    = A   x    α     ≈   14  µ m 2 , about an order higher 
than in ordinary stripe lasers) and fairly isotropic. 

 By introducing the SA section in the usual way of electrically isolat-
ing a section of the cavity, passive ML of a structure of this type was 
realised.  78   –   82   Average power value achieved at   λ   = 1.55  µ m was as high as 
210 mW with  F   ≈  4.6 GHz ( L  = 9 mm).  78   The pulses corresponding to the 
highest average power were not the shortest (~ 25 ps in Reference  78 ), 
though at different operating condition, pulses < 6 ps long were realised. 
At   λ   = 890 nm, ML with an even higher average power of 489 mW at 7.92 
GHz from a 5-mm device with a 300- µ m long SA was demonstrated.  80   By 
applying fundamental and harmonic voltage modulation to a modulator 
section fabricated next to the SA section, the same team that produced 
some of the passive ML results  78   reported  hybrid  ML operation of a sim-
ilar, slightly shorter ( F   ≈  5.2 GHz) structure, with the average power of 
220 mW and the pulse duration reduced by about 20% (from 14.5 to 
11.7 ps in an example quoted) compared to the passive ML case.  81   
Colliding-pulse ML has also been realised in slab-coupled lasers, yield-
ing an average power of up to 240 mW per (uncoated) facet (480 mW in 
total) at 8.6 GHz, with pulse durations of 8–14 ps (11 ps at the highest 
power), at   λ   = 1.55 µm.  82   
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 The limitation of slab-coupled structures is that the very low confi nement 
factor limits the minimum resonator length needed to achieve lasing and is 
thus likely to pose an upper limit of at most 10–20 GHz on the repetition 
frequency, unless some form of a harmonic ML construction (Section 5.7.4) 
were to be implemented. 

 Theoretical predictions imply that asymmetric waveguide lasers such 
as those used for gain-switching (Section 5.3), which share the feature of 
large modal cross-section can deliver similar powers when operated in a 
ML regime, though so far there has been no experimental confi rmation of 
this. 

  (ii)  As mentioned in Section 5.7.1,  tapered ML lasers  also achieve high 
power by expanding the mode, in this case in the lateral rather than trans-
verse direction, and, importantly, in the gain section only. The added advan-
tage of the simultaneously increased  s -parameter (Section 5.7.1) helps 
further improving the achievable power by increasing the stable operation 
range. In the   λ   = 1300 nm QD structure analysed in Reference  65 , besides 
the high peak power of 3.6 W, the high average power of about 210 mW was 
also achieved; again, as in slab-coupled lasers, this was at somewhat differ-
ent bias conditions from those for those for shortest and most intense pulses 
(corresponding to pulses  ≈ 6 ps long at 14.6 GHz). Most recently, the laser 
design was improved further, on the basis of numerical simulations of the 
dynamic ML regimes and their dependence on the structural parameters. 
Two designs with different gain and absorber section lengths were proposed. 
One device design demonstrated the record–high peak power of 17.7 W 
with 1.26 ps pulse width ( Fig. 5.13 ) and a second design enabled the gener-
ation of a Fourier-limited 672 fs pulse width with a peak power of 3.8 W. A 
maximum output average power of 288 mW with 28.7 pJ pulse energy was 
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 5.13      (a) Schematic of a tapered QD laser for ultrahigh power pulse 

generation; (b) the pulse achieved.  
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also attained. QD tapered gain-guided lasers have therefore shown prom-
ising results as high power ultrafast and ultracompact semiconductor-based 
laser sources.    

  (iii)  Finally, in ML VECSELs, the power can be increased by increasing 
the lateral dimensions of the active area. The highest average output power 
achieved so far in such structures (and thus in any single ML SL) has been 
6.4 W, in pulses 28 ps long at  F  = 2.5 GHz.  83   For the time being, this high 
power is achieved at the expense of sacrifi cing some of the usual advantages 
of SL sources. VECSELs are external cavity structures and thus need some 
optical alignment and have a footprint somewhat larger than monolithic 
ones (although still smaller than the vast majority of non-semiconductor 
ML sources), and mostly use optical rather than injection pumping, which 
is less effi cient (the optical to optical effi ciency in Reference  83  was 17%). 
However, considerable progress has been achieved towards overcoming 
these limitations. In particular, the fi rst generation of VECSELs used sep-
arate gain chips and SESAMs; the latter could be based on QWs or dots. 
Such structures were used for generating average powers as high as 2.1 W, 
with pulse duration down to 4.7 ps at 4 repetition rate at   λ    ≈  960 nm.  84   These 
lasers required a ‘folded cavity’ with a need for non-trivial optical alignment. 
The more recent mode-locked integrated external cavity surface-emitting 
laser (MIXCEL) structures, of which the construction of Reference  83  has 
been the most successful so far, combine a QW active region and a QD 
SA layer within the same wafer structure, and thus reduce the number of 
components in the cavity to just two – the MIXCEL chip and the output 
coupler doubling as the external mirror; this also allows for a straight exter-
nal cavity, simplifying the optical alignment. The curvature of the output 
coupler, the cavity length, and the size of the pumping spot allow the size of 
the waveguide mode to be tuned (in Reference  83 , the pumping spot and 
the mode had the radii of 215 and 223 µm respectively, corresponding to a 
mode cross-section three orders of magnitude greater than in monolithic 
in-plane structures). 

 A fully vertically, monolithically or hybridly, integrated MICXEL type 
laser looks foreseeable in future. Current MIXCEL constructions are specif-
ically designed for optical pumping. They contain an intracavity multistack 
‘pump DBR’ structure which refl ects light at the pump wavelength (808 
nm in Reference  83 ), but not the signal wavelength (960 nm in Reference 
 83 ), thus blocking the penetration of pumping light into the SA but not 
affecting the cavity structure for the signal light. In principle, electrical iso-
lation of the SA and the active section (e.g., by intracavity electric contacts) 
could also be possible in vertical cavity structures so in principle electrically 
pumped MIXCEL type should be possible too. However, due to thermal 
budget considerations it is not clear how powerful these can be made.  
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  5.7.4     Engineering the bit rate: high power and high-bit-
rate operation and harmonic ML 

 Depending on the potential application, a very wide range of repetition rates 
may be required from an ML laser. A number of applications in manufactur-
ing, sensing and non-linear imaging involve high output power at moderate 
(<~ 1 GHz) repetition rates, whereas potential applications such as high-
bit-communications may benefi t from a ML laser with a multi-gigahertz (80, 
100, 160 or 640 GHz) repetition rate.  37   

 As mentioned in the previous section, low bit rates with a high power 
in a ML SL are achieved by increasing the cavity length ( L  in Equation 
[5.22]), which necessitates using an external cavity construction, whether 
edge-emitting or VECSEL. This is not a trivial task since, as follows from 
the theoretical analysis of Sections 5.5.3–5.6, at low bit rates ML lasers are 
particularly prone to switching to harmonic ML as the current (and hence 
power) is increased. Still, ML at repetition rate as low as 0.19 GHz has 
been recently realised with a QD edge-emitting laser  85   in an external cavity 
confi guration ( Fig. 5.14 ). In addition to high pulse energy, external cavity 
constructions also have the advantage of low jitter and RF linewidth (down 
to 30 Hz at some operating conditions in Reference  85 ).    

 At the other end of the repetition rate scale, multi-gigahertz repetition 
rates can be achieved by straightforwardly decreasing  L . However, this 
makes for high fabrication tolerance, and obtaining substantial ML pow-
ers from short resonators may need working high above threshold, making 
them prone to instabilities and limiting the power. Hence, harmonic ML 
techniques that use  M   h   > 1  L  in Equation [5.22] have attracted attention. 
Second harmonic operation at 80 GHz ( M  = 2) has been experimentally 
observed in standard notionally 40-GHz lasers at some operating condi-
tions (involving high current) in agreement with both DDE (see Section 
5.5.3) and travelling-wave theoretical simulations.  57   However, stable multi-
gigahertz generation by operation at higher harmonics requires specialist 
constructions. These fall into two categories. 

 The fi rst is colliding-pulse ML (CPM), including  multiple  (MCPM)  86   ,   87    and 
asymmetric  (ACPM)  88   ,   89   colliding-pulse ML constructions. These achieve 
ML at the  M   h   th  harmonic by positioning one SA (in CPM or ACPM) or sev-
eral SAs (in MCPM) at fraction(s)  M   h   ′/M   h   of the laser cavity length, where 
 M   h   ′<M   h   is an integer, and  M′  (or at least some of the values of  M   h   ′  in case 
of MCPM) and  M  are mutually prime. The standard CPM corresponds to 
 M   h   = 2 (and obviously  M   h  ′ = 1) with the SA in the centre of the cavity. 
Constructions of this type have produced ML operation at rates of up to 860 
GHz  89    −  in that particular case, the   λ   = 1.55  µ m ACPM construction used 
 M   h   ′  = 5,  M   h   = 12. A more detailed review is given in Reference  37 . 
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 The alternative harmonic ML technique is the use of a  spectrally selective 
laser cavity . This may be in the form of a  compound cavity , which has one 
or several  intracavity refl ectors  (ICR) positioned at fractions  M   h   ′/M   h   of the 
laser cavity length, rather like the SAs in the MCPM or ACPM technique. 
The highest ML repetition rates reported to date have been achieved by 
GaAs/AlGaAs (  λ    ≈  0.89  µ m) lasers with the ICRs in the shape of deeply 
etched slots, either single or multiple in a 1-D photonic bandgap (PBG) 
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mirror arrangement.  90   A 608  µ m long cavity used ICRs at 1/33 of the cavity 
lengths, giving  F  = 2.1 THz (similar structures with lower  M   h   values pro-
duced ML at bit rates of the order of hundreds of GHz depending on  M   h   
and  L ). 

 Later,  73   ,   91   the technique was extended to   λ   = 1.55  µ m by using AlGaInAs 
quaternary materials, whose short absorber recovery time (see Section 5.7.2) 
proved indispensable for high-bit-rate ML. The ICR slots in these structures 
were fi lled with dielectric (rather than air as in Reference  90 ) improving the 
reliability of the structure. Pulses as short as 0.8–0.9 ps at repetition rates 
of 160–640 GHz have been achieved,  73   ,   91   with the time-bandwidth product 
of ~0.8 indicating moderate chirp. Theoretical predictions  91   show that the 
scheme is relatively tolerant to the precision of the ICR position, with har-
monic operation (with a somewhat increased pulse duration) maintained 
for imperfections of the ICR position of up to 10 µm. 

 Theoretical analysis conducted in Reference  90  implied also that the 
stability of harmonic ML operation at high  M   h   numbers would be higher 
with several weak refl ectors than with one strong ICR, which was sup-
ported by experimental results.  90   This idea has seen its ultimate realisa-
tion in the so-called  discrete mode  laser structures. Such structures contain 
multiple ICRs, but in the form, not of deep etched structures, but of simple 
step discontinuities in the laser waveguide thickness. Taken individually, 
these steps have weaker refl ectances than deeply etched structures; how-
ever, they are more production friendly (a single step, unlike an etched 
slot, does not require high resolution ion beam etching). Tailoring the 
number of steps and the distances between them presents a very powerful 
tool for engineering the cavity to select either a single mode or a set of a 
predetermined number of equidistant modes.  92   ,   93   Originally designed for 
single-mode operation, such lasers have recently been adapted for har-
monic ML.  92   ,   93   Lasers 875  µ m long have been reported to provide nearly 
transform-limited pulses about 2 ps long, at  F  = 100 GHz ( M   h   = 2);  92   higher 
harmonic numbers should be possible as well. 

 In principle, ACPM (or MCPM) and compound cavity techniques can be 
combined in one structure. Other cavity structures that have been proposed 
for high-frequency ML not restricted by the cavity length are resonators 
with sample grating refl ectors  94   and possibly coupled-ring resonators  95   ,   96   
discussed in Section 5.8.4.   

  5.8     Novel mode-locking principles 

 This section considers novel ML principles in the light of QD materials, 
femtosecond pulse generation, spontaneous ML, miniaturisation and 
integration. 
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  5.8.1     Quantum dot materials 

 As seen from Section 4.5, much of the progress in ML laser technology 
achieved in the last decade has been associated with the use of QD ML 
lasers, which is largely to do with the novel physical properties of these 
materials.  97   ,   98   

 Ultrafast QD lasers have been considered in detail in a separate mono-
graph;  98   here, we shall reiterate only the main points relevant for ML. 

 QDs are essentially clusters of semiconductor material having all three 
dimensions of a few nanometres. QDs used in monolithic ML laser structures 
belong to the category of self-assembled QDs; they have the geometry of a 
pyramid or a truncated pyramid with a base of 5–10 nm and are arranged in 
layers (typically 1–10) within the structure, with a density of 10 10 –10 11  cm  −   2  
per layer. In each dot, electrons and holes see full three-dimensional local-
ization and are thus occupying discrete energy levels rather than continuous 
bands as in bulk or QW semiconductors; in lasers, the most signifi cant are 
transitions involving the lowest electron energy state (the ground state) and 
the next one (ES, the fi rst excited-state, sometimes referred to simply as the 
excited-state, which is a few tens of meV higher). There is no direct inter-
action between carriers in different dots; the (imperfect) thermodynamic 
equilibrium between them is achieved through the processes of capture of 
carriers from the  reservoir  formed by nearby QW and bulk layers into the 
dots, their possible thermal escape and recapture into different dots. Due 
to the dispersion of dot size and composition, there is considerable  inho-
mogeneous broadening  of optical emission and absorption in dots (about 
50–100 meV), which largely determines their emission and absorption spec-
tra. These features translate into a number of advantages, of which the fol-
lowing are relevant to ML. 

 Firstly, ML QD lasers share with other QD lasers the advantages of a 
possible low threshold, reduced amount of amplifi ed spontaneous emission 
(hence narrow linewidth/low noise), and in particular lower temperature 
sensitivity . If their high-speed performance is also proven to be resilient 
to temperature, QD lasers can become the next generation of sources for 
ultrafast optical telecoms and datacoms, because the constraint of using 
thermo–electric coolers can be avoided, thus decreasing cost and complex-
ity. In this context, we have demonstrated stable passive ML operation of 
a two–section QD laser over an extended temperature range, at relatively 
high output average powers.  99   We observed very stable ML operation from 
20°C to 70°C, with the corresponding RF spectra exhibiting signal-to-noise 
ratios well over 20 dB and a  − 3 dB-linewidth smaller than 80 kHz. The ML 
regime became less stable only at 80°C, where the  − 3 dB-linewidth was 
700 kHz and the signal-to-noise ratio was 15 dB. No self–pulsations were 
observed for all temperature ranges. It has been also shown that, perhaps 
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counter-intuitively, both the pulse duration and the spectral width decrease 
signifi cantly as the temperature is increased up to 70°C.  100   The combination 
of all these effects resulted in a 7-fold decrease of the time-bandwidth prod-
uct (the pulses were still highly chirped due to the strong self-phase modu-
lation and dispersion effects in the semiconductor material). 

 The discrete nature of QDs also helps reduce the effects of surface recom-
bination, allowing for higher pulse energies and extending the possibilities 
of etching in the laser technology (in the context of ML lasers, this helps 
precise cavity defi nition and possibly harmonic cavity techniques). 

 Secondly, the  very broad gain spectrum , and stronger spectral hole 
burning than in other type of lasers (due to inhomogeneous broadening 
exceeding the homogeneous one) tend to lead to very broad emission 
spectrum, which potentially opens a possibility of direct femtosecond 
pulse generation by ML in monolithic structures. In 2004, we demon-
strated for the fi rst time the generation of sub-picosecond pulses directly 
from a QD laser, the shortest pulse durations being 390 fs, without any 
form of pulse compression  103   from a two-section passively ML QD laser 
( Fig. 5.15 ). Owing to the excellent electrical characteristics of the device, 
it was possible to apply very high values of current and reverse bias (up to 
10V), which provided some latitude for exploring a wider range of these 
parameters. ML operation was observed over a broad range of injec-
tion currents from above laser threshold (~30 mA) up to 360 mA and 
over a relatively wide latitude of reverse bias levels on the absorber sec-
tion (from 4.5V to 10V). The broad spectrum (14 nm) and the ultrashort 
pulse durations measured suggest that the generation of pulses in the 
sub-100 fs domain may yet be possible from relatively simple QD laser 
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confi gurations. Since then, sub-picosecond pulse durations have been also 
demonstrated in single-section QD lasers (see Section 5.8.3).    

 Thirdly, as mentioned above, the role of ultrafast (characteristic time of 
50–100 fs) carrier collisions that normally establish the quasi-equilibrium 
energy distribution of carriers in a SL is taken in QD lasers by the processes 
of carrier capture and escape, which are 1–2 orders of magnitude slower. 
This means the corresponding increase in the  gain compression  in QD lasers 
by about the same order of magnitude; as discussed in Section 5.6.2, this 
suppresses the QS instability and leads to a broader range of ML; indeed, 
experimentally, the SSP instability range in QD lasers tends to be consider-
ably narrower than in QW ones with comparable performance and is often 
completely absent. 

 Fourthly, a number of advantages are associated with the properties of the 
QD  SAs , chief of which is the  short recovery time  due to fast carrier sweep-out 
out of QDs (Sections 5.6.2 and 5.7.2). SA recovery in QDs has been shown 
experimentally  55   ,   101   and theoretically  50   ,   101   to be a complex process, with at least 
two time constants involved, and both intra-level transitions (capture and 
escape of carriers) and fi eld-induced sweep-out playing a part ( Fig. 5.16a ). 
The capture and escape rates in the SA (which have an activation depen-
dence of temperature) have been shown theoretically  50   ,   102   to be responsible 
for a decrease of the SA recovery time with increasing temperature, lead-
ing to a decrease in the pulse durations. This fact was verifi ed using ultrafast 
spectroscopy to probe the absorber recovery time as a function of tempera-
ture. 100,101,   103   –105,107–109  Furthermore,  p -doping has the potential of enabling an 
accelerated gain recovery, through a pre-fi lling of the hole states, as previ-
ously demonstrated in high-speed laser modulation experiments.  105   With the 
intracavity dynamics sped up by temperature, the slowest time constant in 
the absorber response, associated in this case with the fi eld sweep-out, can be 
brought down to 1–2 ps with realistic values of reverse bias  55   ( Fig. 5.16b ).    

 This ultrafast SA recovery dynamics helped the generation of sub-pico-
second pulses from QD lasers reported by several groups.  63   ,   106   Furthermore, 
it was confi rmed that the pulse duration decreases exponentially with 
increasing reverse bias (up to 8V) on the SA.  63   This decrease was attributed 
mainly to the corresponding exponential decrease of the SA recovery time 
as the reverse bias is increased  55   (it has to be noted that there are some 
limits within which this is benefi cial; at very high bias, the laser behaviour 
degrades  107   possibly due to strong unsaturable absorption introduced, or to 
an increased spectral misalignment between gain and absorption bands). 

 The possibilities demonstrated so far open the way for the ultimate 
deployment of ultra-stable, uncooled ML SLs incorporating QD materials. 

 Another advantage of QD SAs is the low saturation fl uence (effectively, 
a high absorber cross-section at a given wavelength) due to the inhomoge-
neous nature of absorption saturation. 
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 Fifthly, QD lasers open a unique opportunity of achieving dual-wave-
length lasers, including dual-wavelength ML. It has been observed that 
laser emission in QD lasers can access the transitions in ground state (GS), 
excited state (ES) or both.  108   Sub-picosecond gain recovery has been dem-
onstrated for both GS and ES transitions in electrically pumped QD ampli-
fi ers.  109   It has also demonstrated an optically gain-switched QD laser, where 
pulses were generated from both GS and ES, and where the ES pulses were 
shorter than those generated by GS alone.  110   Passive ML via GS (1260 nm) 
or ES (1190 nm) in a QD laser demonstrated at repetition frequencies of 
21 and 20.5 GHz, respectively.  111   The switch between these two states in the 
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ML regime was easily achieved by changing the electrical biasing conditions, 
thus providing full control of the operating spectral band. It is important to 
stress that the average power in both operating modes was relatively high 
and exceeded 25 mW. In the range of bias conditions explored in this study, 
the shortest pulse duration measured for ES transitions was ~7 ps, where 
the spectral bandwidth was 5.5 nm, at an output power of 23 mW.  100   These 
pulse durations are similar to those generated by GS ML at the same power 
level. Although the pulses generated from both GS and ES ML are still far 
from the transform limit (with a time-bandwidth product exceeding 7), they 
could be reduced by using external compression techniques. 

 More recently, a dual-wavelength passive ML regime where pulses are 
generated simultaneously from both ES (  λ   = 1180 nm) and GS (  λ   = 1263 
nm), in a two-section GaAs-based QD laser.  112   This is the widest spectral 
separation (83 nm) ever observed in a dual-wavelength ML non-vibronic 
laser ( Fig. 5.17 ). The dual-wavelength ML regime was achieved in a range of 
bias conditions, which simultaneously satisfi ed the conditions for achieving 
ML via GS and ES – for current levels in the gain section between 330 and 
430 mA, and values of reverse bias between 6 and 10 V in the SA region. 
The ES levels have higher degeneracy, and consequently higher saturated 
gain than the GS. This means that a transition from the GS to the ES can be 
achieved by increasing loss, which in this case can be manipulated through 
the increase in reverse bias applied to the SA. The spectral separation 
between the two modes results in different repetition rates, due to the dis-
persive nature of the laser semiconductor material, which induces different 
cavity round-trip times for the propagation of the two modes. As such, the 
repetition rates of the generated pulses were 19.7 and 20 GHz for the ES (  λ   = 
1180 nm) and GS (  λ   = 1263 nm), respectively. The development of dual- and 
multiple-wavelength ultrafast lasers is a research area that aims to address a 
number of important applications such as time-domain spectroscopy, wave-
length division multiplexing and non-linear optical frequency conversion. In 
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this context, the compactness, lower cost and direct electrical pumping asso-
ciated with SLs form a set of attractive features for reducing the footprint 
and complexity of these applications, with the potential to also open up new 
avenues in ultrafast optical processing and optical interconnects.    

 Finally, under certain conditions, QD lasers can show  weak self-phase 
modulation  and consequently can be expected to produce nearly trans-
formed limited pulses. Unfortunately, this occurs within a relatively narrow 
current range at low currents;  113   in general, self-phase modulation of QD 
lasers has a very complex nature due to a large number of different carrier 
populations each with its own dynamics, and can be stronger than in other 
types of lasers.  114   –   117   

 It has to be noted that most of the QD laser progress, including the ultra-
short pulses and high power operation from ML lasers, has been achieved 
with InGaAsP/InP QD structures emitting at   λ   = 1.1–1.25 µm. For many 
prospective applications, particularly those in communications,   λ   = 1.5 µm 
is required. QD and Quantum Dash (QDh) lasers operating at   λ   = 1.5 µm 
have been intensely researched, and single-section QD and QDh lasers 
have shown extremely promising performance (Section 5.8.3). QD   λ   = 1.5 
µm lasers with SA-induced ML, on the other hand, do show successful ML 
operation, but the emission observed tends to show extreme chirp to the 
extent that in some experiments no pulses can be discerned in the unfi ltered 
broadband emission; pulsed structure is only visible after spectral fi ltering 
which then limits the pulse duration. Further work on these lasers will be 
necessary to optimise their behaviour and establish the possible range of 
their applications.  

  5.8.2     Femtosecond pulse generation by mode-locked 
vertical cavity lasers: coherent population effects 
as possible saturable absorption mechanism 

 One of the most important developments in ML SL technology in the recent 
years has been direct generation of ultrashort (tens to ~200 fs) pulses that 
until recently have been the domain of solid-state lasers only. Only one type 
of SL has been reported to produce such pulses, namely vertical external 
cavity disk lasers, consisting of separate gain and SESAM chips in a folded 
(V-shaped) external cavity arrangement.  118   –   121   Single pulses 260 fs long  118   
and 190 fs long at   λ   = 1040 nm  121   were obtained from such lasers, followed 
later  120   by ‘pulse molecules’ consisting of several 60-fs long pulses separated 
by intervals of about 1 ps, with an envelope about 2 ps at half maximum; this 
was the fi rst demonstration of sub-100 fs pulses, if not single, from a SL. In 
Reference  119 , pulses about 110 fs long were reported at a repetition rate of 
92 GHz, the 18th harmonic of the 29-mm long cavity. 
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 A signifi cant difference between lasers of this type and other SLs is the 
very small length of the optical path in both the gain and SA sections and 
correspondingly the low gain and absorption per pass, combined with the 
relatively broad cross-section, which makes it easier to keep the gain and 
absorption saturation per pulse weak. These features have very probably 
contributed to the uniquely short pulses generated by lasers of this type 
(about an order of magnitude shorter than the best values obtained from 
monolithic constructions at comparable bit rates). However, the qualita-
tively different pulse parameters and different regimes obtained suggest 
that different physical mechanisms may be responsible for this femtosecond 
ML regime as compared to the picosecond one more usual in SLs. Indeed, 
such short pulse durations are diffi cult to reproduce theoretically in the 
model of slow SA which usually applies in SLs (Sections 5.4.2 and 5.5.3). 
One of the teams that produced the femtosecond ML pulses attributed their 
results to coherent effects in the SESAM elements, namely the optical (ac) 
Stark effect. This effect, similar in nature to self-induced transparency, has 
the relaxation rate equal to the inverse of the dephasing (coherence decay) 
time. In semiconductors, this time is determined by carrier − carrier (and 
carrier − phonon) collisions and is of the order of 50–100 fs. This belongs to the 
 fast , rather than slow, absorber regime, when the SA recovery time is shorter 
than the pulse duration. Indeed, theoretical analysis 118,   122   showed that the 
pulse duration possible with this mechanism is about twice the dephasing 
time, which agrees well with the experiments. Further developments in this 
work, including further improvement and optimisation of pulse parameters, 
moving towards simpler structures, and improving the understanding of the 
underlying physics, can be expected in the near future.  

  5.8.3     Spontaneous mode-locking in single-section 
lasers 

 Most of the tendencies in improving ML pulse properties covered in Section 
5.7, have dealt with evolutionary improvements in the passive ML con-
structions including a SA. However, in recent years, a truly revolutionary 
development in ML laser technology occurred, when several teams have 
observed – and utilised – ML in  single-section lasers without SA sections and 
without any external modulation either.  

 QDh lasers operating at   λ   = 1.56 µm, with dash or dash-in-a-well struc-
tures, were seen to generate sub-picosecond optical pulses at cavity length 
corresponding to repetition frequencies ranging from about 10 to about 
350 GHz.  123   –   125   In a broad range of repetition frequencies, transform-
 limited operation was obtained, with pulses from about 2 ps short at 42 GHz 
to 0.56 ps at 346 GHz. 
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 The use of single-section QDh lasers for a wide range of practical applica-
tions was successfully demonstrated, showing the maturity of this technol-
ogy.  124,126   All-optical clock recovery at 40 GBit/s was achieved, with jitter 
removal demonstrated, and subharmonic clock recovery at 40 GBit/s from 
80 and 160 GBit/s streams achieved, opening the way for the use of such 
lasers for optical time-division multiplexing (OTDM) demultiplexing sys-
tems. By beating the modes of QDh lasers, microwave electrical signal was 
generated, with a RF linewidth in the range of 20–50 kHz, depending on the 
number of dash layers in the structure. Generation of an optical frequency 
comb at 100 GHz, of use for wavelength division multiplexing (WDM) com-
munications, was also successfully shown. 

 ML in  QD  single-section lasers has also been reported, in an even wider 
range of repetition frequencies (from 10 to 400 GHz), and pulse durations 
down to 0.3 ps under some conditions.  127   ,   128   

 Single-section ML has been also reported in QWs  129   ,   130   and even bulk 
materials  130   showing that the effect is fairly generic. 

 Single-section ML lasers have two considerable advantages over ML 
lasers with a SA. Firstly, the single-contact simplifi es the laser operation, 
and secondly, the absence of the SA eliminates the risk of the QS insta-
bility, which has indeed not been observed in single-section ML. Some of 
the techniques (harmonic ML, Section 5.7.4) that are used with SA ML 
may also be opened to single-section ones. Further optimisation of these 
lasers may partly depend on the establishment of full understanding of their 
behaviour. 

 At the time of writing, a universally agreed theoretical explanation for 
ML in single-section lasers is still pending, and it is not impossible that dif-
ferent effects can play the main part in different constructions. In the past, 
some authors  131   ,   132   used frequency-domain models with postulated non-
 linearity coeffi cients to show that non-linearities in single-section SLs could 
lead to a steady-state regime with fi xed phases; however, this was predicted 
to produce, not the amplitude modulation (AM) ML which corresponds to 
short pulse emission, but the so-called frequency fodulation ML, in which 
the phases of adjacent modes differ approximately by   π  , and the outcome is 
a regime with periodic carrier frequency oscillation. More recent work,  46   ,   47   
also using frequency-domain analysis with microscopically calculated  46   or 
phenomenological  47   description of linear and non-linear gain, predicted a 
possibility of ML type signal generation, including AM ML for certain cav-
ity lengths and active layer parameters, in a single-section laser with three 
modes involved in lasing, due to mode coupling by population pulsations/
four-wave mixing effects. This appears to agree in principle with travelling-
wave modelling for the case of a DBR laser without a SA;  133   the authors of 
Reference  133  also identifi ed the role of four-wave mixing in their construc-
tion. A full analysis for truly multimode Fabry − Perot construction, either 
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in time or frequency domain, which would be the fi nal proof of the validity 
of this explanation, has not however been reported yet, to the best of our 
knowledge. Yang and co-authors  130,134   put forward a theory which attributes 
the (AM) ML in single-section lasers with deeply etched waveguide struc-
tures to carrier redistribution in the lateral direction and the associated 
variations of the lateral mode profi le. Given signifi cant scattering losses 
at the lateral waveguide walls, this redistribution can reduce the losses for 
high-energy light, producing effective SA action. Stability analysis using a 
generalisation of Haus’s ML theory to the case of multiple spatial modes 
of an unperturbed waveguide supported this explanation, but qualitative 
analysis of fully developed ML is not yet available. Double lateral modes 
have been seen operating phase-locked also in a different single-section 
construction, producing a ML type regime at a frequency different from the 
round-trip.  135    

  5.8.4     Miniaturisation and integration: ring and 
microring resonator cavities 

 One important potential application of ML lasers would be as clock genera-
tors in future optoelectronic integrated circuits (OEIC). The majority of ML 
lasers studied so far, however, have been Fabry − Perot constructions with 
at least one refl ector formed by the chip facet, which makes them poorly 
suitable for integration. Fabry − Perot lasers with etched refl ectors such as 
those discussed in Section 5.7.4, Bragg lasers with DBR refl ectors either 
side, and ring resonators can all be seen as potential candidates for mono-
lithically integrable ML laser constructions. Ring lasers, in particular, have 
been attracting attention for a number of years, with the improvement of 
fabrication technology gradually removing the high scattering losses, which 
reduced the effi ciency of early structures (see review in Reference  37 ) to 
15–20% at most. In the last decade, the technology has been transferred 
from GaAs/AlGaAs structures to InGaAsP quaternaries,  136   and hybrid 
integration with silicon passive Si waveguides also realised,  137   ,   138   with avoid-
ing internal refl ectances at butt joints between different waveguide sections 
identifi ed as the necessary condition for such integration. The formula [5.22] 
in a standard ring construction is modifi ed as F M v Lh gv ring , where  L  ring  
is the ring circumference and normally  M   h   = 1. Moreover, the ring laser is 
by default a colliding-pulse structure, with clockwise and counter-clockwise 
propagating pulses colliding in the SA(s). The amplitudes of the two pulses 
are by default the same, though in an integrated structure are infl uenced by 
the relative positions of the SA, amplifi er, and output couplers.  138   

 The ring structure is more amenable to integration than a linear one; 
however, the length of the ring still remains the necessary limitation to the 
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footprint of the device. The next step towards miniaturised, integrable con-
structions of ML lasers could be the recently proposed use of coupled micror-
ing resonators, possibly embedded in a two-dimensional photonic crystal, 
for creating utlra-compact lasers for active ML.  95   ,   96   Coupled-ring resonators 
can be viewed as slow-light structures, so could allow for ML at not-too-
high (tens of GHz) repetition rates for very small physical footprints of the 
device. Theoretical analysis using the coupled-mode frequency-domain for-
malism suggests that such structures may be realisable in practice, though 
achieving stable ML poses stringent requirements on the fabrication accu-
racy.  96   Passive sub-picosecond pulse generation in microring devices has 
also been predicted theoretically, using a frequency-domain approach.  139     

  5.9     Overview of applications of mode-locked 
diode lasers 

 ML SLs are well-suited for a wide range of applications, including opti-
cal fi bre communications, optical clock distribution, clock recovery, radio 
over fi bre signal generation, optical sampling of high-speed signals and 
metrology.  140   –   143   

 In  optical communications , ML lasers (particularly QD and QDh ones) 
are poised to make a large impact on the next generation of optical networks 
and communication systems. The current InAs QD technology is well-suited 
for optical communications using the O-band (1260–1360 nm) as defi ned by 
the International Telecommunication Union (ITU-T). The O-band coincides 
with the spectral window of lowest dispersion in optical fi bres, and is of par-
ticular interest for metropolitan networks. The telecom optical C-band of 
1530—1565 nm (‘erbium window’) has also been addressed,  144   particularly 
with InP- based QDh materials as mentioned above (Section 5.8.3). 

 For OTDM, the possibility to generate pulses at very high repetition rate 
and with record-low jitter is highly desirable; here, an ML QD laser can be 
used either as a pulse source or in a clock recovery circuit. Very recently, the 
enormous potential of QD ML lasers for OTDM up to 160 Gb/s was dem-
onstrated by temporally interleaving the split output of a 40GHz hybridly 
ML QD laser.  145   Return-to-zero eye diagrams for transmission rates of 40 
and 80 Gb/s presented in this paper show clear open-eye. 

 On the other hand, the broad spectral bandwidth offered by QD structures 
can be deployed in WDMs,  146   potentially involving multi-wavelength ML. 

 Finally, very recent results have been reported showing the promise of 
QD ML lasers for the generation of microwave signals, directly from the 
intra-waveguide SA.  147   In this paper, the authors demonstrate a differential 
effi ciency of 33% in optical-to-RF power conversion, while the best extrac-
tion effi ciency of the SA is shown to be about 86% (for a 10 GHz signal). 
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These results could pave the way for a new range of applications where 
monolithic QD passively ML lasers could be used as compact RF sources 
for wireless communications.  148   

 Telecoms and datacoms are two particular niche applications that semi-
conductor ultrafast SLs have been traditionally designed to address.  37   The 
ultimate goal is to access applications that have been mainly in the domain 
of solid-state lasers. Such is the case  of biophotonics and medical applica-
tions  in particular, where compact, rugged and turnkey sources are crucial 
for the deployment of sophisticated and non-invasive optical diagnostics 
and therapeutics. In this respect, compact and simple semiconductor ultra-
fast sources based on QD materials can offer a number of advantages. 

 Optical Coherence Tomography (OCT) – a technique that enables imag-
ing with resolutions up to the micrometre level – is one of the medical 
diagnostics that may benefi t in the near future from developments in QD 
ultrafast lasers. The resolution achieved by this technique is determined 
by the wavelength and spectral bandwidth of the optical source and it is 
desirable to achieve as high a bandwidth as possible. The optical source 
used in OCT should also have a short coherence length. All these require-
ments can be satisfi ed by ML lasers, which have been the best performing 
sources deployed for OCT, in particular Ti:Sapphire lasers (800 nm) and 
Cr:Forsterite and fi bre lasers (1300 nm). However, in order to turn OCT an 
interesting and practical tool, it is crucial to decrease the footprint and com-
plexity of the laser system. Superluminescent diodes have been used to this 
end, but power levels can be very low. 

 An alternative could be to use QD-based ML lasers. The spectral range 
that is most routinely accessed with QD lasers (around 1.3  µ m) can pen-
etrate deeper into biological tissue 148–151  as it suffers less scattering and 
absorption than at 800 nm. In fact, the use of this longer wavelength has 
allowed imaging depths of 3 mm in non-transparent tissues.  151   

 It can be concluded from the content of this chapter that there is an ongo-
ing evolution in the development of ultrafast optoelectronic devices, partic-
ularly QD ones, from laboratory confi gurations to an increasingly practical 
and potentially deployable system status. Further progress will rely both on 
new insights from the fundamental science as well as technical innovations, 
and so we can predict that research and development activities in this fi eld 
are set to remain at the forefront of international endeavour for the fore-
seeable future.  

  5.10     Conclusion 

 We have attempted to review the most important developments in ultra-
short pulse generation by SLs. Due to the practical limitations and the 
increasingly broad nature of the fi eld, the choice of emphasis may have 
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been by necessity subjective; apologies are extended to those authors whose 
work may not have been given due prominence. The overall conclusion is 
that the SL technology is now successfully challenging lasers of other type 
in a wide variety of existing applications. In many cases, particularly with 
mode-locked lasers, it can be confi dently expected that new applications 
will emerge stimulated by the high performance available.  
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  Abstract : Visible III-nitride laser diodes (LDs) are key components for 
a variety of applications, including high-defi nition data storage systems, 
projectors, and displays. Device performance has been accelerated by 
the recent development of III-nitride LDs on nonpolar and semipolar 
crystal orientations, which provide a variety of benefi cial characteristics. 
In this chapter we fi rst introduce the fundamentals of III-nitride 
materials, including polarization effects and nonpolar and semipolar 
orientations. We then discuss optical properties, materials issues, and 
waveguide design for nonpolar and semipolar LDs. A brief description of 
applications for III-nitride LDs is also included, followed by a discussion 
of fabrication techniques. We then present a history of results and show 
LDs with state-of-the-art performance on nonpolar and semipolar 
orientations. Finally, future directions and information on additional 
reference materials are provided. 

  Keywords : gallium nitride, laser diode, nonpolar, semipolar.  

   6.1     Introduction 

 Group III-nitrides, including AlN, GaN, and InN, represent a remarkable 
materials system with direct bandgaps spanning the entire visible spectrum. 
Prior to the development of these materials, there existed no effi cient violet 
or blue optical devices, and green emitters based on II–VI materials char-
acteristically suffered from poor lifetimes (Kasai  et al. ,  2010 ). Over the past 
15 years, progress in materials synthesis, fabrication techniques, and device 
design has enabled high-performance III-nitride LDs operating in the vio-
let, blue, and green regions of the optical spectrum. These devices are now 
key components in an expanding cross-section of commercial products, 
including high-defi nition digital versatile disc (DVD) systems, stand-alone 
projectors, pico-projectors, televisions, and displays. 

 Optically-pumped stimulated emission was fi rst observed from GaN crys-
tals in 1971 at Bell Laboratories (Dingle  et al. ,  1971 ). The authors measured 
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relatively high material gains (~10 4 –10 5  cm  −   1 ) and thus speculated about the 
strong potential of GaN-based materials for LDs. While this prediction has 
indeed come to fruition, signifi cant challenges necessitated an additional 
25 years of development before the fi rst demonstration of an electrically 
injected III-nitride laser diode (Nakamura  et al. ,  1996a ). Key breakthroughs 
were required in epitaxial growth technology, including modifi cation of the 
traditional metal − organic chemical vapor deposition (MOCVD) reactor and 
the development of high-temperature buffer layers. To further complicate 
the situation, the large activation energy of Mg acceptors initially prevented 
any signifi cant p-type conduction. Amano  et al.  ( 1989 ) fi rst demonstrated 
p-type conduction in Mg-doped GaN using low energy electron beam irra-
diation (LEEBI). Nakamura  et al.  ( 1992a ) also realized p-type conduction 
using thermal annealing and later clarifi ed that the mechanism is related to 
passivation of Mg dopants by H radicals (Nakamura  et al. ,  1992b ). 

 While issues related to epitaxy and doping have seen substantial pro-
gress, conventional  c -plane III-nitrides also contend with large internal 
polarization-related electric fi elds, which limit the effi ciency of optical pro-
cesses and present signifi cant restrictions on device design. Alternatively, 
growth of devices on nonpolar and semipolar III-nitrides circumvents the 
issues associated with polarization-related electric fi elds and offers addi-
tional advantages for the development of higher-performance III-nitride 
LDs. Devices on these novel orientations have experienced rapid progress 
over the last several years and are quickly becoming viable alternatives to 
LDs on  conventional  c -plane GaN, particularly for the realization of higher 
effi ciency green-emitting LDs.  

  6.2     Applications of group III-nitride lasers 

 III-nitride lasers initially entered the market as sources for high-density 
optical data storage. Devices with an emission wavelength in the violet 
region (405 nm) have enabled high-density optical disc systems with approx-
imately fi ve times the storage capacity of traditional DVD systems, which 
utilize 650 nm red lasers. Sony’s Blu-Ray technology is an example of a 
high-density optical disc system. Since storage capacity is inversely propor-
tional to λ NA 2 ,  where λ  is the laser wavelength and NA is the numer-
ical aperture of the scanning objective, by decreasing the laser wavelength 
from 650 to 405 nm and by increasing the NA of the scanning objective from 
0.6 to 0.85, the tracking pitch in the system can be reduced from 0.74 to 0.32  µ m. 
With these modifi cations, the data density can be signifi cantly increased. 
For example, the single layer storage capacity is 4.7 Gb/layer for traditional 
DVDs and approximately 25 Gb/layer for Blu-Ray Discs. For optical data 
storage, single-lateral and transverse mode lasers are desirable due to their 
Gaussian output beam profi les. As a result, careful design of the waveguide 
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structure is necessitated. For read-only applications, low-power lasers emit-
ting around 20 mW are suffi cient, while for read/write applications, output 
powers exceeding 100 mW are required. Higher output powers translate 
into increased writing speeds and allow for multi-layer 3-D storage. As a 
result, signifi cant research into developing higher-power violet emitters 
continues (Koda  et al. ,  2011 ). 

 Due to their spectral purity, potential for high wall-plug effi ciency (WPE), 
and focus-free operation, lasers are also attractive components for a vari-
ety of projection and display systems such as televisions, full-color pico-
projectors, and head-up and head-mounted displays. Current televisions 
are capable of displaying only a fraction of the color gamut the human 
eye can perceive, while laser-based TVs would provide the widest possible 
color gamut with highly saturated colors. Laser-based HDTVs with screen 
sizes up to 75 ″  have been commercialized by Mitsubishi Electric, and stand-
alone laser-based projectors are commercially available from several manu-
facturers. Pico-projectors would integrate red, green, and blue lasers in a 
small-form-factor projection system that could be housed in mobile phones. 
These next-generation systems represent the largest emerging market for 
green lasers. The pico-projector market is expected to hit $1.1 billion by 
2014 (Semiconductor Today,  2009 ) and the green laser market is expected 
to reach $500 million by 2016, representing more than 45 million devices 
(Semiconductor Today,  2010 ). For applications such as this where device 
form-factor is critical, direct emission diode lasers are more attractive than 
devices based on second harmonic generation (SHG). III-nitride LDs are 
the most likely candidates to address the need for blue and green direct 
emission diodes in next-generation projection systems. In Section 6.8, recent 
progress on III-nitride green LDs is discussed.  

  6.3     Introduction to properties of III-nitrides 

 III-nitrides most commonly form in the wurtzite crystal structure, which is 
depicted in  Fig. 6.1  for the specifi c case of GaN. The Bravais lattice of the 
wurtzite structure is hexagonal and the axis perpendicular to the hexag-
onal layers is typically labeled the  c -axis ([0001] direction). The structure 
for GaN, for example, can be envisioned as two interlaced hexagonal-close-
packed (HCP) lattices, one consisting of Ga atoms and one consisting of N 
atoms, offset along the c-axis by the parameter  u . The result is a sequence 
of alternating hexagonal layers consisting entirely of one type of atom. The 
space group for the wurtzite structure is C P mcv6

4
26( )  and bonding to near-

est neighbors is tetrahedral and mixed covalent/ionic in nature. The vectors 
a1 , a2 , and c  defi ne the primitive cell, which contains Ga atoms at (0,0,0) 
and (2/3, 1/3, 1/2) and N atoms at (0,0, u ) and (2/3, 1/3, 1/2 +  u ). The values 
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for the lattice constants,  a  and  c , and the offset parameter,  u , are provided in 
 Table 6.1  for AlN, GaN, and InN.       

  6.3.1     Nonpolar and semipolar orientations 

 Traditionally, III-nitride heterostructures are grown on the basal  c -plane 
(0001) of the wurtzite crystal, which is depicted in  Fig. 6.2 a. This convention 

 Table 6.1     Values for the lattice constants,  a  and  c , and 

the offset parameter,  u , for AlN, GaN, and InN 

AlN GaN InN

 a 3.111  Å 3.189  Å 3.544  Å 

 c 4.978  Å 5.185  Å 5.718  Å 

 u 0.382 0.377 0.379

u

a

c

Ga

a→3

c→

a→1

N

a→2

 6.1      GaN crystal structure showing the primitive vectors a1 , a2 , a3 , 

and c , the offset parameter  u , and the lattice constants  a  and  c .  
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is mainly due to the wide availability of  c -plane sapphire substrates and 
the development of low-temperature buffer layers that provide relatively 
high-quality GaN templates. Consequently, the earliest high-brightness III-
nitride light-emitting diodes (LED) and LDs were demonstrated on  c -plane 
sapphire substrates (Amano  et al. ,  1989 ; Nakamura  et al. ,  1995 ,  1996 b). 
However, by 2000 there was a growing realization that the elimination of 
internal electric fi elds associated with polarization discontinuities on the 
polar  c -plane could yield devices with higher optical effi ciencies (Waltereit 
 et al. ,  2000 ). As a result, signifi cant attention turned toward the so-called 
 nonpolar  and  semipolar  orientations (see, e.g., Speck and Chichibu ( 2009 ) 
and related articles).  Figure 6.2 b through  6.2 k illustrate various nonpolar 
and semipolar orientations, along with their ( hkil ) Miller indices. Planes 
perpendicular to the  c -plane, such as the  a -plane and  m -plane, shown in  Fig. 
6.2 b and  6.2 d, respectively, intersect an equal number of Ga and N atoms 
and are nonpolar planes. The remaining planes in  Fig. 6.2  that are inclined 
between the  c -plane and a nonpolar plane are semipolar planes. Semipolar 
planes are characterized by nonzero  i  and  l  indices.    

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k)

y

x

z
z ′

y ′

x ′

(l)

(0001)

a2

a3

c

a1

(1011) (1011) (1012)

(2021) (2021)(3031)(3031)

(1122) (1010)(1120)

θ

θ

φ

 6.2      Various polar, nonpolar, and semipolar orientations, along with the 

coordinate systems used throughout this chapter.  
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 The coordinate systems used throughout this chapter are illustrated in 
 Fig. 6.2 l. The directions x, y, and z correspond to the [1010] , [1210] , and 
[0001] directions, respectively. Note that x points along the  m -direction 
and y points along a2 . Therefore, rotation around the y-axis (  φ   =  0° ) by 
the angle   θ   produces the family of planes that includes nonpolar (1010)  
( m -plane), semipolar (1011) , and semipolar ( ) , while rotation by the 
angle   θ   with   φ   = 30° produces the family of planes that includes nonpolar 
(1120)  ( a -plane) and semipolar (1122) . Primed coordinates x ′ , y ′ , and z ′  
are used to describe nonpolar and semipolar planes in the rotated system, 
where x ′  and y ′  lie within the plane of the quantum wells and z ′  points along 
the growth direction.  Table 6.2  lists various crystal planes and the associ-
ated values of  φ  and   θ  .     

  6.3.2     Band gaps and lattice constants 

  Figure 6.3  shows a plot of energy gap  vs  in-plane lattice constant for the 
wurtzite III-nitride materials system. The binary compounds have room-
temperature band gaps ranging from 0.61 eV (InN) to 3.44 eV (GaN) to 6.00 
eV (AlN). The binary band gaps and lattice constants, and the ternary bow-
ing parameters are taken from Vurgaftman and Meyer ( 2007 ). The triangular 
area bounded by the binary compounds represents Al  y  In  x  Ga 1  −   x   −   y  N quater-
nary alloys and the vertical dashed line represents quaternary and ternary 
alloys that are lattice matched to GaN. In general, the workhorse alloys for 

 Table 6.2     Various crystal planes and 

the associated values of    and   

Orientation      (°)      (°)

(0001) 0 0

( )  − 30 90

( )  − 30 58

( ) 0 90

( ) 0 80

( ) 0 100

( ) 0 75

( ) 0 105

( ) 0 62

( ) 0 118

( ) 0 43
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optical devices, In  x  Ga 1  −   x  N and Al  y  Ga 1  −   y  N, are not lattice matched to GaN. For 
example, an In  x  Ga 1  −   x  N fi lm with  x  = 0.25 has a lattice mismatch with GaN of 
approximately 3%. The magnitude of the lattice mismatch also increases as 
the indium mole fraction increases, which complicates the growth of longer 
wavelength emitters.    

 LEDs constitute the majority of commercial III-nitride devices. They 
are typically grown on foreign substrates, such as sapphire (Al 2 O 3 ) or SiC, 
because native GaN substrates are relatively expensive and less readily 
available. The lattice mismatches for GaN fi lms grown on sapphire and SiC 
are approximately 16% and 4%, respectively. As a result, LEDs grown on 
sapphire or SiC typically contain a high density (10 8 –10 9  cm  −   2 ) of threading 
dislocations (TDs) (several orders of magnitude higher than that of AlInGaP 
or InGaAs devices). Despite this, compositional fl uctuation issues associ-
ated with InGaN are postulated to be responsible for the relative insensi-
tivity of III-nitride LEDs to dislocations (Chichibu  et al. ,  2009 ), and devices 
grown on sapphire have achieved remarkable wall-plug effi ciencies (>80%) 
(Narukawa  et al. ,  2010 ) and operating lifetimes (~50 000 h). Nevertheless, 
III-nitride LDs operate at signifi cantly higher current densities than LEDs, 
and epitaxial layers with substantially reduced dislocation densities are 
required to achieve long lifetimes and high yields. This restriction initially 
led to the development of epitaxial lateral overgrowth (ELO) techniques 
(Kapolnek  et al. ,  1997 ; Usui  et al. ,  1997 ; Zheleva  et al. ,  1997 ; Tomiya  et al. , 
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 6.3      Energy gap  vs  in-plane lattice constant for the wurtzite III-nitride 

materials system. The triangular area bounded by the binary compounds 

represents Al  y  In  x  Ga 1  −   x   −   y  N quaternary alloys and the vertical dotted 

line represents quaternary and ternary alloys that are lattice matched 

to GaN.  
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 2004 ) and provided motivation for the development of free-standing GaN 
substrates (Motoki  et al. ,  2001 ; Fujito  et al. ,  2008 ; Paskova and Evans,  2009 ; 
Dwilinski  et al. ,  2011 ).  

  6.3.3     Polarization and internal electric fi elds 

 Due to the polar nature of the Ga-N bond and the lack of inversion symme-
try in the wurtzite crystal structure, III-nitrides are characterized by spon-
taneous and piezoelectric polarization (Bernardini  et al. ,  1997 ; Fiorentini 
 et al. ,  1999 ). These polarizations generate internal electric fi elds in III-nitride 
materials that signifi cantly impact device performance. The majority of the 
discussion here will focus on polarization effects in In  x  Ga 1  −   x  N fi lms since 
III-nitride LDs typically employ quantum wells composed of In  x  Ga 1  −   x  N. 
For a further review of polarization effects in III-nitride heterostructures 
see Yu ( 2003 ). Spontaneous polarization is an intrinsic material property 
related to the nature of the bonds and is present in lattices under equilib-
rium. It arises primarily from bonding asymmetry and requires a deviation 
in the c/a ratio from that of an ideal HCP structure. On the other hand, 
piezoelectric polarization only exists in pseudomorphically-grown strained 
layers (e.g., InGaN grown on GaN) and is the result of mechanical stress. 
III-nitride fi lms with higher alloy compositions experience increased strain 
and, as a result, increased piezoelectric polarization. This consequence plays 
an important role in the design and realization of green LDs, which require 
quantum wells with In mole fractions of approximately 30%.  Figure 6.4 a 
shows the directions of spontaneous and piezoelectric polarization for GaN, 
In  x  Ga 1  −   x  N, and Al  y  Ga 1  −   y  N fi lms on GaN substrates. For all confi gurations the 
spontaneous polarization always points from the cation (Ga) to the anion 
(N) parallel to the [ ]  direction. On the other hand, the direction of the 
piezoelectric polarization depends upon the nature of the strain, pointing 
in opposite directions for compressive and tensile strained layers. The total 
polarization in a given layer is the sum of the spontaneous and piezoelec-
tric polarizations. The spontaneous polarization as a function of In compo-
sition for a  c -plane In  x  Ga 1  −   x  N fi lm can be calculated using Vegard’s Law 
(Fiorentini  et al. ,  1999 ):   

    P xP PspPP spPP spPPxPPP( )x xG ( ) ( )x1 ( )GaN        [6.1]  

where  P  sp  (InN) and  P  sp (GaN) are the spontaneous polarizations for the 
constituent binary alloys, InN and GaN, respectively. These values have 
been theoretically calculated and are listed in  Table 6.3.  The piezoelectric 
polarization as a function of In composition for a  c -plane In  x  Ga 1  −   x  N fi lm 
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(a)

GaN InGaN AlGaN

InGaN InGaN InGaN

Psp Epz

Epz EpzEpz

Psp EspEpzPpzPpz

Ppz PpzPpz

Psp

PspPsp

Esp

Esp

Psp
EspEsp

Esp

Unstrained

(0001) GaN substrate (0001) GaN substrate (0001) GaN substrate

(1010) GaN substrate (2021) GaN substrate (1122) GaN substrate

Nonpolar Semipolar (2021)

Compressive Tensile

(b) Semipolar (1122)

6.4      (a) Polarization and electric fi eld directions for unstrained, 

compressively strained, and tensiley strained fi lms on Ga-face  c -plane 

GaN substrates. (b) Polarization and electric fi eld directions for 

nonpolar ( ) , semipolar ( ) , and semipolar ( )  InGaN fi lms 

on GaN substrates.  P  sp  always points toward the [ ]  direction.  

Table 6.3     Spontaneous polarizations (P sp ), piezoelectric coeffi cients (e 31 , e 33 ), and 

elastic coeffi cients ( C  13 ,  C  33 ) for GaN, InN, and AlN 

Material  P  sp  (C/m 2 )  E  31  (C/m 2 )  e  33  (C/m 2 )  C  13  (GPa)  C  33  (GPa) ( e  31  –  e  33 ( C  13 / C  33 ))

GaN  − 0.029  − 0.49 0.73 103 405  − 0.68

InN  − 0.032  − 0.49 0.73 92 224  − 0.79

AlN  − 0.081  − 0.58 1.55 108 373  − 1.03

pseudomorphically grown on a GaN substrate/template can be calculated 
by (Yu,  2003 ):   

    P
a a

a
e e

C

CpzPP GaN Ia nGaN

InGaN
3e 1 3e 3

13

33

2( )xIn Ga N1 xN =
⎛
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⎝⎝

⎞
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       [6.2]  

where  a  GaN  and  a  InGaN  are the in-plane lattice constants of the GaN substrate/
template and the In  x  Ga 1  −   x  N fi lm, respectively, e31  and e33  are the piezo-
electric coeffi cients for the In  x  Ga 1  −   x  N fi lm, and 13  and C33  are the elastic 
coeffi cients for the In  x  Ga 1  −   x  N fi lm, all of which can be calculated from the 
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constituent binary values (see  Table 6.3 ) using Vegard’s Law. In III-nitride het-
erostructures, discontinuities between the total polarization in adjacent layers 
give rise to sheet charges at the heterojunction interfaces via the relation:

   ∇⋅ = ∇ ( )+ ( )+ ( )+P = ∇⋅( ) = − ⇒ ( ) (pol σ) =ρ ⇒ ( )+ ( +⇒ ) −pol layer aye pol21
( ))(

layer
    

  [6.3]  

where  P  sp  and  P  pz  are the total spontaneous and piezoelectric polarizations in 
each layer,   ρ   pol  is the volume charge density, and   σ   pol  is the sheet charge den-
sity at the heterojunction interface. For nonpolar and semipolar orientations, 
Equations [6.1], [6.2], and consequently [6.3], must be modifi ed by the appro-
priate coordinate transformation (Romanov  et al. ,  2006 ). Several groups have 
performed calculations of the total polarization discontinuity parallel to the 
growth direction between GaN and strained In  x  Ga 1  −   x  N layers of arbitrary 
crystal orientations (Takeuchi  et al.,   2000 ; Romanov  et al. ,  2006 ; Wei  et al.,  
 2010 ).  Figure 6.5  shows the result of this calculation for various In composi-
tions, where we have followed the approach used by Romanov  et al.  ( 2006 ). 
Also indicated on the plot are the locations of several common nonpolar and 
semipolar planes, and the conventional Ga-face and N-face  c -planes. The total 
polarization discontinuity is maximum for  c -plane (0001) fi lms, crosses zero 
around 45°, switches polarity, and again becomes zero for the case of nonpo-
lar ( ) . For angles beyond 90°, the total polarization discontinuity follows 
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a similar trend with opposite sign and direction.  Figure 6.5  demonstrates that 
specifi c orientations may be selected to reduce or eliminate polarization in 
these heterostructures. We note that there is some debate regarding the exis-
tence or exact location of the polarization cross-over in  Fig. 6.5 , which strongly 
depends on the sign of the piezoelectric tensor component  e  15  (Feneberg and 
Thonke,  2007 ; Feneberg  et al. ,  2010 ). However, more recent experiments using 
electro-refl ectance on semipolar In  x  Ga 1  −   x  N quantum wells have confi rmed 
the cross-over in polarization, determining that it occurs somewhere below 
an angle of 58° (Shen  et al. ,  2009 ; Funato  et al. ,  2010 ).    

 The interface sheet charges produced by the polarization discontinuities in 
III-nitride heterostructures (see Equation [6.3]) induce internal electric fi elds 
that are on the order of MV/cm. For  c -plane (0001) fi lms the internal elec-
tric fi elds are entirely parallel to the growth direction. Conversely, on nonpo-
lar orientations the internal electric fi elds are entirely perpendicular to the 
growth direction. On semipolar orientations the electric fi elds are directed at 
an angle between 0° and 90° or 90° and 180° with respect to the growth direc-
tion.  Figure 6.4 a illustrates the internal electric fi eld directions for  c -plane 
GaN, In  x  Ga 1  −   x  N, and Al  y  Ga 1  −   y  N fi lms on GaN substrates, while  Fig. 6.4 b shows 
the directions for nonpolar ( ) , semipolar ( ) , and semipolar ( )  
In  x  Ga 1  −   x  N fi lms. We note that due to the relatively small difference in sponta-
neous polarization between GaN and InN, polarization effects in In  x  Ga 1  −   x  N 
are dominated by the piezoelectric component. For Al  y  Ga 1  −   y  N fi lms, both 
types of polarization must be accounted for to obtain a clear picture. For an 
In  x  Ga 1  −   x  N multiple quantum well active region with GaN barriers, the elec-
tric fi elds in the quantum wells and barriers along the growth direction can be 
estimated from the following expressions (Butte and Grandjean,  2008 ):

    

E L L
P

B BQW
pzPP QW( )P PBspPP spPP QW

( )L LB BQW QW

− ( )L LB BQW QW

B sp ,

LLQ LLQ        
[6.4]

  

    
E E

L

LB
B

QW
QW

       

where the subscripts QW and  B  denote the quantum well and barrier, 
respectively, and  L  and   ε   are the layer thickness and static dielectric con-
stant, respectively.  

  6.3.4     Energy band diagrams 

 The consequences of internal electric fi elds are easily illustrated by examin-
ing a simple heterostructure in the form of an InGaN quantum well.  Figure 
6.6 a shows the band diagram and corresponding ground-state wavefunctions 
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for a 3 nm thick In 0.23 Ga 0.77 N quantum well clad by GaN on  c -plane GaN 
under low bias (100 A/cm 2 ). The discontinuity in piezoelectric polarization 
between the In 0.23 Ga 0.77 N quantum well and GaN cladding causes an electric 
fi eld in the quantum well pointing in the [ ]  direction, which is oppo-
site to that of the built-in electric fi eld. The energy bands are accordingly 
distorted and a spatial separation between the electron and hole wavefunc-
tions results. This phenomenon is known as the quantum-confi ned Stark 
effect (QCSE) (Chichibu  et al. ,  1996 ; Takeuchi  et al. ,  1997 ). Although some 
Coulomb screening of the electric fi eld occurs at typical LD injection levels 
(e.g., 5 kA/cm 2 ), the electron-hole overlap integral on  c -plane remains in the 
range of 0.3–0.5 for quantum well thicknesses between 2 and 4 nm (Strauss 
 et al. ,  2011 ). The relatively poor overlap integral reduces the strength of 
the transition matrix element, lowers the optical effi ciency of the quantum 
well, and limits the available optical gain. Spatial separation of the wave-
functions increases with quantum well thickness and therefore  c -plane 
quantum wells are typically only 2–3 nm thick. Additionally, due to the dis-
tortion of the energy bands from polarization-related sheet charges, the 
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photoluminescence (PL) emission wavelength of a  c -plane quantum well 
under zero bias is red-shifted compared to a quantum well with no polariza-
tion effects. This red shift increases with quantum well thickness and can be 
utilized to achieve a given emission wavelength (e.g., 520 nm) with a lower 
In content than a quantum well with no polarization effects (Strauss  et al. , 
 2011 ). However, with increasing bias, the energy bands fl atten somewhat 
and the emission wavelength of the quantum well blue shifts as the inter-
nal electric fi elds are screened by the injection of free carriers. For  c -plane 
LDs with high In contents, the blue shift between spontaneous emission 
and lasing can be quite substantial (>30 nm) and potentially erases any ben-
efi ts from the originally red-shifted emission. A design trade off emerges 
for  c -plane quantum wells: thicker wells require less In to achieve a given 
emission wavelength but suffer from a lower electron-hole overlap integral, 
while thinner wells have an improved electron − hole overlap integral but 
require more In to achieve a given emission wavelength.     

  6.3.5     Motivation for nonpolar and semipolar orientations 

 An alternative that provides considerable design fl exibility is to grow 
LDs on nonpolar or semipolar orientations. Nonpolar orientations are 
completely free from polarization-related electric fi elds, and semipolar ori-
entations have signifi cantly reduced fi elds.  Figure 6.6 b and  6.6 c show the 
band diagrams and corresponding ground-state wavefunctions for a 3 nm 
thick In 0.23 Ga 0.77 N quantum well clad by GaN on semipolar ( )  GaN 
and semipolar 

q
( )  GaN, respectively. For these orientations the polar-

ization-related electric fi eld is reduced to approximately 20% of that in a 
c -plane quantum well. Additionally, the polarization-related electric fi elds 
in the ( )  and ( )  quantum wells are parallel and antiparallel to 
the built-in electric fi eld, respectively. This suggests that, for a given indium 
content, a particular semipolar orientation may be chosen that results in the 
cancellation of the built-in electric fi eld and the polarization-related electric 
fi eld. Indeed, for blue emission wavelengths the ( )  orientation results 
in such a condition and nearly fl at-banded quantum wells at low biases. For 
the case of nonpolar ( )  there is no polarization-related electric fi eld 
component along the growth direction and the wavefunction overlap is 
close to unity. This situation is depicted in  Fig. 6.6 d. 

 With the constraints from polarization-related electric fi elds lifted, a 
relatively free choice of quantum well width is allowed on nonpolar and 
semipolar orientations. Early work demonstrated decreased radiative life-
times from nonpolar ( )  quantum wells compared to  c -plane quantum 
wells and the difference was attributed to a higher electron − hole overlap 
integral in the nonpolar quantum wells (Waltereit  et al. ,  2000 ). Theoretical 
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calculations have also predicted a signifi cantly enhanced transition matrix 
element, largely due to the increased  e – h  overlap integral, for quantum wells 
on nonpolar and semipolar orientations (Park  et al. ,  2008 ). Consequently, 
quantum wells on these orientations should have higher radiative effi cien-
cies than those on  c -plane. Furthermore, a multitude of additional unique 
characteristics such as polarized emission, anisotropic gain, and reduced 
effective hole mass result. These differences from  c -plane structures provide 
signifi cant motivation to thoroughly explore optical devices on nonpolar 
and semipolar orientations.   

  6.4     Optical properties of nonpolar and semipolar 
III-nitrides 

 Compared to  c -plane InGaN quantum wells, higher optical gain has been 
theoretically predicted for nonpolar and semipolar quantum wells. A com-
plete treatment of optical gain in a quantum well requires knowledge of 
the band structure, the transition matrix elements, and the quasi-Fermi 
level positions for a given injection level. These parameters are typically 
determined using a 6  ×  6   k .           p  -model and by solving Schrodinger’s equa-
tion and Poisson’s equation self-consistently (Scheibenzuber  et al. ,  2009 ). 
However, to simply illustrate the dependence of the optical gain on crystal 
orientation in III-nitrides, it is instructive to examine the various terms in 
the expression for gain. The expression for gain for states separated by 
energy  E  21  =  E  2   −   E  1  is given by:

    
g M ET r

2
21⋅ ( ) ( )f fc vff ff−fρ

    
[6.5]

  

where MT
2

 is the square of the transition matrix element, ρr E21( )  is the 
reduced density of states for a transition between  E  2  and  E  1 , and  f   c   and  f   v   
are the Fermi occupation probabilities at energies  E  2  and  E  1 , respectively 
(Coldren and Corzine,  1995 ). Each of the components in the gain expression 
is signifi cantly modifi ed for nonpolar and semipolar In  x  Ga 1  −   x  N quantum 
wells. In the following sections, we will examine the components of the gain 
expression in more detail and discuss their effects on the gain and threshold 
characteristics of nonpolar and semipolar LDs. 

  6.4.1     Transition matrix element, band structure, 
and polarized light emission 

 Nonpolar and semipolar quantum wells offer the potential to increase 
the magnitude of the transition matrix element, which enters directly into 
the expression for optical gain. The transition matrix element determines 
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the strength of the optical transitions and introduces to the gain depen-
dencies on wavefunction overlap and polarization. The transition matrix 
element is given by:

    
M p u FT c v

2 2
2 1FF 22 >| |ucu . | |uv > | |F2FF< |e

    [6.6]  

where  u   c   and  u   v   are the basis states (Bloch functions) for the conduction 
and valence bands, respectively,  a unit polarization vector indicating the 
direction of the electric fi eld,  p  is the momentum operator, and  F  2  and  F  1  
are the wavefunction envelope functions for the conduction and valence 
bands, respectively (Coldren and Corzine,  1995 ). The square of the wave-
function overlap integral, |>F||2 1|| 2 , is strongly infl uenced by the degree 
of the QCSE and depends upon the width and composition of the quan-
tum well. Early theoretical work by Takeuchi  et al.  yielded the wavefunc-
tion overlap versus crystal orientation for a 3 nm In 0.10 Ga 0.90 N quantum well 
(Takeuchi  et al. ,  2000 ).  Figure 6.7  shows that the square of the wavefunc-
tion overlap integral more than doubles when going from the polar (0001) 
orientation to the nonpolar ( )  orientation. This increases the overall 
transition matrix element for nonpolar and semipolar quantum wells, which 
leads to increased optical gain. The difference between polar and nonpo-
lar is even more pronounced for thicker quantum wells and higher indium 
compositions due to the more pronounced QCSE. We note that the angle 
of maximum overlap for the semipolar planes in  Fig. 6.7  depends upon 
the zero-crossing of the total polarization discontinuity in  Fig. 6.5 , which 
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depends upon the values of the piezoelectric and elastic constants used in 
the calculations. Zero-crossings of 39° (Takeuchi  et al. ,  2000 ), 42° (Wei  et al. , 
 2010 ), and 45° (Romanov  et al. ,  2006 ) have been reported.    

 The remaining term in the transition matrix element, u e p uc ve p u. 2
, 

contains the polarization dependence of the optical transitions and 
depends upon the specifi c symmetries of the conduction and valence 
band basis states. For  c -plane wurtzite GaN, the conduction band is pri-
marily composed of s-like states, while the valence band has the character 
of p-orbitals and includes heavy-hole (HH), light-hole (LH), and split-off 
(CH) bands. Around the Γ-point,  the top two valence bands (HH and 
LH) are composed of | X iY  basis states and the split-off band is com-
posed of | Z  basis states. Since the wurtzite crystal structure possesses six-
fold azimuthal symmetry around the  c -axis, biaxial compressive strain on 
 c -plane fi lms has little consequence on the character of the valence bands. 
Thus, even under compressive strain, the HH and LH bands remain com-
posed of | X iY  valence band basis states. The emission from a compres-
sively strained InGaN quantum well on  c -plane is therefore isotropic and 
unpolarized in the  x-y  plane.  Figure 6.8 a shows the valence band dispersion 
curves for a 3 nm In 0.20 Ga 0.80 N quantum well on  c -plane GaN in the  x-y  
plane (Scheibenzuber  et al. ,  2009 ). The valence band subbands in the quan-
tum well are labeled A1, B1, A2, and B2, and are the quantum-confi ned 
bands corresponding to the bulk valence bands A and B. Any inclination 
of the crystal with respect to the  c -axis breaks the in-plane symmetry and 
results in an anisotropic strain tensor. InGaN quantum wells on nonpolar 
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and semipolar orientations experience unbalanced in-plane biaxial strain, 
which signifi cantly modifi es the band structure compared to  c -plane.  Figure 
6.8 b shows the valence band dispersion curves for a 3 nm In 0.20 Ga 0.80 N 
 quantum well on nonpolar GaN in the  x ′ -y ′   plane. Several differences from 
the  c -plane dispersion curves are evident. The top two valence bands for the 
nonpolar quantum well are further separated in energy compared to the 
c -plane quantum well, which emphasizes emission from the topmost band 
under typical injection levels. Additionally, nonpolar and semipolar planes 
experience valence band mixing, with the  c -plane basis states combining to 
form new valence band states. For the nonpolar ( )  case, the topmost 
valence band (A1) becomes entirely composed of Y Y ′  states and the 
next lower valence band (B1) becomes entirely composed of Z X ′  
states near the Γ -point. This results in fully y ′ -polarized emission from the 
topmost valence band and fully x ′ -polarized emission from the next lower 
valence band. Since emission from the highest energy band is most proba-
ble (due to the Fermi occupation probability), nonpolar quantum wells emit 
light that is strongly y ′  polarized. For semipolar quantum wells, the valence 
band states become a partial mix of the original X iY , X iY ,  and 
Z  bases, giving rise to varying degrees of polarization (Schade  et al. ,  2011 ; 

Scheibenzuber  et al. ,  2011 ). The separation of the top two valence bands, 
along with band-mixing effects, forms the basic mechanism for polarized 
light emission from nonpolar and semipolar strained quantum wells. The 
degree of in-plane polarization (i.e., anisotropy) is described by the polari-
zation ratio, which is given by:   

    
ρ =

′ ′
′ ′

I I′ −
I I′ +

y xI

y xI+
       

[6.7]
  

where ′Iy  is the intensity of light polarized along the y ′ -direction and 
′IxI  is the intensity of light polarized along the x ′ -direction. This metric is 

also directly related to the difference between the squares of the transi-
tion matrix elements for the y ′ -direction and the x ′ -direction. The polar-
ization ratio for various orientations has been extensively studied (Ueda 
et al. ,  2008 ; Kyono  et al. ,  2010 ; Brinkley  et al. ,  2011 ; Schade  et al. ,  2011 ; Zhao 
et al. ,  2011 ). For  c -plane InGaN quantum wells, the polarization ratio is 
essentially zero. In contrast, values greater than 0.9 have been reported for 
nonpolar quantum wells (Brinkley  et al. ,  2011 ). An increase in polarization 
ratio with increasing indium content has been predicted and observed for 
several planes (Kojima  et al. ,  2008 ; Zhao  et al. ,  2011 ), while the semipolar 
( )  plane shows a characteristic switch in the dominant polarization 
direction at an indium content of approximately 25% (Ueda  et al. ,  2008 ; 
Huang  et al. ,  2010 ; Scheibenzuber  et al. ,  2011 ). As a result of the optical 
polarization properties of nonpolar and semipolar III-nitrides, the optical 
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gain is anisotropic within the plane of the quantum wells. Consequently, 
specifi c waveguide orientations will maximize the optical gain. For non-
polar and semipolar lasers, orientation of the ridge along the  c -axis or the 
projection of the  c -axis typically provides the highest gain. 

 The normalized matrix element describes the relative transition strengths 
for various polarizations and includes the effects of wavefunction overlap 
and polarization dependence. This parameter has been calculated for var-
ious crystal orientations for a 3 nm In 0.15 Ga 0.85 N quantum well with a 2-D 
carrier density N 2D  = 20  ×  10 12  cm  −   2  (Park,  2003 ; Park  et al. ,  2008 ).  Figure 
6.9 a shows the dependence of transition strength on crystal angle for y ′ -
polarized ( )y

2
dd

 and x ′ -polarized ( )x
2

 light. A several-fold increase in 
the matrix element for y ′ -polarized light is observed as the crystal angle pro-
gresses from polar  c -plane (0°) to nonpolar  m -plane (90°). For x ′ -polarized 
light, a decrease is observed. The increase observed for y ′ -polarized light 
results from band-mixing effects (i.e., the topmost valence band becomes 
dominated by ′Y )  and the increased wavefunction overlap. Note that the 
values shown in  Fig. 6.9  for the normalized matrix element are averaged 
over all states in the  k   x   ′   −   k   y   ′  plane due to the in-plane anisotropy for non-
 c -oriented crystals.     

  6.4.2     Density of states, gain and transparency 

 Further inspection of the nonpolar band structure in  Fig. 6.8 b reveals that the 
hole effective mass in the  k   x   ′   −   k   y   ′  plane is anisotropic. In the  k   y   ′  direction, for 
the topmost (A1) subband, the effective mass is signifi cantly reduced for a 
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range of  k   y   ′  values. Semipolar orientations show similar modifi cations to the 
valence band structure and effective mass (Kojima  et al. ,  2010a ).  Figure 6.9 b 
shows a calculation of the average hole effective mass in the  k   x   ′   −   k   y   ′  plane 
versus crystal orientation for a 3 nm In 0.15 Ga 0.85 N quantum well with N 2D  = 
20  ×  10 12  cm  −   2  (Park,  2003 ). Note that the average effective mass depends 
upon the carrier density due to the non-parabolic nature of the valence 
bands. For nonpolar and semipolar orientations,  Fig. 6.9 b reveals that the 
average effective mass is lower, mainly due to the lower effective mass in 
the  k   y   ′  direction. This translates to a smaller reduced density of states, which 
affects the quasi-Fermi level separation for a given carrier density.  Figure 
6.9 c shows the separation of the quasi-Fermi levels versus crystal orienta-
tion for a 3 nm In 0.15 Ga 0.85 N quantum well with N 2D  = 20  ×  10 12  cm  −   2  (Park, 
 2003 ). The quasi-Fermi level separation ΔEfc ( )2DD

EΔ fv  is defi ned as the energy 
difference between the quasi-Fermi level and the ground-state energy in the 
conduction (valence) band. The quasi-Fermi level separation increases as 
the angle of inclination increases. This allows for the transparency condition 
(i.e., E E Efc fv g=Ef )  to be more easily achieved on nonpolar and semipolar 
orientations. Recent experimental evidence suggests a lower transparency 
carrier density and current density for nonpolar  m -plane lasers than polar 
 c -plane lasers (Farrell  et al. ,  2011 c; Melo  et al. ,  2012 ). 

 The cumulative result of the increased transition matrix element and 
larger quasi-Fermi level separation on nonpolar and semipolar orientations 
is increased optical gain.  Figure 6.10  shows the  y  ′ -polarized peak optical 
gain versus crystal orientation for a 3 nm In 0.15 Ga 0.85 N quantum well with 
N 2D  = 20  ×  10 12  cm  −   2  (Park,  2003 ). In  Fig. 6.10 , the gain increases by a factor 
of more than two when rotating the crystal from  c -plane to  m -plane. Other 
groups have calculated an increase of up to a factor of ten (Scheibenzuber 
et al. ,  2009 ). Note that due to the anisotropy in the transition matrix ele-
ments and band structure, the gain is also anisotropic within the quantum 
well plane (Kojima  et al. ,  2010b ). For nonpolar  m -plane, the optical gain for 
 x  ′ -polarized light is a factor of three to four lower than that for  y  ′ -polarized 
light.    

 Several groups have performed gain measurements on nonpolar and 
semipolar lasers (Sizov  et al. ,  2009 ; Rass  et al. ,  2011 ; Melo  et al .,  2012 ). Sizov 
 et al.  ( 2009 ) employed the variable stripe length (VSL) method (Shaklee 
 et al. ,  1973 ) to verify the optical gain anisotropy on semipolar ( ) . The 
authors reported that the gain for light propagating along the 

(
[ ]  direc-

tion was approximately twice that of light propagating along the [ ]  
direction. These measurements were extended by Rass  et al.  ( 2011 ) to 
include analysis of transverse electric (TE) and transverse magnetic (TM) 
modes and birefringence. Researchers at Kyoto University and Sumitomo 
Electric Industries (SEI) also measured the gain spectra of violet, blue, and 
blue-green  c -plane LDs and green semipolar ( )  LDs (Kim  et al. ,  2011 ) 
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using the Hakki-Paoli method (Hakki and Paoli,  1975 ). Gain saturation 
was observed for the  c -plane devices emitting at 440 and 470 nm and for 
the semipolar ( )  device emitting at 527 nm. Gain saturation was not 
observed for the  c -plane device emitting at 404 nm. The degree of gain satu-
ration observed for the true-green semipolar ( )  device was similar to 
that of the blue − green  c -plane device, suggesting that gain saturation effects 
may be reduced on some semipolar orientations. Gain saturation typically 
occurs for longer wavelength III-nitride LDs, suggesting the presence of 
gain suppression mechanisms such as potential fl uctuations, Shockley-
Read-Hall (SRH) recombination, Auger recombination, or current over-
fl ow. These mechanisms may not completely clamp at threshold and may 
reduce the injection effi ciency. In contrast to  c -plane LDs, SEI observed that 
inhomogeneous broadening is suppressed in ( )  LDs, suggesting that it 
is not primarily responsible for gain saturation on this orientation. 

 While the reduced effective mass on nonpolar and semipolar orientations 
suggests that the transparency  carrier densities  should be lower on nonpolar 
and semipolar orientations, it is not  a priori  clear that lower transparency 
 current densities  will follow. To translate between transparency carrier den-
sity and transparency current density an empirical model of the following 
form is often employed:

    

J

qd

N
AN BN CNtr tr

tr tr tr= ( )Ntr

+ANtr= +( )τ
2 3CN+

    
[6.8]
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 6.10       y   ′ -polarized peak optical gain  vs  inclination angle for a 3 nm 

In 0.15 Ga 0.85 N quantum well with N 2D  = 20  ×  10 12  cm  −   2 . Source: After Park 

( 2003 ).  
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where  N  tr  is the transparency carrier density,  J  tr  is the transparency current 
density,   τ  ( N  tr ) is the transparency carrier lifetime, and  A ,  B , and  C  are the 
SRH, bimolecular, and Auger recombination coeffi cients, respectively. Due 
to the higher wavefunction overlap in nonpolar and semipolar QWs, shorter 
carrier lifetimes have been experimentally observed (Waltereit  et al. ,  2000 ; 
Wunderer  et al. ,  2007 ; Funato and Kawakami,  2008 ) and a higher bimolecular 
recombination coeffi cient has been theoretically predicted (Park, 2003b) for 
nonpolar and semipolar orientations. Consequently, although  N  tr  is reduced 
due to band structure modifi cations,   τ  ( N  tr ) is also reduced and the resulting 
direction of change in  J  tr  depends upon the ratio of the changes in  N  tr  and 
  τ  ( N  tr ). A recent experimental comparison of  J  tr  for  c -plane and  m -plane vio-
let and blue lasers using Hakki-Paoli gain measurements shows lower  J  tr  for 
the  m -plane structures, suggesting that the reduced  N  tr  dominates over the 
reduced carrier lifetime (Melo  et al. ,  2012 ). The reduction in  J  tr  was more 
than a factor of two for the violet devices and approximately 20–40% for 
the blue devices. However, the carrier lifetime is a strong function of the car-
rier density and wavelength, and the band structure is a function of indium 
composition, suggesting that lower  J  tr  on nonpolar and semipolar orienta-
tions may not be universally true. If cavity losses are assumed to be equal 
between the various orientations, similar reasoning applies to the compari-
son of threshold current density. 

 An additional consequence of the smaller reduced density of states for 
nonpolar and semipolar quantum wells is that the differential gain d dg Nd  
should be increased. Although d dg Nd  is not well documented for nonpo-
lar or semipolar LDs, Melo  et al.  ( 2012 ) reported similar differential modal 
gains, d dg Jdd , for violet  c -plane (13.5 cm/kA) and nonpolar (12.4 cm/kA) 
LDs. Although nonpolar LDs should have increased gain per carrier from 
the larger wavefunction overlap, the current density per carrier also increases 
by the same factor due to the reduced recombination lifetime, rendering the 
ratio d dg Jdd  unchanged to fi rst order for nonpolar orientations. The authors 
reported slightly higher values of d dg Jdd  for blue nonpolar (8.1 cm/kA) than 
blue  c -plane (6.9 cm/kA).   

  6.5     Substrates, crystal growth and materials issues 

 Early  c -plane III-nitride lasers were fabricated on sapphire substrates using 
low-temperature buffer layers but suffered from poor operating lifetimes 
due to high TD densities (Nakamura  et al. ,  1996a ,  1996b ). ELO was subse-
quently utilized to reduce TD densities from 10 8 –10 10  cm  −   2  down to 10 6 –10 7  
cm  −   2 , and led to improved operating lifetimes (Usui  et al. ,  1997 ; Nakamura 
 et al. ,  1998 ; Tomiya  et al. ,  2004 ). Heteroepitaxy on foreign substrates was 
also initially utilized for growth of nonpolar and semipolar fi lms (Craven 
 et al. ,  2002 ; Ng,  2002 ; Gardner  et al. ,  2005 ; Baker  et al. ,  2006 ). However, high 
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densities of TDs and basal-plane stacking faults (BPSF) had a signifi cant 
impact on device performance. Consequently, nonpolar and semipolar 
LEDs grown on foreign substrates typically exhibited output powers of less 
than 1 mW at 20 mA (Chakraborty  et al. ,  2004 ,  2005 ). 

  6.5.1     Free-standing GaN substrates 

 Current commercially available III-nitride LDs are grown on free-stand-
ing GaN substrates. Early free-standing  c -plane substrates were grown 
on GaAs using an ELO technique (Motoki  et al. ,  2001 ). With this tech-
nique, after growth of a 500 µm thick GaN fi lm by hydride vapor phase 
epitaxy (HVPE), the GaAs substrate is dissolved in aqua regia, leaving a 
free-standing GaN substrate with a TD density of approximately 10 5  cm  −   2 . 
This technique continues to be utilized to produce free-standing  c -plane 
substrates. In 2006, research at Mitsubishi Chemical Corporation (MCC) 
and Furukawa Company Ltd (FCL) led to nonpolar and semipolar free-
 standing GaN substrates with low dislocation densities (~10 5 –10 6  cm  −   2 ). 
These substrates are produced by growing relatively thick (5–10 mm) layers 
of GaN via HVPE on 2-inch GaN substrates in the [0001] direction to create 
free-standing GaN pucks. By sawing vertically through the pucks, nonpolar 
 m -plane and  a -plane substrates can be produced, while sawing at an angle 
results in semipolar substrates (Fujito  et al. ,  2008 ,  2009 ).  Figure 6.11  shows 
an illustration of the free-standing GaN puck and a sawed cross- section 
of a nonpolar  m -plane substrate. The typical dimensions for substrates 
produced using this technique are approximately 5–10 mm  ×  20 mm. The 
performance of LEDs on free-standing nonpolar and semipolar GaN sub-
strates was  signifi cantly enhanced compared to that on foreign substrates, 
with output powers of more than 20 mW achieved at 20 mA reported for 
nonpolar  m -plane devices (Schmidt  et al. , 2007a). The introduction of free-
standing GaN substrates led to rapid device progress, and in February 2007 
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 6.11      Illustration of a free-standing GaN puck (left) and a sawed cross-

section of a nonpolar ( )   m -plane substrate (right).  

�� �� �� �� �� ��



 Nonpolar and semipolar group III-nitride lasers 243

© Woodhead Publishing Limited, 2013

researchers from the University of California Santa Barbara (UCSB) and 
Rohm simultaneously demonstrated the fi rst  m -plane LDs (Okamoto  et al. , 
 2007 ; Schmidt  et al. , 2007b). Further development of both  c -plane and non-
polar/semipolar free-standing GaN substrates continues and has intensifi ed 
in recent years (Paskova and Evans,  2009 ; Dwilinski  et al. ,  2011 ). Ultimately, 
a bulk crystal growth technique (e.g., ammonothermal) is desired to achieve 
large-area, low-defect-density substrates (Avrutin  et al. ,  2010 ; Dwilinski 
et al. ,  2011 ). In  2010 , SEI announced the fi rst large-scale production of 2 ″  
nonpolar and semipolar GaN substrates (Semiconductor Today, 2010b). 
More recently, AMMONO from Poland has demonstrated 26 mm  ×  26 mm 
nonpolar GaN substrates grown by the ammonothermal method (Kucharski 
et al. ,  2012 ).     

  6.5.2     Pyramidal hillocks and basal-plane stacking faults 

 Nonpolar and semipolar LDs are typically grown using MOCVD. While 
the growth conditions to achieve high-quality nonpolar and semipolar fi lms 
on free-standing GaN substrates are remarkably similar to those required 
for  c -plane, several issues arise that are unique to nonpolar and semipolar 
growth. For a comprehensive review of materials and crystal growth issues 
on nonpolar and semipolar orientations, see the article by Farrell  et al.  
( 2012 ). Initial nonpolar  m -plane fi lms on free-standing GaN were grown 
on nominally on-axis substrates and suffered from poor surface morphol-
ogy that persisted over a wide range of growth conditions. These fi lms were 
characterized by the presence of four-sided pyramidal hillocks, with faces 
inclined towards the ±[ ] , [0001], and [ ]  directions (Hirai  et al. , 
 2007 ).  Figure 6.12  illustrates the typical surface morphology of the four-
sided pyramidal hillocks. The effect of substrate misorientation on surface 
morphology and LED performance was studied by Hirai  et al.  ( 2007 ) and 
Farrell  et al.  ( 2010a ). Further studies on the effect of carrier gas were also per-
formed (Farrell  et al. ,  2010c ). The authors demonstrated that the formation 
of pyramidal hillocks can be suppressed by growing on substrates that are 
misoriented toward the [ ]  direction by approximately 1°. Furthermore, 
growth of nonpolar  n -GaN layers in N 2  carrier gas is preferable to growth 
in H 2  carrier gas (Farrell  et al. ,  2010 c). The mechanism for the formation 
of pyramidal hillocks on nonpolar  m -plane was later clarifi ed, with spiral 
growth around screw-component TDs suggested as the cause (Farrell  et al. , 
 2010a ). The presence of pyramidal hillocks leads to variations in emission 
wavelength, impurity incorporation, and growth rate over the growth sur-
face. Additionally, the rough surface morphology may introduce additional 
optical loss to the LD waveguide. It is therefore not surprising that pyrami-
dal hillocks are expected to degrade LD performance. To clarify this, Lin 
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 et al.  ( 2009b ) performed a comparison of blue − green ridge LDs, with one 
set grown nominally on-axis and the other set grown with a misorientation 
of 1° toward the [ ]  direction. The devices grown on the misoriented 
substrates showed smoother surface morphologies, lower threshold current 
densities, higher device-to-device uniformity, and increased yield.    

 BPSF formation has been observed for InGaN QWs on  m -plane GaN 
(Wu  et al. ,  2010 ). The authors noted the formation of BPSFs with increasing 
indium content and QW thickness. They observed SFs for In 0.26 Ga 0.74 N QWs 
with a thickness of 4 nm, but not for QWs with a thickness of 2.5 nm. SFs 
function as non-radiative carrier sinks and their presence is correlated with 
the degradation of  m -plane emitters with increasing indium content and 
QW thickness (Lin  et al. ,  2009 b). To date, BPSF formation has limited the 
operation of  m -plane LDs to wavelengths below 500 nm.  

  6.5.3     Indium incorporation 

 An additional motivation for growing LDs on nonpolar and semipolar ori-
entations is the potential to achieve longer wavelength emitters. The tran-
sition energy versus inclination angle for an InGaN QW depends upon the 
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 6.12      (a) Nomarski optical micrograph, (b) schematic, and (c) 

panchromatic cathodoluminescence image of the four-sided pyramidal 

hillocks that develop during on-axis  m -plane GaN growth. Source: 

Reprinted with permission from Farrell  et al.  ( 2010a ). Copyright 2010, 

American Institute of Physics.  
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indium content, the band gap of InGaN, and the QCSE. Each of these prop-
erties is expected to vary with inclination angle. Due to the angular depen-
dence of the strain energy in InGaN grown on GaN, differences in indium 
incorporation with inclination angle have been predicted and experimen-
tally observed (Durnev  et al. ,  2010 ; Wernicke  et al. ,  2012 ; Zhao  et al. ,  2012 ). 
The differences in indium incorporation may result from the lower strain-
induced repulsive interaction between indium atoms for specifi c orienta-
tions (Northrup,  2009 ). For example, semipolar ( )  is predicted to have 
a higher indium incorporation rate than nonpolar ( )

)
1010 . This is supported 

by the achievement of green and yellow emitters on semipolar ( )  (Sato 
 et al. ,  2007 ,  2008 ), while nonpolar ( )  is typically limited to wavelengths 
below 500 nm. The band gap of InGaN also varies with inclination angle 
due to strain effects, becoming larger for nonpolar and semipolar orienta-
tions (Durnev  et al. ,  2011 ). Finally, the energies of the quantum states in 
the QW depend upon the degree the QCSE, which is known to vary with 
inclination angle. The lower QCSE in nonpolar and semipolar orientations 
reduces the built-in red shift in emission typically observed in c-plane QWs. 
Consequently, InGaN QWs on these planes may not provide remarkably 
longer wavelength emission than those on  c -plane despite their potential 
for higher indium incorporation. Growth kinetics and surface chemistry are 
also expected to affect indium incorporation, with surfaces with N-polar 
and Ga-polar character showing distinct differences in impurity incorpo-
ration (Cruz  et al. ,  2009 ). For example, higher indium incorporation has 
been reported for QWs grown on semipolar ( )  than for QWs grown on 
semipolar ( )  (Zhao  et al. ,  2012 ). Higher indium incorporation has also 
been reported for QWs grown on semipolar ( )  than for QWs grown on 
semipolar ( )  (Hsu  et al. ,  2011a ; Zhao  et al. ,  2012 ).  

  6.5.4     Stress relaxation 

 As discussed above, strain effects can signifi cantly infl uence the emis-
sion wavelengths of InGaN QWs. Moreover, managing strain in lattice-
 mismatched fi lms is critical for proper structure design and required to 
achieve high-effi ciency emitters. In conventional zincblende III-V materials, 
stress relaxation can occur in the two in-plane directions via misfi t dislo-
cation (MD) formation and glide on the energetically favorable (111) slip 
system. In wurtzite III-nitrides, the most energetically favorable slip sys-
tem is the basal plane ( c -plane). However, there is no resolved shear stress 
on the basal plane for  c -plane,  m -plane, or  a -plane fi lms, so MDs will typi-
cally not form on these orientations. Conversely, for strained layers grown 
on semipolar GaN, the basal plane is inclined with respect to the growth 
direction and stress relaxation can occur by MD glide on the (0001) plane 
(Tyagi  et al. ,  2009 ; Young  et al. , 2010a; Hsu  et al. ,  2011 b). One-dimensional 
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MD arrays form and stress relaxation occurs only along the direction of the 
projection of the  c -axis. This typically occurs beyond some critical fi lm thick-
ness, which is often modeled by the Matthews-Blakeslee limit (Matthews 
and Blakeslee,  1974 ). For a complete discussion of stress relaxation on non-
polar and semipolar III-nitrides, see Farrell  et al.  ( 2012 ). The phenomenon 
of stress relaxation can be used to produce an intentionally relaxed InGaN 
template upon which QWs with reduced strain may be grown. This tech-
nique has been utilized to demonstrate the longest wavelength (444.9 nm) 
semipolar ( )  LD to date (Hsu  et al. ,  2012 ). By using an intentionally 
stress relaxed structure, the fl exibility of the design space for the LD wave-
guide is signifi cantly increased. The device demonstrated by Hsu  et al.  also 
utilized AlGaN electron/hole blocking layers to isolate carriers from the 
MDs at the relaxed interfaces. This combination of techniques allowed the 
authors to increase the longest reported lasing wavelength on semipolar 
( )  by ~20 nm. Intentional stress relaxation may also offer advantages 
for shorter wavelength (i.e., ultra violet) emitters (Young  et al. , 2010b). 
AlGaN buffer layers are currently being explored and have been utilized 
to demonstrate a 384 nm ( )  near-ultra-violet LD (Haeger  et al. ,  2012 ). 
For further reference, Romanov  et al.  ( 2011 ) provide a thorough discussion 
of stress relaxation in semipolar III-nitrides.   

  6.6     Optical waveguides and loss 

 Optical waveguides for LDs are typically designed to maximize the overlap 
of the fundamental optical mode with the QW active region. This overlap is 
known as the confi nement factor,  Γ  (Coldren and Corzine,  1995 ). Structures 
that confi ne photons in one dimension contain transverse waveguiding, 
while structures that confi ne photons in two dimensions contain both trans-
verse and lateral waveguiding. III-nitride LDs for most applications utilize 
both transverse and lateral confi nement. In this section, we discuss trans-
verse waveguiding, lateral waveguiding, and optical loss, which are common 
to all orientations of III-nitride LDs. We also highlight AlGaN-cladding-free 
(ACF) waveguide designs and birefringence, which are unique to nonpolar 
and semipolar LDs. 

  6.6.1     Transverse waveguides 

 The majority of commercial III-nitride LDs employ a ridge structure to 
confi ne the optical mode (shown in  Fig. 6.13 ). This structure provides 
both transverse and lateral mode confi nement. Transverse confi nement is 
achieved by situating layers of higher index of refraction within or near 
the active region and surrounding them by cladding layers of lower index 
of refraction. Due to the presence of the QCSE,  c -plane LDs typically 
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utilize thin (<3 nm) InGaN QWs and therefore require thick Al-containing 
cladding layers, such as AlGaN/GaN superlattices or AlGaN, to achieve 
transverse mode confi nement. These strained AlGaN layers introduce 
several signifi cant problems, including increased cracking from tensile 
strain, higher voltage operation, shorter device lifetime, reduced yield, and 
MOCVD reactor instabilities. For examples of  c -plane LD structures, see 
 Fig. 6.14  and Ohta  et al.  ( 2007 ). In contrast to  c -plane LDs, the absence of 
the QCSE in nonpolar and semipolar structures permits the implementa-
tion of thick (~8 nm) InGaN QWs, which can be used to produce effective 
guiding of the transverse mode (Feezell  et al. ,  2007 ). The addition of InGaN 
separate-confi nement-heterostructure (SCH) waveguiding layers enables 
nonpolar and semipolar LDs that are completely free of AlGaN cladding 
layers (Kelchner  et al. ,  2009 ). These structures can be grown and fabricated 
in a manner analogous to InGaN/GaN LEDs, providing a highly manufac-
turable platform for GaN-based LDs.  Figures 6.13  and  6.15  show examples 
of ACF designs. Demonstrations of violet, blue, and green LDs have been 
achieved utilizing ACF designs (Farrell  et al. ,  2007 ; Kelchner  et al. ,  2010 ; Lin 
 et al .,  2010 ). Although nonpolar and semipolar orientations afford excel-
lent design fl exibility, practical QW thicknesses are ultimately limited by 
decreasing valence subband spacing, which results in thermal hole redis-
tribution and lowers the optical gain (Kisin  et al. ,  2009 ). Consequently, 
an optimum QW width for each orientation and indium composition is 
expected.       

 Design of transverse waveguides for nonpolar and semipolar green 
LDs is complicated by stress relaxation and the decreased index contrasts 
between GaN and InGaN and GaN and AlGaN at longer wavelengths 
(Okamoto  et al. , 2007b).  Figure 6.14  shows a typical transverse waveguide 
design for a  c -plane LD, while  Fig. 6.15  show a typical design for a nonpolar 
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 6.13      Cross-section of a typical ACF ridge laser.  
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ACF LD. Layer designs and mode profi les are presented for three common 
wavelength targets (405 nm, 450 nm, 530 nm) using typical compositions 
for InGaN SCH layers and AlGaN cladding layers. The index contrasts 
between GaN and In 0.04 Ga 0.96 N and GaN and Al 0.05 Ga 0.95 N are presented 
in  Fig. 6.16 , along with the calculated transverse confi nement factors for 
the two designs. For a given SCH or cladding composition, the achievable 
index contrast (and confi nement factor) is reduced at longer wavelengths. 
To overcome this issue, additional or thicker QWs must be added, or the 
compositions of the SCH or cladding regions must be increased, which often 
leads to issues with stress relaxation, as described above. We note that the 
indices used in generating  Figs 6.14  and  6.15  do not include birefringence, 
so the results are only relevant for  c -plane lasers,  m -plane lasers oriented 
along the  c -axis, and semipolar lasers oriented along the projection of the 
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 c -axis. For a full discussion of optical waveguiding in III-nitride lasers see 
Huang  et al.  ( 2010 ).        

  6.6.2     Lateral waveguides 

 Lateral waveguiding is most easily accomplished by forming ridge struc-
tures. The cross-section of a typical ACF ridge laser is shown in  Fig. 6.13 . 
For devices operating with a single-lateral mode, the typical ridge width,  W , 
ranges from 1.4 to 2.2 µm, depending upon the lasing wavelength. Typical 
cavity lengths range from 500 to 2000 µm, with the longer lengths preferred 
for high-power devices. Accurate control of the ridge width and depth are 
critical for stable, kink-free operation, control of the far-fi eld pattern (FFP), 
and to optimize the threshold current density (Tojyo  et al. ,  2002 ). Schwarz 
 et al.  ( 2005 ) have studied in-depth the effects of ridge geometry on the per-
formance of III-nitride lasers. The ridge width can be controlled by litho-
graphic techniques, but control of the ridge depth is more diffi cult. If the 
ridge depth is too shallow, the index contrast between the core and cladding 
of the waveguide in the lateral direction will be insuffi cient to effectively 
guide the mode. Furthermore, shallow etches can result in undesirable cur-
rent spreading underneath the ridge (Muller  et al. ,  2009 ). If the ridge depth 
is too deep, higher order lateral modes can develop and plasma-related dam-
age to the QWs may occur (Coldren and Corzine,  1995 ). If the ridge depth 
proceeds through the QWs, surface recombination currents are enhanced 
and issues with device lifetime arise. 
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 The distance between the bottom of the ridge etch and the top of the 
active region,  t , is important for mode control and is typically around 150 nm 
for  c -plane devices using AlGaN cladding. Frequently, this distance is con-
trolled by timed-etches using known etch rates or by laser interferometry. 
Accurate control of this distance on nonpolar and semipolar LDs can be 
achieved using ACF designs and AlGaN etch-stop layers (ESLs). Farrell 
 et al.  ( 2011a ) demonstrated control of this distance utilizing Al 0.09 Ga 0.91 N ESLs 
embedded within the p-GaN of ACF LDs. The layer structure for their 
device with the embedded Al 0.09 Ga 0.91 N ESL is shown in  Fig. 6.17 a. Plasma 
etching in a mixture of BCl 3  and SF 6  was used to realize an etch selectivity 
of 11:1 between the GaN and embedded Al 0.09 Ga 0.91 N ESL, enabling simple 
and repeatable control of the etch depth. A plot of etch depth  vs  etch time 
is shown in  Fig. 6.17 b and illustrates the signifi cantly reduced etch rate that 
was obtained within the ESL layer. The selectivity provided by this tech-
nique is unique to ACF designs, where GaN rather than AlGaN surrounds 
the Al 0.09 Ga 0.91 N ESL. The high selectivity achieved renders the etch depth 
relatively insensitive to variations in etch rate or etch time and it becomes 
primarily determined by control of epitaxial growth rates.     

  6.6.3     Optical loss 

 Optical absorption losses in group III-nitride lasers are typically higher 
than those in conventional III-V lasers. The primary reason for this stems 
from the large acceptor activation energy (200 meV) for Mg, which ensures 
that p-type GaN contains a high fraction of non-ionized acceptors. The frac-
tion of ionized acceptors at room temperature is only around one per cent. 
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Consequently, high doping concentrations are required to achieve useful 
free-carrier concentrations in p-type GaN. The large indirect phonon-assisted 
free-carrier absorption and acceptor-bound carrier absorption further con-
tribute to the loss. The material loss associated with p-type GaN has been 
calculated from fi rst principles to be in the range of 15–20 cm  −   1  per 1e19 cm  −   3  
of Mg and experimentally determined to be around 25 cm  −   1  per 1e19 cm  −   3  
(Kuramoto  et al. ,  2002 ; Huang  et al. ,  2010 ; Kioupakis  et al. ,  2010 ). Similarly, 
the material loss associated with Si-doped n-type GaN was in the range of 
1–15 cm  −   1  per 1e18 cm  −   3  (Kuramoto  et al. ,  2002 ; Huang  et al. ,  2010 ; Kioupakis 
 et al. ,  2010 ). Although the material absorption coeffi cients for p-type and 
n-type GaN are of the same order, the activation energy for n-type material 
is only 15–25 meV. Consequently, lower Si concentrations are required to 
achieve useful free-carrier concentrations. For example, highly conductive 
n-type GaN may have a Si concentration of 1e18 cm  −   3 , while highly conduc-
tive p-type GaN usually requires a Mg concentration of 5e19 cm  −   3 . Several 
groups have extracted experimental modal internal loss estimates for III-
nitride lasers. They are typically in the range of 15–35 cm  −   1  (Uchida  et al. , 
 2003 ; Kojima  et al. ,  2006 ; Melo  et al. , 2011). 

 Designs to mitigate optical losses in III-nitride lasers typically focus on 
reducing the overlap of the optical mode with the highly-doped p-type 
material. One approach is to step-down (or grade) the p-type doping 
scheme where the mode is strongest (i.e., near the active region). Farrell 
 et al.  ( 2011b ) have demonstrated a high-power violet  m -plane laser diode 
with this approach. A 1D transverse mode simulation was performed 
to examine a simple ACF structure, similar to that presented by Farrell 
( 2011b ).  Figure 6.18  shows the mode profi le and index of refraction for 
this structure. If the Mg doping concentration in this region is reduced 
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from 1e19 cm  −   3  to 2e18 cm  −   3  and a material loss of 25 cm  −   1  per 1e19 cm  −   3  is 
assumed, the internal modal loss associated with this portion of the p-GaN 
is reduced from 6.5 to 1.3 cm  −   1 .     

  6.6.4     Birefringence 

 GaN is a birefringent material with n ne on1 011 , where ne  is the refractive 
index of the extraordinary direction and no  is the refractive index of the 
ordinary direction. The extraordinary direction is oriented along the  c -axis 
of the wurtzite crystal. For LDs on  c -plane GaN, the waveguide ridges can 
be oriented along the  m -direction or the  a -direction, with the  m -direction 
being preferable due to the ease of cleaving mirror facets on the  m -plane. 
The extraordinary direction in these waveguides is perpendicular to the 
growth plane and the ordinary direction lies within the quantum well plane. 
For  c -plane LDs, the mode always propagates along the ordinary direction 
and these devices show true TE and TM modes, with polarizations perpen-
dicular to and parallel to the quantum well plane, respectively. In contrast, 
ridge waveguides formed on semipolar planes of GaN can be oriented along 
the projection of the  c -axis ( c   ′  -axis) or along the direction perpendicular 
to the projection of the  c -axis (i.e.,  m -direction or  a -direction). For LDs 
oriented along the projection of the  c -axis, the extraordinary and ordinary 
directions perpendicular to the propagation direction match the TE and 
TM polarizations, and stimulated emission is still linearly polarized as the 
TE mode. Conversely, for LDs oriented along one of the nonpolar direc-
tions perpendicular to the projection of the  c -axis, the extraordinary and 
ordinary directions are no longer aligned with the TE or TM modes, but 
rather rotated within a plane perpendicular to the propagation direction. As 
a result, the polarization of the propagating optical mode is pulled toward 
the extraordinary direction, causing optical modes other than TE or TM to 
emerge.  Figure 6.19 a illustrates the modes for a semipolar ( )  LD with 
the laser stripe oriented along the projection of the  c -axis and  Fig. 6.19 b 
shows the modes for the laser stripe oriented along the  m -axis. For orien-
tation of the stripe along the  m -axis, birefringence is observed (Rass  et al. , 
2010a; Scheibenzuber  et al. ,  2010 ).    

 Rass  et al.  (2010a) experimentally studied the polarization of stimulated 
emission for various ridge orientations on semipolar ( )  and nonpo-
lar ( ) . Ridges oriented along the [ ]  ( m -direction) direction on 
the semipolar ( )  plane showed stimulated emission into a mode that 
is rotated out of the plane of the quantum wells and linearly polarized in 
the extraordinary direction, nearly parallel to the  c -axis. In contrast, ridges 
oriented in the [ ]  direction on the semipolar ( )  plane showed 
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stimulated emission into the normal TE mode within the quantum well 
plane. Nonpolar LDs were also measured and showed stimulated emission 
into the normal TE mode within the quantum well plane for ridge wave-
guides oriented along both the  c -direction and  a -direction. In summary, 
birefringence is only problematic on semipolar planes with ridges oriented 
along one of the nonpolar directions.  

  6.6.5     Laser stripe orientation 

 The birefringence observed in semipolar III-nitride optical waveguides 
presents trade-offs with respect to ridge orientation. For example, on semi-
polar ( ) , ridges may be oriented parallel to the projection of the  c -axis 
along the [ ]  direction or perpendicular to the projection of the  c -axis 
along the [ ]  direction. The former choice avoids issues with birefrin-
gence in the waveguide but necessitates mirror facets that are formed by 
etching, as the ( )  plane is not an appropriate cleave plane. The latter 
option allows for convenient cleaving along the nonpolar  m -plane but intro-
duces birefringence that reduces the optical gain, which remains higher for 
LDs oriented along the [ ]  direction (Rass  et al. , 2010b). For nonpolar 
 m -plane devices, the preferred stripe orientation is parallel to the  c -axis, 
where the optical gain is highest.   

(a) (b)(112–2) (112–2)
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6.19      Mode orientations for ( )  LDs with (a) stripes orientated along 

the projection of the  c -axis [ ]  where standard TE and TM modes 

are observed and (b) stripes oriented along the  m -axis [ ] where the 

electric fi eld is rotated out of the QW plane and extraordinary (EO) and 

ordinary (O) modes are observed.  
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  6.7     Fabrication techniques 

 Like conventional III-V lasers, the fabrication steps for III-nitride lasers 
include standard photolithography, wet and dry etching, and thin fi lm depo-
sition techniques. However, compared to traditional III-V lasers, some sub-
tleties arise during the fabrication of III-nitride lasers and additional care is 
often required. The primary concern is passivation and/or damage to p-GaN 
layers. The presence of abundant H 2  in the MOCVD growth environment 
results in a high concentration of H 2  in the epitaxial layers. The H 2  binds 
to Mg acceptors and forms Mg − H complexes, which are electrically inac-
tive and render the p-type material extremely resistive. As a result, p-GaN 
must be ‘activated’ (annealed) to remove the H 2  from the structure. This 
can be done  in situ  in the MOCVD reactor or in an annealing furnace. Since 
p-GaN is easily damaged or re-passivated, direct exposure of p-GaN to 
plasmas is typically avoided and the number of fabrication steps to which 
the p-GaN is exposed is minimized. Additionally, with the exception of 
 photoelectrochemical (PEC) etching, traditional wet-etching techniques 
and stop-etch layers are non-existent in III-nitride materials. Despite these 
diffi culties, fabricating a basic III-nitride laser structure is relatively straight 
forward. 

  Figure 6.20  illustrates the wafer-level fabrication steps for a basic self-
aligned III-nitride ridge laser. Due to the narrow ridge widths required for 
single-lateral mode operation, a self-aligned process is preferred to a direct 
alignment process for the ridge etch and passivation steps. The fi rst step in 
the process is to activate in an N 2 /O 2  environment in the range of 600–900°C 
( Fig. 6.20 a). This drives the H 2  out of the structure and results in decreased 
p-GaN resistivity. Typical p-GaN resistivities after activation range from 1 
to 2  Ω -cm. Following activation, a surface clean and pre-treatment is per-
formed. This typically consists of a solvent clean to remove organics and an 
acid dip to remove surface oxides. Since p-GaN is sensitive to re-passivation 
from H 2  and plasma damage, some surface treatments should be avoided. 
For the interested reader, there is an abundance of literature available on 
p-GaN surface treatments. See, for example, Chapter 1 of Morkoc ( 2008b ). 
After the surface treatment, a two-layer mask consisting of a UV-sensitive 
polymer and a photoresist is spun, patterned with projection lithography, 
and undercut by approximately 0.2 µm ( Fig. 6.20 b). The ridge etch is then 
performed with Cl 2 -based inductively coupled plasma etching ( Fig. 6.20 c). 
Next, a low-temperature chemical vapor deposition (CVD) process or sput-
tering is used to deposit a dielectric material such as SiO 2  on the ridge side-
walls and the two-layer mask ( Fig. 6.20 d). Lift-off of the two-layer undercut 
mask is then performed in a solvent, leaving a ridge with self-aligned dielec-
tric on the sidewalls ( Fig. 6.20 e). A second photolithography step using a 
negative photoresist is then performed to defi ne the p-electrode ( Fig. 6.20 f) 
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and the p-electrode is deposited via remote-plasma sputtering or electron 
beam evaporation and lifted off in a solvent. Many confi gurations exist for 
p-electrodes but they typically consist of metals with high work functions 
such as Pd/Au, Pt/Au, or Ni/Au. After the p-electrode is deposited, the wafer 
is mounted on a carrier wafer, thinned by chemical − mechanical polishing 
(CMP) to a thickness of 60–80 µm, and the n-electrode is deposited via sput-
ter or electron beam evaporation ( Fig. 6.20 g and  6.20 h). Many confi gura-
tions also exist for n-electrodes, with two common options being Al/Ni/Au 
and Ti/Al/Ni/Au. Although additional steps may be required to achieve long 
operating lifetime and high reliability, the basic device can be completed 
in only two photolithography steps. This is another advantage of the self-
aligned process.    

 After wafer-level fabrication is complete, the wafer is scribed with a dia-
mond-tip or laser-based scribing system and cleaved to form cavities. High-
refl ection (HR) and/or anti-refl ection (AR) facet coating are then typically 
applied. HR coatings commonly consist of several periods of SiO 2 /Ta 2 O 5 , 
while AR coatings often utilize a single layer of SiO 2  or Al 2 O 3 . Individual 
chips may then be mounted on an AlN sub-mount, wire bonded, and pack-
aged in a TO can. A scanning electron microscope (SEM) image of the facet 
area of a completed III-nitride ridge laser is shown in  Fig. 6.21 . This laser 
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 6.20      Wafer-level fabrication steps for a basic self-aligned III-nitride ridge 

laser. For explanation of panels see text.  
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was extracted from a Blu-ray Disc player and the manufacturer of the diode 
is unknown.     

  6.8     Nonpolar and semipolar laser history and 
performance 

 The fi rst nonpolar LDs were simultaneously demonstrated by UCSB and 
Rohm (Okamoto  et al. ,  2007 ; Schmidt  et al. ,  2007 ). The devices emitted in 
the violet region and utilized free-standing  m -plane ( )  GaN substrates. 
Several months later, the fi rst semipolar LD was demonstrated on free-
standing ( )  GaN, again emitting in the violet region (Tyagi  et al. ,  2007 ). 
Noting that thick InGaN QWs could be used to produce effective waveguid-
ing of the transverse optical mode, researchers at UCSB then demonstrated 
pulsed and continuous wave (CW)  m -plane ( )  ACF violet LDs (Farrell 
 et al. ,  2007 ; Feezell  et al. ,  2007 ). These designs were later modifi ed to create 
 m -plane ( )  ACF violet LDs with low-threshold current densities and 
high output powers (Farrell  et al. , 2010b,  2011 b). Internal cavity parameters 
were also extracted from violet  m -plane LDs and verifi ed predictions of 
lower transparency carrier density for the nonpolar  m -plane orientation 
(Farrell  et al. ,  2011b ). 

 The initial demonstrations of violet LDs soon gave way to the develop-
ment of longer wavelength blue and green emitters for projection and dis-
play applications. Rohm and Sharp led the way with  m -plane ( )  LDs, 
demonstrating pulsed lasing at 452 nm (Okamoto  et al. , 2007b), CW lasing at 
460 nm (Kubota  et al. ,  2007 ), pulsed lasing at 463 nm (Tsuda  et al. ,  2008 ), and 
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 6.21      SEM image of the facet area of a commercial III-nitride ridge laser 

that was extracted from a Blu-ray Disc player.  
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CW lasing at 481 nm (Okamoto  et al. ,  2008 ). While work on  m -plane contin-
ued, researchers at UCSB also explored semipolar ( ) , demonstrating 
CW lasing at 406 nm (Asamizu  et al. , 2009) and observing stimulated emis-
sion at 514 nm from optically-pumped samples (Tyagi  et al. ,  2008 ). Hsu  et al.  
( 2010 ) also demonstrated LDs operating in the blue region on semipolar 
( ) , which is angled 10° off of  m -plane. In 2009, progress toward long 
wavelength LDs on  m -plane stalled at 500 nm (Okamoto  et al. ,  2009 ) and 
no suitable semipolar plane could be found to produce longer wavelength 
LDs. In the same year, OSRAM and Nichia demonstrated pulsed and CW 
lasing, respectively, at 515 nm on  c -plane (Avramescu  et al. ,  2009 ; Miyoshi 
 et al. ,  2009 ). 

 When it appeared that nonpolar and semipolar orientations were losing 
the race toward true-green emitters to conventional  c -plane, SEI reported 
pulsed lasing at 531 nm on the previously-unexplored semipolar ( )  
plane (Enya  et al. ,  2009 ). SEI continued with reports of CW lasing at 520 
nm (Yoshizumi  et al. ,  2009 ) and CW lasing between 520 and 530 nm with 
low-threshold current density (4.3 kA/cm 2 ) (Adachi  et al. ,  2010 ). SEI also 
examined the carrier localization effects on semipolar ( )  (Funato 
 et al. ,  2010 ) and the optical polarization characteristics, verifying that the 
preferred orientation for laser stripes is along the projection of the  c -axis 
(Kyono  et al. ,  2010 ). With the reports from SEI, it became clear that some 
semipolar orientations were very well-suited to producing green lasers. 
Meanwhile, OSRAM continued to extend the lasing wavelength of  c -plane 
LDs to 524 nm (CW) and 531 nm (pulsed), and suggested that the main lim-
iting factor for performance in the green spectral region is not polarization-
related electric fi elds but QW crystal quality (Avramescu  et al. ,  2010 ). Other 
groups continued to report green lasers on non- c -plane orientations. UCSB 
demonstrated 516 nm pulsed ACF LDs on ( )  using AlGaN barriers 
(Lin  et al. ,  2010 ). Corning demonstrated 519 nm semipolar LDs with 60 mW 
CW output power on an unspecifi ed semipolar plane (Sizov  et al. ,  2011 ). 
The researchers at Corning examined a range of device designs with and 
without EBL and showed that the absence of an EBL had no effect on the 
characteristic temperature ( T  0 ) for the examined plane. We note that this 
conclusion may not apply to all semipolar orientations due to the effect that 
the direction and magnitude of the polarization-related electric fi elds have 
on carrier transport. 

 High-performance violet, blue, and green nonpolar/semipolar LDs 
have been demonstrated by Soraa Inc. (formerly Kaai Inc.) (Raring  et al ., 
2010a, 2010b).  Figure 6.22 a and  6.22 b show the CW light-current (LI) and 
WPE curves for Soraa’s blue and green single-mode (SM) devices at 20°C. 
These LDs were fabricated on unspecifi ed nonpolar/semipolar orienta-
tions and mounted in TO38 packages. Soraa has achieved ~515 nm LDs 
on nonpolar/semipolar substrates with >100 mW CW SM output power, 
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>4% peak WPE, and characteristic temperatures ( T  0 ) of 160–180 K. Soraa 
has also demonstrated ~445 nm LDs on nonpolar/semipolar substrates 
with >200 mW CW SM output power, >23% peak WPE, characteristic 
temperatures ( T  0 ) of 125–140 K, and mean operating lifetimes of more 
than 10 000 h. Kink-free SM operation up to 750 mW was also realized for 
similar devices. High-power ~445 nm devices with >2.5 W CW multi-mode 
(MM) output power were also produced from a single-emitter can-type 
LD by implementing a longer cavity design and an improved packaging 
scheme (Raring  et al. ,  2011 ). An LI curve for Soraa’s high-power MM blue 
device is shown in  Fig. 6.23 . The WPE of this high-power device was over 
20% and is expected to increase with further optimization.       
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 Although the development time for nonpolar and semipolar LDs has 
spanned less than fi ve years, the current performance of these devices is 
already competitive with state-of-the-art  c -plane LDs, which have under-
gone nearly 20 years of development. The progress in peak WPE and out-
put power  vs  time for Soraa’s blue and green LDs on nonpolar/semipolar 
orientations is illustrated in  Fig. 6.24 a and  6.24 b, respectively. The peak 
WPEs and output powers have increased by a factor of more than ten 
within a 3-year time period for both blue and green devices.  Figure 6.25  
shows the progression of lasing wavelength  vs  time for nonpolar, semipolar, 
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and  c -plane LDs (using values reported in the literature). Since 2007, the 
lasing wavelength on nonpolar and semipolar orientations has progressed 
rapidly to the green region. SEI has reported the longest wavelength 
high- performance LDs to date by utilizing the semipolar ( )  plane to 
achieve an emission wavelength of 533.6 nm and a threshold current den-
sity of 5.4 kA/cm 2  (Adachi  et al. ,  2010 ).  Figure 6.26  shows threshold cur-
rent density  vs  lasing wavelength for nonpolar, semipolar, and  c -plane LDs 
(using values reported in the literature). As seen in  Fig. 6.26 , threshold cur-
rent densities for nonpolar LDs are competitive with  c -plane in the violet 
and blue regions, while those for semipolar LDs are typically superior to 
 c -plane in the green region.           

  6.9     Future trends 

 While high-performance LDs have been demonstrated on nonpolar and 
semipolar GaN substrates, the single biggest challenge facing these technol-
ogies is substrate availability. Currently available nonpolar and semipolar 
GaN substrates are signifi cantly smaller and more costly than their  c -plane 
counterparts, which presents signifi cant issues with scale-up for mass pro-
duction. To become competitive, performance levels of nonpolar and semi-
polar LDs must well surpass those of  c -plane LDs or nonpolar and semipolar 
substrates must approach cost-parity with free-standing  c -plane substrates. 
With the development of ammonothermal growth methods for GaN, large-
scale nonpolar and semipolar substrates are ultimately expected. However, 
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semipolar planes are not typically naturally occurring growth planes, so 
fabrication of semipolar substrates will still likely require slicing of  c -plane 
boules at an angle. How rapidly these substrates become available will be 
a key factor in the commercialization timeline of nonpolar and semipolar 
technologies. 

 The violet market for high-density optical data storage will likely con-
tinue to be dominated by  c -plane LDs due to their maturity and high-
performance. The high-power blue market may be an attractive space for 
nonpolar and semipolar LDs. If gain saturation effects can be reduced on 
these orientations, LDs with intentionally larger mirror losses and higher 
differential effi ciencies can be designed for high-power applications. To 
become attractive alternatives to green lasers based on SHG, direct-diode 
lasers operating at 515 nm will need to reach WPEs in excess of fi ve per cent 
and provide more than 60 mW of output power. Ultimately these devices 
may be fabricated on  c -plane, nonpolar, or semipolar substrates. Perhaps 
the greatest advantage provided by nonpolar and semipolar orientations 
is the design fl exibility they afford. With reduced polarization-related elec-
tric fi elds restrictions on QW thicknesses are lifted, alternative waveguide 
structures may be employed, and novel device designs may be created to 
improve performance. The emergence of semipolar devices with intentional 
strain-relaxation also presents interesting opportunities for LDs with high 
indium or aluminum contents. This may play an important role in the future 
development of UV or green emitters.  

  6.10     Sources of further information and advice 

 For a complete development history of early  c -plane violet and blue LDs, see 
 The Blue Laser Diode: The Complete Story  by Nakamura  et al.  (2000b) and 
Chapter Seven in  Introduction to Nitride Semiconductor Blue Lasers and 
Light Emitting Diodes  (Nakamura, 2000a). For comprehensive references 
on III-nitride materials, devices, and applications see the three volume set 
 Handbook of Nitride Semiconductors and Devices  (Morkoc,  2008a ,  2008b , 
 2008c ) and the multi-contributor book  Nitride Semiconductor Devices: 
Principles and Simulation  (Piprek, 2007). For references on nonpolar III-
nitrides see the multi-contributor book  Nitrides with Nonpolar Surfaces  
(Paskova,  2008 ) and the May 2009 issue of MRS Bulletin (MRS Bulletin, 
 2009 ). Further information on materials issues in III-nitrides can be found 
in Hardy  et al.  ( 2011 ) and Farrell  et al.  ( 2012 ). 

 A large number of university groups are heavily involved in nonpolar and 
semipolar LD research, including but not limited to the groups of Professors 
Nakamura, DenBaars, and Speck at the University of California Santa 
Barbara, the group of Professor Kneissl at the Technical University Berlin, 
the group of Professor Schwarz at the University of Regensburg, the groups 
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of Professors Scholz and Thonke at the University of Ulm, and the groups 
of Professors Kawakami, Funato, and Kojima at Kyoto University. From 
the commercial sector, Kaai/Soraa Inc., SEI, Corning, and Rohm have all 
reported on the development of nonpolar and semipolar LDs.  

    6.11     References 
    Adachi   M   ,    Yoshizumi   Y   ,    Enya   Y   ,    Kyono   T   ,    Sumitomo   T   ,    Tokuyama   S   ,    Takagi   S   , 

   Sumiyoshi   K   ,    Saga   N   ,    Ikegami   T   ,    Ueno   M   ,    Katayama K and Nakamura   T    ( 2010 ), 
‘Low threshold current density InGaN based 520–530 nm green laser diodes 
on semi-polar ( )  free-standing GaN substrates’,  Appl. Phys. Express ,  3 , 
 121001 (1–3). 

    Amano   H   ,    Kito   M   ,    Hiramatsu K and Akasaki   I    ( 1989 ), ‘P-type conduction in 
Mg-doped GaN treated with low-energy electron beam irradiation (LEEBI)’, 
 Jpn. J. Appl. Phys. ,  28 , L 2112–L2114 . 

    Avramescu   A   ,    Lermer   T   ,    Muller   J   ,    Tautz   S   ,    Queren   D   ,    Lutgen S and Strauss   U    ( 2009 ), 
‘InGaN laser diodes with 50 mW output power emitting at 515 nm’,  Appl. Phys. 
Lett. ,  95 ,  071103 (1–3). 

    Avramescu   A   ,    Lermer   T   ,    Muller   J   ,    Eichler   C   ,    Bruederl   G   ,    Sabathil   M   ,    Lutgen S and 
Strauss   U    ( 2010 ), ‘True green laser diodes at 524 nm with 50 mW continuous 
wave output power on c-plane GaN’,  Appl. Phys. Express ,  3 ,  061003 (1–3). 

    Avrutin   V   ,    Silversmith   D   ,    Mori   Y   ,    Kawamura   F   ,    Kitaoka Y and Morkoc   H    ( 2010 ), 
‘Growth of bulk GaN and AlN: Progress and challenges’,  Proc. of the IEEE,  
 98 ,  1302 – 1315 . 

    Baker   T   ,    Haskell   B   ,    Wu   F   ,    Speck J and Nakamura   S    ( 2006 ), ‘Characterization of pla-
nar semipolar gallium nitride fi lms on sapphire substrates’,  Jpn. J. Appl. Phys. , 
 45 , L 154–L157 . 

    Bernardini   F   ,    Fiorentini V and Vanderbilt   D    ( 1997 ), ‘Spontaneous and piezoelectric 
constants of III-V nitrides’,  Phys. Rev. B ,  56 , R 10024–R10027 . 

    Brinkley   S   ,    Lin   Y   ,    Chakraborty   A   ,    Pfaff   N   ,    Cohen   D   ,    Speck   J   ,    Nakamura S and 
DenBaars   S    ( 2011 ), ‘Polarized spontaneous emission from blue-green m-plane 
GaN-based light emitting diodes’,  Appl. Phys. Lett .,  98 ,  011110 (1–3). 

    Butte R and Grandjean   N    ( 2008 ), ‘Effects of polarization in optoelectronic quantum 
structures’, in Wood J and Jena D,  Polarization Effects in Semiconductors,     New  
 Y   ork, Springer, 467– 511 . 

    Chakraborty   A   ,    Baker   T   ,    Haskell   B   ,    Wu   F   ,    Speck   J   ,    DenBaars   S   ,    Nakamura S and 
Mishra   U    ( 2005 ), ‘Milliwatt power blue InGaN/GaN light-emitting diodes on 
semipolar GaN templates’,  Jpn. J. Appl. Phys. ,  44 , L 945–L947 . 

    Chakraborty   A   ,    Haskell   B   ,    Keller   S   ,    Speck   J   ,    DenBaars   S   ,    Nakamura S and Mishra  
 U    ( 2004 ), ‘Nonpolar InGaN/GaN emitters on reduced-defect lateral epitaxially 
overgrown  a -    plane   G   aN with drive-current-independent electroluminescence 
emission peak’,  Appl. Phys. Lett. ,  85, 5143 – 5145 . 

    Chichibu   S   ,    Azuhata   T   ,    Sota T and Nakamura   S    ( 1996 ), ‘Spontaneous emission of 
localized excitons in InGaN single and multiquantum well structures’,  Appl. 
Phys. Lett. ,  69 ,  4188 – 4190 . 

    Chichibu   S   ,    Uedono   A   ,    Onuma   T   ,    Haskell   B   ,    Chakraborty   A   ,    Koyama   T   ,    Fini   P   , 
   Keller   S   ,    DenBaars   S   ,    Speck   J   ,    Mishra   U   ,    Nakamura   S   ,    Yamaguchi   S   ,    Kamiyama  
 S   ,    Amano   H   ,    Akasaki   I   ,    Han J and Sota   T    ( 2009 ), ‘Origin of localized excitons 

�� �� �� �� �� ��



 Nonpolar and semipolar group III-nitride lasers 263

© Woodhead Publishing Limited, 2013

in In-containing three dimensional bulk (Al,In,Ga)N alloy fi lms probed by 
time-resolved photoluminescence and monoenergetic positron annihilation 
techniques’,  Philos. Mag. ,  87 ,  2019 – 2039 . 

    Coldren L and Corzine   S    ( 1995 ),  Diode Lasers and Photonic Integrated Circuits , 
 New York ,  John Wiley and Sons, Inc . 

    Craven   M   ,    Lim   S   ,    Wu   F   ,    Speck J and DenBaars   S    ( 2002 ), ‘Structural characteriza-
tion of nonpolar 

p
( )  a-plane GaN thin fi lms grown on ( )  r-plane 

sapphire’,  Appl. Phys. Lett. ,  81 ,  469 – 471 . 
    Cruz   S   ,    Keller   S   ,    Mates   T   ,    Mishra U and DenBaars   S    ( 2009 ), ‘Crystallographic orien-

tation dependence of dopant and impurity incorporation in GaN fi lms grown 
by metalorganic chemical vapor deposition’,  J. Cryst. Growth ,  311 ,  3817 – 3823 . 

    Dingle   R   ,    Shaklee   K   ,    Leheny R and Zetterstrom   R    ( 1971 ), ‘Stimulated emission and 
laser action in gallium nitride’,  Appl. Phys. Lett. ,  19 ,  5 – 7 . 

    Durnev   M   ,    Omelchenko   A   ,    Yakovlev   E   ,    Evstatov I and Karpov   S    ( 2010 ), ‘Indium 
incorporation and optical transitions in InGaN bulk materials and quantum 
wells with arbitrary polarity’,  Appl. Phys. Lett. ,  97 ,  051904 (1–3). 

    Durnev   M   ,    Omelchenko   A   ,    Yakovlev   E   ,    Evstatov I and Karpov   S    ( 2011 ), ‘Strain 
effects on indium incorporation and optical transitions in green-light InGaN 
heterostructures of different orientations’,  Phys. Stat. Sol. (a) ,  208 ,  2671 – 2675 . 

    Dwilinski   R   ,    Doradzinski   R   ,    Garczynski   J   ,    Sierzputowski   L   ,    Kucharski   R   , 
   Zajac   M   ,    Rudzinski   M   ,    Kudrawiec   R   ,    Strupinski W and Misiewicz   J    ( 2011 ), 
‘Ammonothermal GaN substrates: growth accomplishments and applications’, 
 Phys. Stat. Sol. (a) ,  208 ,  1489 – 1493 . 

    Enya   Y   ,    Yoshizumi   Y   ,    Kyono   T   ,    Akita   K   ,    Ueno   M   ,    Adachi   M   ,    Sumitomo   T   ,    Tokuyama  
 S   ,    Ikegami   T   ,    Katayama K and Nakamura   T    ( 2009 ), ‘531 nm green lasing of 
InGaN based laser diodes on semi-Polar ( )  free-standing GaN substrates’, 
 Appl. Phys. Express ,  2 ,  082101 (1–3). 

    Farrell   R   ,    Feezell   D   ,    Schmidt   M   ,    Haeger   D   ,    Kelchner   K   ,    Iso   K   ,    Yamada   H   ,    Saito   M   , 
   Fujito   K   ,    Cohen   D   ,    Speck   J   ,    DenBaars S and Nakamura   S    ( 2007 ), ‘Continuous-
wave operation of AlGaN-cladding-free nonpolar m-plane InGaN/GaN laser 
diodes’,  Jpn. J. Appl. Phys .,  46 ,  L761–L763.  

    Farrell   R   ,    Haeger   D   ,    Chen   X   ,    Gallinat   C   ,    Davis   R   ,    Cornish   M   ,    Fujito   K   ,    Keller   S   , 
   DenBaars   S   ,    Nakamura S and Speck   J    ( 2010a ), ‘Origin of pyramidal hillocks on 
GaN thin fi lms grown on free-standing  m -plane GaN substrates’,  Appl. Phys. 
Lett .,  96 ,  231907 (1–3). 

    Farrell   R   ,    Hsu   P   ,    Haeger   D   ,    Fujito   K   ,    DenBaars   S   ,    Speck J and Nakamura   S    ( 2010b ), 
‘Low-threshold-current-density AlGaN-cladding-free m-plane InGaN/GaN 
laser diodes’,  Appl. Phys. Lett. ,  96 ,  231113 (1–3). 

    Farrell   R   ,    Haeger   D   ,    Chen   X   ,    Iza   M   ,    Hirai   A   ,    Kelchner   K   ,    Fujito   K   ,    Chakraborty  
 A   ,    Keller   S   ,    DenBaars   S   ,    Speck J and Nakamura   S    ( 2010c ), ‘Effect of carrier 
gas and substrate misorientation on the structural and optical properties of 
m-plane InGaN/GaN light-emitting diodes’,  J. Cryst. Growth ,  313 ,  1 – 7 . 

    Farrell   R   ,    Haeger   D   ,    Hsu   P   ,    Hardy   M   ,,    Kelchner   K   ,    Fujito   K   ,    Feezell   D   ,    Mishra   U   , 
   DenBaars   S   ,    Speck J and Nakamura   S    ( 2011a ), ‘AlGaN-cladding-free m-plane 
InGaN/GaN laser diodes with p-type AlGaN etch stop layers’,  Appl. Phys. 
Express ,  4 ,  092105 (1–3). 

    Farrell   R   ,    Haeger   D   ,    Hsu   P   ,    Schmidt   M   ,    Fujito   K   ,    Feezell   D   ,    DenBaars   S   ,    Speck J and 
Nakamura   S    ( 2011b ), ‘High-power blue-violet AlGaN-cladding-free m-plane 
InGaN/GaN laser diodes’,  Appl. Phys. Lett .,  99 ,  171113 (1–3). 

�� �� �� �� �� ��



264 Semiconductor lasers

© Woodhead Publishing Limited, 2013

    Farrell   R   ,    Haeger   D   ,    Hsu   P   ,    Fujito   K   ,    Feezell   D   ,    DenBaars   S   ,    Speck J and Nakamura  
 S    ( 2011c ), ‘Determination of internal parameters for AlGaN-cladding-free 
m-plane InGaN/GaN laser diodes’,  Appl. Phys. Lett .,  99 ,  171115 (1–3). 

    Farrell   R   ,    Young   E   ,    Wu   F   ,    DenBaars S and Speck   J    ( 2012 ), ‘Materials and growth 
issues for high-performance nonpolar and semipolar light-emitting devices’, 
 Semicond. Sci. Technol .,  27 ,  024001.  

    Feezell   D   ,    Schmidt   M   ,    Farrell   R   ,    Kim   K   ,    Saito   M   ,    Fujito   K   ,    Cohen   D   ,    Speck   J   , 
   DenBaars S and Nakamura   S    ( 2007 ), ‘AlGaN-cladding-free nonpolar InGaN/
GaN laser diodes’,  Jpn. J. Appl. Phys. ,  46 , L 284–L286 . 

    Feezell   D   ,    Schmidt   M   ,    DenBaars S and Nakamura   S    ( 2009 ), ‘Development of non-
polar and semipolar InGaN/GaN visible light-emitting diodes’,  MRS Bull. ,  34 , 
 318 – 323.  

    Feneberg M and Thonke   K    ( 2007 ), ‘Polarization fi elds of III-nitrides grown in differ-
ent crystal orientations’,  J. Phys. Condens. Matter. ,  19 ,  403201 (1–26). 

    Feneberg   M   ,    Thonke   K   ,    Wunderer   T   ,    Lipski F and Scholz   F    ( 2010 ), ‘Piezoelectric 
polarization of semipolar and polar GaInN quantum wells grown on strained 
GaN templates’,  J. Appl. Phys .,  107 ,  103517 (1–6). 

    Fiorentini   V   ,    Bernardini   F   ,    Della Sala   F   ,    Di Carlo A and Lugli   P    ( 1999 ), ‘Effects of 
macroscopic polarization in III-V nitride multiple quantum wells’,  Phys. Rev. 
B ,  60 ,  8849 – 8858.  

    Fujito   K   ,    Kiyomi   K   ,    Mochizucki   T   ,    Oota   H   ,    Namita   H   ,    Nagao S and Fujimura   I    
( 2008 ), ‘High-quality nonpolar m-plane GaN substrates grown by HVPE’, 
 Phys. Stat. Sol. (a) ,  205 ,  1056 – 1059.  

    Fujito   K   ,    Kubo   S   ,    Nagaoka   H   ,    Mochizuki   T   ,    Namita H and Nagao   S    ( 2009 ), ‘Bulk 
GaN crystals grown by HVPE’,  J. Cryst. Growth ,  311 ,  3011 – 3014.  

    Funato M and Kawakami   Y    ( 2008 ), ‘Excitonic properties of polar, semipolar, and 
nonpolar InGaN/GaN strained quantum wells with potential fl uctuations’,  J. 
Appl. Phys .,  103 ,  093501 (1–7). 

    Funato   M   ,    Ueda   M   ,    Inoue   D   ,    Kawakami   Y   ,    Narukawa Y and Mukai   T    ( 2010 ), 
‘Experimental and theoretical considerations of polarization fi eld direction in 
semipolar InGaN/GaN quantum wells’,  Appl. Phys. Express ,  3 ,  071001 (1–3). 

    Hardy   M   ,    Feezell   D   ,    DenBaars S and Nakamura   S    ( 2011 ), ‘Group III-nitride lasers: 
A materials perspective’,  Mater. Today ,  14 ,  408 – 415.  

    Gardner   N   ,    Kim   J   ,    Wierer   J   ,    Shen Y and Krames   M    ( 2005 ), ‘Polarization anisotropy 
in the electroluminescence of m-plane InGaN-GaN multiple-quantum-well 
light emitting diodes’,  Appl. Phys. Lett .,  86 ,  111101 (1–3). 

    Haeger   D   ,    Chung   R   ,    Young   E   ,    Pfaff   N   ,    Tsai   M   ,    Fujito   K   ,    DenBaars   S   ,    Speck  
 J   ,    Nakamura S and Cohen   D    ( 2012 ), ‘384 nm near-uv laser diode grown on 
a ( )  semipolar    relaxed   A   lGaN buffer layer’,  Appl. Phys. Lett.,   100 , 
161107(1–4). 

    Hakki B and Paoli   T    ( 1975 ), ‘Gain spectra in GaAs double-heterostructure injection 
lasers’,  J. Appl. Phys .,  46 ,  1299 – 1306.  

    Hirai   A   ,    Jia   Z   ,    Schmidt   M   ,    Farrell   R   ,    DenBaars   S   ,    Nakamura S and Speck   J    ( 2007 ), 
‘Formation and reduction of pyramidal hillocks on m-plane { }  GaN,  Appl. 
Phys. Lett .,  91 ,  191906 (1–3). 

    Hsu   P   ,    Kelchner   K   ,    Tyagi   A   ,    Farrell   R   ,    Haeger   D   ,    Fujito   K   ,    Ohta   H   ,    DenBaars   S   ,    Speck 
J and Nakamura   S    ( 2010 ), ‘InGaN/GaN blue laser diode grown on semipolar 
( )  free-standing GaN substrates’,  Appl. Phys. Express ,  3 ,  052702 (1–3). 

�� �� �� �� �� ��



 Nonpolar and semipolar group III-nitride lasers 265

© Woodhead Publishing Limited, 2013

    Hsu   P   ,    Sonoda   J   ,    Kelchner   K   ,    Tyagi   A   ,    Farrell   R   ,    Haeger   D   ,    Young   E   ,    Romanov   A   , 
   Fujito   K   ,    Ohta   H   ,    DenBaars   S   ,    Speck J and Nakamura   S    ( 2011a ), ‘Blue InGaN/
GaN laser diodes grown on 

p
( )  free-standing GaN substrates’,  Phys. Stat. 

Sol. (c) ,  8 ,  2390 – 2392.  
    Hsu   P   ,    Young   E   ,    Romanov   A   ,    Fujito   K   ,    DenBaars   S   ,    Nakamura S and Speck   J    

( 2011b ), ‘Misfi t dislocation formation via pre-existing threading dislocation 
glide in ( )  semipolar heteroepitaxy’,  Appl. Phys. Lett .,  99 ,  081912 (1–3). 

    Hsu   P   ,    Hardy   M   ,    Wu   F   ,    Koslow   I   ,    Young   E   ,    Romanov   A   ,    Fujito   K   ,    Feezell   D   ,    DenBaars  
 S   ,    Speck J and Nakamura   S    ( 2012 ), ‘444.9 nm semipolar ( )  laser diode 
grown on an intentionally stress relaxed InGaN waveguiding layer’,  Appl. Phys. 
Lett .,  100 ,  021104 (1–3). 

    Huang   C   ,    Lin   Y   ,    Tyagi   A   ,    Chakraborty   A   ,    Ohta   H   ,    Speck   J   ,    DenBaars S and Nakamura  
 S    ( 2010 ), ‘Optical waveguide simulations for the optimization of InGaN-based 
green laser diodes’,  J. Appl. Phys .,  107 ,  023101 (1–7). 

    Kapolnek   D   ,    Keller   S   ,    Vetury   R   ,    Underwood   R   ,    Kozodoy   P   ,    DenBaars S and Mishra  
 U    ( 1997 ), ‘Anisotropic epitaxial lateral growth in GaN selective area epitaxy’, 
 Appl. Phys. Lett .,  71 ,  1204 – 1206.  

    Kasai   J   ,    Akimoto   R   ,    Kuwatsuka   H   ,    Hasama   H   ,    Ishikawa   H   ,    Fujisaki   S   ,    Kikawa   T   , 
   Tanaka   S   ,    Tsuji   S   ,    Nakajima   H   ,    Tasai   K   ,    Takiguchi   Y   ,    Asatsuma T and Tamamura  
 K    ( 2010 ), ‘545 nm room-temperature continuous-wave operation of BeZnCdSe 
quantum-well green laser diodes with low threshold current density’,  Appl. 
Phys. Express ,  3 ,  091201 (1–3). 

    Kelchner   K   ,    Lin   Y   ,    Hardy   M   ,    Huang   C   ,    Hsu   P   ,    Farrell   R   ,    Haeger   D   ,    Kuo   H   ,    Wu   F   , 
   Fujito   K   ,    Cohen   D   ,    Chakraborty   A   ,    Ohta   H   ,    Speck   J   ,    Nakamura S and DenBaars  
 S    ( 2009 ), ‘Nonpolar AlGaN-cladding-free blue laser diodes with InGaN wave-
guiding’,  Appl. Phys. Express ,  2 ,  071003 (1–3). 

    Kelchner   K   ,    Farrell   R   ,    Lin   Y   ,    Hsu   P   ,    Hardy   M   ,    Wu   F   ,    Cohen   D   ,    Ohta   H   ,    Speck   J   , 
   Nakamura S and DenBaars   S    ( 2010 ), ‘Continuous-wave operation of pure blue 
AlGaN-cladding-free Nonpolar InGaN/GaN laser diodes’,  Appl. Phys. Express , 
 3 ,  092103 (1–3). 

    Kim   Y   ,    Kaneta   A   ,    Funato   M   ,    Kawakami   Y   ,    Kyono   T   ,    Ueno M and Nakamura   T    ( 2011 ), 
‘Optical gain spectroscopy of a semipolar ( ) -oriented green InGaN laser 
diode’,  Appl. Phys. Express ,  4 ,  052103 (1–3). 

    Kioupakis   M   ,    Rinke P and   V   an    de Walle   C    ( 2010 ), ‘Determination of internal loss in 
nitride lasers from fi rst principles’,  Appl. Phys. Express ,  3 ,  082101 (1–3). 

    Kisin   M   ,    Brown R and   E   l-   Ghoroury   H    ( 2009 ), ‘Optimum quantum well width 
for III-nitride nonpolar and semipolar laser diodes’,  Appl. Phys. Lett .,  94 , 
 021108 (1–3). 

    Koda   R   ,    Kuramoto   M   ,    Ikeda   M   ,    Oki   T   ,    Watanabe   H   ,    Miyajima   T   ,    Kono S and 
Yokoyama   H    ( 2011 ), ‘High peak power picoseconds optical pulse genera-
tion from GaInN semiconductor diode lasers’,  Proc. SPIE-Novel In-Plane 
Semiconductor Lasers X ,  7953 ,  79530J (1–7). 

    Kojima   K   ,    Funato   M   ,    Kawakami   Y   ,    Nagahama   S   ,    Mukai   T   ,    Braun H and Schwarz   U    
( 2006 ), ‘Gain suppression phenomena observed in InxGa1-xN quantum well 
laser diodes emitting at 470 nm’,  Appl. Phys. Lett .,  89 ,  241127 (1–3). 

    Kojima   K   ,    Kamon   H   ,    Funato M and Kawakami   Y    ( 2008 ), ‘Theorectical investiga-
tions on anisotropic optical properties in semipolar and nonpolar InGaN quan-
tum wells,  Phys. Stat. Sol. (c) ,  5 ,  3038 – 3041.  

�� �� �� �� �� ��



266 Semiconductor lasers

© Woodhead Publishing Limited, 2013

    Kojima   K   ,    Funato   M   ,    Kawakami Y and Noda   S    ( 2010a ), ‘Valence band effective 
mass of non-c-plane nitride heterostructures’,  J. Appl. Phys .,  107 ,  123105 (1–7). 

    Kojima   K   ,    Yamaguchi   A   ,    Funato   M   ,    Kawakami Y and Noda   S    ( 2010b ), ‘Gain anisot-
ropy analysis in green semipolar InGaN quantum wells with inhomogeneous 
broadening’,  Jpn. J. Appl. Phys .,  49 ,  081001 (1–4). 

    Kubota   M   ,    Okamoto   K   ,    Tanaka T and Ohta   H    ( 2007 ), ‘Continuous-wave operation 
of blue laser diodes based on nonpolar m-plane gallium nitride’,  Appl. Phys. 
Express ,  1 ,  011102 (1–3). 

    Kucharski   R   ,    Zajac   M   ,    Doradzinski   R   ,    Rudzinski   M   , Kurdrawiec    and Dwilinski   R    
( 2012 ), ‘Non-polar and semi-polar ammonothermal GaN substrates’,  Semicond. 
Sci. Technol .,  27 ,  024007 (1–15). 

    Kuramoto   M   ,    Sasaoka   C   ,    Futagawa   N   ,    Nido M and Yamaguchi   A    ( 2002 ), ‘Reduction 
of internal loss and threshold current in a laser diode with a ridge by selective 
re-growth (RiS-LD)’,  Phys. Stat. Sol. (a) ,  192 ,  329 – 334.  

    Kyono   T   ,    Yoshizumi   Y   ,    Enya   Y   ,    Adachi   M   ,    Tokuyama   S   ,    Ueno   M   ,    Katayama K and 
Nakamura   T    ( 2010 ), ‘Optical polarization characteristics of InGaN quantum 
wells for green laser diodes on semi-polar ( )  GaN substrates’,  Appl. Phys. 
Express ,  3 ,  011003 (1–3). 

    Lin   Y   ,    Chakraborty   A   ,    Brinkley   S   ,    Kuo   H   ,    Melo   T   ,    Fujito   K   ,    Speck   J   ,    DenBaars S 
and Nakamura   S    ( 2009a ), ‘Characterization of blue-green m-plane InGaN light 
emitting diodes’,  Appl. Phys. Lett .,  94 ,  261108 (1–3). 

    Lin   Y   ,    Hardy   M   ,    Hsu   P   ,    Kelchner   K   ,    Huang   C   ,    Haeger   D   ,    Farrell   R   ,    Fujito   K   , 
   Chakraborty   A   ,    Ohta   H   ,    Speck   J   ,    DenBaars S and Nakamura   S    ( 2009b ), ‘Blue-
green InGaN/GaN laser diodes on miscut m-plane GaN substrate’,  Appl. Phys. 
Express ,  2 ,  082102 (1–3). 

    Lin   Y   ,    Yamamoto   S   ,    Huang   C   ,    Hsiung   C   ,    Wu   F   ,    Fujito   K   ,    Ohta   H   ,    Speck   J   ,    DenBaars S 
and Nakamura   S    ( 2010 ), ‘High quality InGaN/AlGaN multiple quantum wells 
for semipolar InGaN green laser diodes’,  Appl. Phys. Express ,  3 ,  082001 (1–3). 

    Matthews J and Blakeslee   A    ( 1974 ), ‘Defects in epitaxial multilayers’,  J. Cryst. 
Growth ,  27 ,  118 – 125.  

    Melo   T   ,    Hu   Y   ,    Weisbuch   C   ,    Schmidt   M   ,    David   A   ,    Ellis   B   ,    Poblenz   C   ,    Lin   Y   , 
   Krames M and Raring   J    ( 2012 ), ‘Gain comparison in polar and nonpolar/
semipolar gallium-nitride-based laser diodes’,  Semicond. Sci. Technol .,  27 , 
 024015 (1–6). 

    Miyoshi   T   ,    Masui   S   ,    Okada   T   ,    Yanamoto   T   ,    Kozaki   T   ,    Nagahama S and Mukai   T    ( 2009 ), 
‘510–515 nm InGaN-based green laser diodes on c-plane GaN substrates’,  Appl. 
Phys. Express ,  2 ,  062201.  

    Morkoc   H    ( 2008a ),  Handbook of Nitride Semiconductors and Devices Volume 1: 
Materials Properties, Physics, and Growth ,  Weinheim ,  Wiley-VCH.  

    Morkoc   H    ( 2008b ),  Handbook of Nitride Semiconductors and Devices Volume 2: 
Electronic and Optical Processes in Nitrides ,  Weinheim ,  Wiley-VCH . 

    Morkoc   H    ( 2008c ),  Handbook of Nitride Semiconductors and Devices Volume 3: 
GaN-Based Optical and Electronic Devices ,  Weinheim ,  Wiley-VCH . 

    Motoki   K   ,    Okahisa   T   ,    Matsumoto   N   ,    Matsushima   M   ,    Kimura   H   ,    Kasai   H   ,    Takemoto  
 K   ,    Uematsu   K   ,    Hirano   T   ,    Nakayama   M   ,    Nakahata   S   ,    Ueno   M   ,    Hara   D   ,    Kumagi  
 Y   ,    Koukitu A and Seki   H    ( 2001 ), ‘Preparation of large freestanding GaN sub-
strates by hydride vapor phase epitaxy using GaAs as a starting substrate’,  Jpn. 
J. Appl. Phys .,  40 ,  L140–L143.  

�� �� �� �� �� ��



 Nonpolar and semipolar group III-nitride lasers 267

© Woodhead Publishing Limited, 2013

    Muller   J   ,    Bruderl   G   ,    Schillgalies   M   ,    Tautz   S   ,    Dini   D   ,    Breidenassel   A   ,    Galler B and 
Lutgen   S    ( 2009 ), ‘Burn-in mechanism of 450 nm InGaN ridge laser test struc-
tures’,  Appl. Phys. Lett .,  95 ,  051104 (1–3). 

    MRS   Bulletin    ( 2009 ),  Nonpolar and Semipolar Group III Nitride-    Based  
     Materials , Cambridge,    Cambridge University   P   ress. Available from:  http://
journals. cambridge.org/action/displayIssue?jid=MRS&volumeId=34&seriesId=0
&issueId=05  [March 15, 2012]. 

    Nakamura   S   ,    Mukai   T   ,    Senoh M and Iwasa   N    ( 1992a ), ‘Thermal annealing effects on 
p-type Mg-doped GaN fi lms’,  Jpn. J. Appl. Phys .,  31 ,  L139–L142.  

    Nakamura   S   ,    Iwasa   N   ,    Senoh M and Mukai   T    ( 1992b ), ‘Hole compensation mecha-
nism of p-type GaN fi lms’,  Jpn. J. Appl. Phys .,  31 ,  1258 – 1266.  

    Nakamura   S   ,    Senoh   M   ,    Iwasa N and Nagahama   S    ( 1995 ), ‘High-brightness InGaN 
Blue, green and yellow light-emitting diodes with quantum well structures’, 
 Jpn. J. Appl. Phys .,  34 ,  L797–L799.  

    Nakamura   S   ,    Senoh   M   ,    Nagahama   S   ,    Iwasa   N   ,    Yamada   T   ,    Matsushita   T   ,    Kiyoku H 
and Sugimoto   Y    ( 1996a ), ‘InGaN-based multi-quantum-well-structure laser 
diodes’,  Jpn. J. Appl. Phys .,  35 ,  L74–L76.  

    Nakamura   S   ,    Senoh   M   ,    Nagahama   S   ,    Iwasa   N   ,    Yamada   T   ,    Matsushita   T   ,    Sugimoto Y and 
Kiyoku   H    ( 1996b ), ‘Room-temperature continuous-wave operation of InGaN 
multi-quantum-well structure laser diodes’,  Appl. Phys. Lett .,  72 ,  211 – 213.  

    Nakamura   S   ,    Senoh   M   ,    Nagahama   S   ,    Iwasa   N   ,    Yamada   T   ,    Matsushita   T   ,    Kiyoku   H   , 
   Sugimoto   Y   ,    Kozaki   T   ,    Umemoto   H   ,    Sano M and Chocho   K    ( 1998 ), ‘InGaN/
GaN/AlGaN-based laser diodes with modulation-doped strained-layer super-
lattices grown on an epitaxially laterally overgrown GaN substrate’,  Appl. Phys. 
Lett .,  69 ,  4056 – 4058.  

    Nakamura   S    ( 2000 ), ‘Development and future prospects of InGaN-based LEDs and 
LDs’, in Nakamura S and Chichibu S,  Introduction to Nitride Semiconductor 
Blue Lasers and Light Emitting Diodes ,  Boca Raton ,  CRC Press , 317–350. 

    Nakamura   S   ,    Pearton S and Fasol   G    ( 2000 ),  The Blue Laser Diode ,  Berlin ,  Springer . 
    Narukawa   Y   ,    Ichikawa   M   ,    Sanga   D   ,    Sano M and Mukai   T    ( 2010 ), ‘White light emit-

ting diodes with super-high luminous effi cacy’,  J. Phys. D: Appl. Phys .,  43 , 
 354002 (1–6). 

    Ng   H    ( 2002 ), ‘Molecular-beam epitaxy of GaN/AlxGa1-xN multiple quantum wells 
on R-plane ( )  sapphire substrates’,  Appl. Phys. Lett .,  80 ,  4369 – 4371.  

    Northrup   J    ( 2009 ), ‘GaN and InGaN ( )  surfaces: Group-III adlayers and 
indium incorporation’,  Appl. Phys. Lett .,  95 ,  133107 (1–3). 

    Ohta   M   ,    Ohizumi   Y   ,    Hoshina   Y   ,    Tanaka   T   ,    Yabuki   Y   ,    Funato   K   ,    Tomiya   S   ,    Goto S 
and Ikeda   M    ( 2007 ), ‘High-power pure blue laser diodes’,  Phys. Stat. Sol. (a) , 
 204 ,  2068 – 2072.  

    Okamoto   K   ,    Ohta   H   ,    Chichibu   S   ,    Ichihara J and Takasu   H    ( 2007 ), ‘Continuous-wave 
operation of m-plane InGaN multiple quantum well laser diodes’,  Jpn. J. Appl. 
Phys .,  46 ,  L187–L189.  

    Okamoto   K   ,    Tanaka   T   ,    Kubota M and Ohta   H    ( 2007 ), ‘Pure blue laser diodes based 
on nonpolar m-plane gallium nitride with InGaN waveguiding layers’,  Jpn. J. 
Appl. Phys .,  46 ,  L820–L822.  

    Okamoto   K   ,    Tanaka T and Kubota   M    ( 2008 ), ‘High-effi ciency continuous-wave oper-
ation of blue-green laser diodes based on nonpolar m-plane gallium nitride’, 
 Appl. Phys. Express ,  1 ,  072201 (1–3). 

�� �� �� �� �� ��



268 Semiconductor lasers

© Woodhead Publishing Limited, 2013

    Okamoto   K   ,    Kashiwagi   J   ,    Tanaka T and Kubota   M    ( 2009 ), ‘Nonpolar m-plane InGaN 
multiple quantum well laser diodes with a lasing wavelength of 499.8 nm’,  Appl. 
Phys. Lett .,  94 ,  071105 (1–3). 

    Park   S    ( 2003 ), ‘Crystal orientation effects on many-body optical gain of wurtzite 
InGaN/GaN quantum well lasers’,  Jpn. J. Appl. Phys .,  42 ,  L170–L172.  

    Park   S    ( 2003 ), ‘Effect of ( )  crystal orientation on many-body optical gain of 
wurtzite InGaN/GaN quantum well,  J. Appl. Phys .,  93 ,  9665 – 9668.  

    Park   S   ,    Ahn D and Oh   J    ( 2008 ), ‘Optical anisotropy in ultraviolet InGaN/GaN quan-
tum-well light-emitting diodes with a general crystal orientation’,  Appl. Phys. 
Lett .,  92 ,  011130 (1–3). 

    Paskova   T    ( 2008 ),  Nitrides with Nonpolar Surfaces ,  Weinheim ,  Wiley-VCH . 
    Paskova T and Evans   K    ( 2009 ), ‘GaN substrates – progress, status, and prospects’, 

 J. Sel, Topics Quantum Elec .,  15 ,  1041 – 1052.  
    Raring   J   ,    Schmidt   M   ,    Poblenz   C   ,    Chang   Y   ,    Mondry   M   ,    Li   B   ,    Iveland   J   ,    Walters   B   , 

   Krames   M   ,    Craig   R   ,    Rudy   P   ,    Speck   J   ,    DenBaars S and Nakamura   S    ( 2010 ), 
‘High-effi ciency blue and true-green-emitting laser diodes based on non- c-plane 
oriented GaN substrates’,  Appl. Phys. Express ,  3 ,  112101 (1–3). 

    Raring   J   ,    Hall   E   ,    Schmidt   M   ,    Poblenz   C   ,    Li   B   ,    Pfi ster   N   ,    Kebort   D   ,    Chang   Y   ,    Feezell  
 D   ,    Craig   R   ,    Speck   J   ,    DenBaars S and Nakamura   S    ( 2010 ), ‘State-of-the-art 
continuous-wave InGaN laser diodes in the violet, blue, and green wavelength 
regimes’,  Proc. SPIE Laser Technology for Defense and Security VI ,  7686 , 
 76860L (1–10). 

    Raring   J   ,    Schmidt   M   ,    Poblenz   C   ,    Lin   Y   ,    Bai   C   ,    Rudy   P   ,    Speck   J   ,    DenBaars S and 
Nakamura   S    ( 2011 ), ‘Recent progress    in   I   nGaN-based laser diodes fabricated 
on nonpolar/semipolar substrates’,  IEEE Photonics Conference ,  Arlington, VA . 

    Rass   J   ,    Wernicke   T   ,    Scheibenzuber   W   ,    Schwarz   U   ,    Kupec   J   ,    Witzigmann   B   ,    Vogt   P   , 
   Einfeldt   S   ,    Weyers M and Kneissl   M    ( 2010 ), ‘Polarization of eigenmodes in laser 
diode waveguides on semipolar and nonpolar GaN’,  Phys. Stat. Sol. (RRL) ,  4 ,  1 – 3.  

    Rass   J   ,    Wernicke   T   ,    Kremzow   R   ,    John   W   ,    Einfeldt   S   ,    Vogt   P   ,    Weyers M and Kneissl  
 M    ( 2010 ), ‘Facet formation for laser diodes on nonpolar and semipolar GaN’, 
 Phys. Stat. Sol. (a) ,  207 ,  1361 – 1364.  

    Rass   J   ,    Wernicke   T   ,    Ploch   S   ,    Brendel   M   ,    Kruse   A   ,    Hangleiter   A   ,    Scheibenzuber   W   , 
   Schwarz   U   ,    Weyers M and Kneissl   M    ( 2011 ), ‘Polarization dependent study of 
gain anisotropy in semipolar InGaN lasers’,  Appl. Phys. Lett .,  99 ,  171105 (1–3). 

    Romanov   A   ,    Baker   T   ,    Nakamura S and Speck   J    ( 2006 ), ‘Strain-induced polarization 
in wurtzite III-nitride semipolar layers’,  J. Appl. Phys  .,   100 ,  023522 (1–10). 

    Romanov   A   ,    Young   E   ,    Wu   F   ,    Tyagi   A   ,    Gallinat   C   ,    Nakamura   S   ,    DenBaars S and 
Speck   J    ( 2011 ), ‘Basal plane misfi t dislocations and stress relaxation in III-
nitride semipolar heteroepitaxy’,  J. Appl. Phys .,  109 ,  103522 (1–12). 

    Sato   H   ,    Tyagi   A   ,    Zhong   H   ,    Fellows   N   ,    Chung   R   ,    Saito   M   ,    Fujito   K   ,    Speck   J   ,    DenBaars 
S and Nakamura   S    ( 2007 ), ‘High power and high effi ciency green light emitting 
diode on free-standing semipolar ( )  bulk GaN substrate’,  Phys. Stat. Sol. 
(RRL),   1 ,  162 – 164.  

    Sato   H   ,    Chung   R   ,    Hirasawa   H   ,    Fellows   N   ,    Masui   H   ,    Wu   F   ,    Saito   M   ,    Fujito   K   ,    Speck   J   , 
   DenBaars S and Nakamura   S    ( 2008 ), ‘Optical properties of yellow light-emit-
ting diodes grown on semipolar ( )  bulk GaN substrates’,  Appl. Phys. Lett ., 
 92 ,  221110 (1–3). 

    Schade   L   ,    Schwarz   U   ,    Wernicke   T   ,    Weyers M and Kneissl   M    ( 2011 ), ‘Impact of band 
structure and transition matrix elements on polarization properties of the 

�� �� �� �� �� ��



 Nonpolar and semipolar group III-nitride lasers 269

© Woodhead Publishing Limited, 2013

photoluminescence of semipolar and nonpolar InGaN quantum wells’,  Phys. 
Stat. Sol. B ,  248 ,  638 – 646.  

    Scheibenzuber   W   ,    Schwarz   U   ,    Veprek   R   ,    Witzigmann B and Hangleiter   A    ( 2009 ), 
‘Calculation of optical eigenmodes and gain in semipolar and nonpolar InGaN/
GaN laser diodes’,  Phys. Rev. B ,  80 ,  115320 (1–16). 

    Scheibenzuber   W   ,    Schwarz   U   ,    Veprek   R   ,    Witzigmann B and Hangleiter   A    ( 2010 ), 
‘Optical anisotropy in semipolar (Al,In)GaN laser waveguides’,  Phys. Stat. Sol. 
C ,  7 ,  1925 – 1927.  

    Scheibenzuber W and Schwarz   U    ( 2011 ), ‘Polarization switching of the optical gain 
in semipolar InGaN quantum wells’,  Phys. Stat. Sol. B ,  248 ,  647 – 651.  

    Schmidt   M   ,    Kim   K   ,    Sato   H   ,    Fellows   N   ,    Masui   H   ,    Nakamura   S   ,    DenBaars S and Speck  
 J    ( 2007 ), ‘High power and high external effi ciency m-plane InGaN light emit-
ting diodes’,  Jpn. J. Appl. Phys .,  46 ,  L126–L128.  

    Schmidt   M   ,    Kim   K   ,    Farrell   R   ,    Feezell   D   ,    Cohen   D   ,    Saito   M   ,    Fujito   K   ,    Speck   J   , 
   DenBaars S and Nakamura   S    ( 2007 ), ‘Demonstration of nonpolar m-Plane 
InGaN/GaN laser diodes’,  Jpn. J. Appl. Phys .,  46 ,  L190–L191.  

    Schwarz   U   ,    Pindl   M   ,    Sturm   E   ,    Furitsch   M   ,    Leber   A   ,    Miller   S   ,    Lell A and Harle   V    
( 2005 ), ‘Infl uence of ridge geometry on lateral mode stability of (Al,In)GaN 
laser diodes’,  Phys. Stat. Sol. A ,  202 ,  261 – 270.  

    Semiconductor   T   oday ( 2009 ). Market for embedded pico-projector modules 
to exceed $1bn. Cheltenham:    Juno   P   ublishing    and Media Solutions   L   td. 
Available from:  http://www.semiconductor-today.com/news_items/2009/APRIL/
INSTAT_080409.htm  [March 8, 2012]. 

    Semiconductor   T   oday ( 2010 ). Green laser diode market $500m by 2016 as pico-pro-
jector market drives growth. Cheltenham:    Juno   P   ublishing    and Media Solutions  
 L   td. Available from:  http://www.semiconductor-today.com/news_items/2010/
APRIL/YOLE_140410.htm  [March 8, 2012]. 

    Semiconductor   T   oday ( 2010 ).    SEI   A   nnounces fi rst semipolar/    nonpolar   G   aN 
for green lasers. Cheltenham:    Juno   P   ublishing    and Media Solutions   L   td. 
Available from:  http://www.semiconductor-today.com/news_items/2010/NOV/
SEI_241110.htm  [March 19, 2012]. 

    Shaklee   K   ,    Nahory R and Leheny   R    ( 1973 ), ‘Optical gain in semiconductors’,  J. 
Lumin .,  7 ,  284 – 309.  

    Shen   H   ,    Wraback   M   ,    Zhong   H   ,    Tyagi   A   ,    DenBaars   S   ,    Nakamura S and Speck   J    ( 2009 ), 
‘Determination of polarization fi eld in a semipolar ( )  InGaN/GaN single 
quantum well using Franz-Keldysh oscillations in electrorefl ectance’,  Appl. 
Phys. Lett .,  94 ,  241906 (1–3). 

    Sizov   D   ,    Bhat   R   ,    Napierala   J   ,    Gallinat   C   ,    Song K and Zah   C    ( 2009 ), ‘500-nm opti-
cal gain anisotropy of semipolar ( )  InGaN quantum wells’,  Appl. Phys. 
Express ,  2 ,  071101 (1–3). 

    Sizov   D   ,    Bhat   R   ,    Song   K   ,    Allen   D   ,    Paddock   B   ,    Coleman   S   ,    Hughes L and Zah   C    
( 2011 ), ‘60 mW pulsed and continuous wave operation of GaN-based semipo-
lar green laser with characteristic temperature of 190 K’,  Appl. Phys. Express , 
 4 ,  1021034 (1–3). 

    Speck J and Chichibu   S    ( 2009 ), ‘Nonpolar and semipolar group III nitride-based 
materials’,  MRS Bull.,   34 ,  304 – 312.  

    Strauss   U   ,    Avramescu   A   ,    Lermer   T   ,    Queren   D   , Gomez-    Iglesias   A   ,    Eichler   C   ,    Muller  
 J   ,    Bruderl G and Lutgen   S    ( 2011 ), ‘Pros and cons of green InGaN laser on 
c-plane GaN’,  Phys. Stat. Sol. (b) ,  248 ,  652 – 657.  

�� �� �� �� �� ��



270 Semiconductor lasers

© Woodhead Publishing Limited, 2013

    Takeuchi   T   ,    Sota   S   ,    Katsuragawa   M   ,    Komori   M   ,    Takeuchi   H   ,    Amano H and Akasaki  
 I    ( 1997 ), ‘Quantum-confi ned stark effect due to piezoelectric fi elds in GaInN 
strained quantum wells’,  Jpn. J. Appl. Phys .,  36 ,  L382–L385.  

    Takeuchi   T   ,    Amano H and Akasaki   I    ( 2000 ), ‘Theoretical study of orientation depen-
dence of piezoelectric effects in wurtzite strained GaInN/GaN heterostructures 
and quantum wells’,  Jpn. J. Appl. Phys .,  39 ,  413 – 416.  

    Tojyo   T   ,    Uchida   S   ,    Mizuno   T   ,    Asano   T   ,    Takeya   M   ,    Hino   T   ,    Kijima   S   ,    Goto   S   ,    Yabuki 
Y and Ikeda   M    ( 2002 ), ‘High-power AlGaInN laser diodes with high kink level 
and low relative intensity noise’,  Jpn. J. Appl. Phys .,  41 ,  1829 – 1833.  

    Tomiya   T   ,    Hino   T   ,    Goto   S   ,    Takeya M and Ikeda   M    ( 2004 ), ‘Dislocation related issues 
in the degredation of GaN-based laser diodes’,  J. Sel, Topics Quantum Elec .,  10 , 
 1277 – 1286.  

    Tsuda   Y   ,    Ohta   M   ,    Vaccaro   P   ,    Ito   S   ,    Hirukawa   S   ,    Kawaguchi   Y   ,    Fujishiro   Y   ,    Takahira  
 Y   ,    Ueta   Y   ,    Takakura T and Yuasa   T    ( 2008 ), ‘Blue laser diodes fabricated on 
m-plane GaN substrates’,  Appl. Phys. Express ,  1 ,  011104 (1–3). 

    Tyagi   A   ,    Zhong   H   ,    Chung   R   ,    Feezell   D   ,    Saito   M   ,    Fujito   K   ,    Speck   J   ,    DenBaars S and 
Nakamura   S    ( 2007 ), ‘Semipolar ( )  InGaN/GaN laser diodes on bulk GaN 
substrates’,  Jpn. J. Appl. Phys .,  46 ,  L444–L445.  

    Tyagi   A   ,    Lin   Y   ,    Cohen   D   ,    Saito   M   ,    Fujito   K   ,    Speck   J   ,    DenBaars S and Nakamura   S    
( 2008 ), ‘Stimulated emission at blue-green (480 nm) and green (514 nm) wave-
lengths from nonpolar (m-plane) and semipolar ( )  InGaN multiple quan-
tum well laser diode structures’,  Appl. Phys. Express ,  1 ,  091103 (1–3). 

    Tyagi   A   ,    Wu   F   ,    Young   E   ,    Chakraborty   A   ,    Ohta   H   ,    Bhat   R   ,    Fujito   K   ,    DenBaars   S   , 
   Nakamura S and Speck   J    ( 2009 ), ‘Partial strain relaxation via misfi t dislocation 
generation at heterointerfaces in (Al,In)GaN epitaxial layers grown on semipolar 
( )  GaN free standing substrates ’,  Appl. Phys. Lett .,  95 ,  251905 (1–3). 

    Uchida   S   ,    Takeya   M   ,    Ikeda   S   ,    Mizuno   T   ,    Fujimoto   T   ,    Matsumoto   O   ,    Goto   S   ,    Tojyo T 
and Ikeda   M    ( 2003 ), ‘Recent progress in high-power blue-violet lasers’,  IEEE 
J. Sel. Topics Quantum Elec .,  9 ,  1252 – 1259.  

    Ueda   M   ,    Funato   M   ,    Kawakami   Y   ,    Narukawa Y and Mukai   T    ( 2008 ), ‘Polarization 
switching phenomena in semipolar In x Ga 1-x N/GaN quantum well active layers’, 
 Phys. Rev. B ,  78 ,  233303 (1–4). 

    Usui   A   ,    Sunakawa   H   ,    Sakai A and Yamaguchi   A    ( 1997 ), ‘Thick GaN epitaxial 
growth with low dislocation density by hydride vapor phase epitaxy’,  Jpn. J. 
Appl. Phys .,  36 ,  L899–L902.  

    Vurgaftman I and Meyer   J    ( 2007 ), ‘    Electron Bandstructure   C   alculations’,    in       Piprek  
 J   ,  Nitride Semiconductor Devices: Principles and Simulations ,  Berlin ,  Wiley-
VCH , 13–48. 

    Waltereit   P   ,    Brandt   O   ,    Trampert   A   ,    Grahn   H   ,    Menniger   J   ,    Ramsteiner   M   ,    Reiche 
M and Ploog   K    ( 2000 ), ‘Nitride semiconductors free of electrostatic fi elds for 
 effi cient white light-emitting diodes’,  Nature ,  406 ,  865 – 867.  

    Wei   Q   ,    Li   T   ,    Wu Z and Ponce   F    ( 2010 ), ‘In-plane polarization of GaN-based 
 heterostructures with arbitrary crystal orientation’,  Phys. Stat. Sol. (a) ,  207 , 
 2226 – 2232.  

    Wernicke   T   ,    Schade   L   ,    Netzel   C   ,    Rass   J   ,    Hoffmann   V   ,    Ploch   S   ,    Knauer   A   ,    Weyers   M   , 
   Schwarz U and Kneissl   M    ( 2012 ), ‘Indium incorporation and emission wave-
length of polar, nonpolar and semipolar InGaN quantum wells’,  Semicond. Sci. 
Technol .,  27 ,  024014 (1–7). 

�� �� �� �� �� ��



 Nonpolar and semipolar group III-nitride lasers 271

© Woodhead Publishing Limited, 2013

    Wu   F   ,    Lin   Y   ,    Chakraborty   A   ,    Ohta   H   ,    DenBaars   S   ,    Nakamura S and Speck   J    ( 2010 ), 
‘Stacking fault formation in the long wavelength InGaN/GaN multiple quan-
tum wells grown on m-plane GaN’,  Appl. Phys. Lett .,  96 ,  231912 (1–3). 

    Wunderer   T   ,    Bruckner   P   ,    Hertkom   J   ,    Scholz   F   ,    Beirne   G   ,    Jetter   M   ,    Michler   P   , 
   Feneberg M and Thonke   K    ( 2007 ), ‘Time- and locally resolved photolumines-
cence of semipolar GaInN/GaN facet light emitting diodes’,  Appl. Phys. Lett ., 
 90 ,  171123 (1–3). 

    Yoshizumi   Y   ,    Adachi   M   ,    Enya   Y   ,    Kyono   T   ,    Tokuyama   S   ,    Sumitomo   T   ,    Akita   K   , 
   Ikegami   T   ,    Ueno   M   ,    Katayama K and Nakamura   T    ( 2009 ), ‘Continuous-wave 
operation of 520 nm green InGaN based laser diodes on semi-polar ( )  
GaN substrates’,  Appl. Phys. Express ,  2 ,  092101 (1–3). 

    Young   E   ,    Wu   F   ,    Romanov   A   ,    Tyagi   A   ,    Gallinat   C   ,    DenBaars   S   ,    Nakamura S and 
Speck   J    ( 2010 ), ‘Lattice tilt and misfi t dislocations in ( )  semipolar GaN 
heteroepitaxy’,  Appl. Phys. Express ,  3 ,  011004 (1–3). 

    Young   E   ,    Romanov   A   ,    Gallinat   C   ,    Hirai   A   ,    Beltz G and Speck   J    ( 2010 ), ‘Anisotropy of 
tensile stresses and cracking in nonbasal plane AlxGa1-xN/GaN heterostructures’, 
 Appl. Phys. Lett .,  96 ,  041913 (1–3). 

    Yu   E    ( 2003 ), ‘Spontaneous and piezoelectric polarization in nitride heterostruc-
tures’,    in       Yu   E       and       Manasreh M ,    III-V Nitride Semiconductors: Applications 
and Devices,   London ,  Taylor & Francis , 161–192. 

    Zhao   Y   ,    Tanaka   S   ,    Yan   Q   ,    Huang   C   ,    Chung   R   ,    Pan   C   ,    Fujito   K   ,    Feezell   D   , Van    de 
Walle   C   ,    Speck   J   ,    DenBaars S and Nakamura   S    ( 2011 ), ‘High optical polar-
ization ratio from semipolar ( )  blue-green InGaN/GaN light-emitting 
diodes’,  Appl. Phys. Lett .,  99 ,  051109 (1–3). 

    Zhao   Y   ,    Yan   Q   ,    Huang C ,  Huang S   ,    Hsu   P   ,    Tanaka   S   ,    Pan   C   ,    Kawaguchi   Y   ,    Fujito  
 K   ,    Van de Walle   C   ,    Speck   J   ,    DenBaars   S   ,    Nakamura   S    and    Feezell   D    ( 2012 ), 
‘Indium incorporation and emission properties of nonpolar and semipolar 
InGaN quantum wells’,  Appl. Phys. Lett .,  100 , 201108–201108-4. 

    Zheleva   T   ,    Nam   O   ,    Bremser M and Davis   R    ( 1997 ), ‘Dislocation density reduction 
via lateral epitaxy in selectively grown GaN structures’,  Appl. Phys. Lett .,  71 , 
 2472 – 2474.  

     

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

272

     7 
 Advanced self-assembled indium arsenide 

(InAs) quantum-dot lasers   

    M.   SUGAWARA ,    QD Laser Inc., Japan and The University 
of Tokyo, Japan and       Y.   ARAKAWA     and K. TANABE, 

The University of Tokyo, Japan    

   DOI : 10.1533/9780857096401.2.272 

  Abstract : This chapter provides an account of the performance of 
advanced self-assembled InAs quantum-dot (QD) lasers, achieved 
through fi ve years of collaborative research and development between 
QD Laser, Inc., Fujitsu Laboratories Ltd, and The University of Tokyo. 
The chapter fi rst reviews state-of-the-art self-assembling growth 
methods for high-density and highly uniform InAs QDs, and the use 
of Fabry–Pérot (FP) and distributed-feedback (DFB) lasers for optical 
communications and for extremely-high-temperature environments. The 
chapter then introduces the activities and products of QD Laser, Inc., a 
start-up company based on GaAs-based semiconductor quantum-dot, 
quantum-well and DFB technologies, and silicon hybrid quantum-dot 
lasers for future optical interconnections. 

  Key words : quantum dot, self-assembled InAs quantum dot, quantum-dot 
laser, Fabry–Pérot (FP) laser, distributed-feedback (DFB) laser.  

   7.1     Introduction 

 Over the past fi ve years, remarkable progress has been made in the area of 
self-assembled InAs quantum-dot lasers through industrial−academic collab-
oration between the start-up company QD Laser, Inc., Fujitsu Laboratories 
Ltd, and the University of Tokyo in Japan. Following the book entitled 
 Self-assembled InGaAs/GaAs Quantum Dots  (Sugawara,  1999 ) describing 
technology achievements in 1990s, this chapter reviews the  state-of the-art 
for quantum-dot crystal growth technology and quantum-dot lasers, includ-
ing mass production for the optical communication market. 

 Three-dimensional quantum confi nement of electrons and holes in a 
quantum dot of size ranging up to ten nanometers causes the atom-like, 
or a series of a delta-function, density of states, which is believed to be 
essential to improved semiconductor laser performance. This was fi rst pro-
posed by Arakawa and Sakaki ( 1982 ). Semiconductor lasers with QDs 

�� �� �� �� �� ��



 Advanced self-assembled InAs quantum-dot lasers 273

© Woodhead Publishing Limited, 2013

as the active region were expected to exhibit ultralow threshold current, 
temperature-insensitive operation, narrow spectrum line width, and large 
modulation bandwidth (Arakawa  et al .,  1983 ; Asada  et al .,  1986 ).  Figure 7.1  
shows how active regions in semiconductor lasers and the electron density 
of states vary with the dimensionality of quantum confi nement. By the use 
of quantum-confi ned structures, freedom of carrier motion is reduced to lim-
ited directions, leading to complete carrier confi nement in the quantum dot. 
The peculiar electronic structure of QDs prevents carrier distribution from 
thermal broadening, resulting in a narrow and discrete optical gain  spectrum 
whose width is ideally limited to homogeneous broadening of 5–20 meV 
due to intraband scattering (Sugawara  et al .,  2005 ). This gain property is 
the basis that gives quantum-dot lasers their advantage over conventional 
lasers.    

 A key challenge has been in the development of fabrication technology 
of highly uniform and high-density QDs to realize narrow optical gain spec-
trum with suffi cient magnitude. Numerous efforts have been made, based 
primarily on microscopic lateral patterning and regrowth of epitaxial layers 
(Petroff  et al .,  1984 ; Chang  et al .,  1985 ; Fukui and Saito,  1987 ; Miyamoto  et al ., 
 1987 ; Kapon  et al .,  1989 ; Kash  et al .,  1991 ; Nakamura  et al .,  1991 ). However, 
these artifi cial structures did not take full advantage of engineered energy 
states, with drawbacks such as larger size, low density, and size irregularity, 
resulting in insuffi cient optical properties. 
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 7.1      Active regions in semiconductor lasers and the electron density of 

states with the dimension of quantum confi nement. QW, quantum well. 

EF , Fermi level.  
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 The advent of self-assembled QDs opened the way for quantum-dot 
lasers, owing to their uniformity, high-density, and dislocation-free crystal 
quality. The real breakthrough was that self-assembled QDs emit light of 
1.3  µ m (Mukai  et al ., 1995), which is the zero-dispersive wavelength of 1.3 
silica optical fi ber used in optical transmission. This was followed by the 
quantum-dot lasers at 1.3  µ m (Huffaker  et al .,  1998 ; Mukai  et al .,  1999 ) in 
the late 1990s, and intensive R&D for their practical application. One of 
the most exciting milestones of the R&D was the temperature-insensitive 
1.3  µ m FP quantum-dot lasers operating at 10 Gbits/s (Otsubo  et al .,  2004 ), 
which were realized by the high gain of ten quantum-dot layers in the 
active region to extend the modulation bandwidth (Ishida  et al .,  2004 ), and 
 p -type doping to make the lasers immune to temperature (Shchekin and 
Deppe,  2002 ). 

 This book describes the remarkable progress of self-assembled InAs 
quantum-dot lasers over the past fi ve years following the above-mentioned 
R&D milestones. Section 7.2 provides the state-of-the-art growth tech-
nology of high-density and highly uniform InAs QDs. Section 7.3 reviews 
quantum-dot FP and DFB lasers for optical communication. Section 7.4 
focuses on extremely-high-temperature operation of quantum-dot FP and 
DFB lasers for high–harsh temperature environments. These lasers are 
based on the quantum-dot wafer technology of Section 7.2. Section 7.5 
introduces the activities and products of QD Laser, Inc., a start-up com-
pany based on GaAs-based semiconductor quantum-dot, quantum-well, 
and DFB technologies. Section 7.6 presents silicon hybrid quantum-dot 
lasers for future optical interconnections. Section 7.7 summarizes this chap-
ter and describes the challenges for further development of self-assembled 
quantum-dot lasers.  

  7.2     High-density and highly uniform InAs 
quantum dots 

 This section reviews high-density, highly uniform InAs QDs in the light 
of their self-assembly for optical devices, the roadmap for their properties 
(in terms of increasing optical gain) and the use of high-density QDs. It 
then considers highly uniform QD structures for sharpening optical gain, 
the future direction for QD-based optical devices, and fi nally provides a 
summary. 

  7.2.1     Self-assembled quantum dots for optical devices 

 For realizing superior optical devices, such as laser diodes with semicon-
ductor nanostructures, it is important to form high-density and highly 
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uniform structures with suffi cient optical quality. In the very early stages 
of forming two- or three-dimensional quantum nanostructures (so-called 
quantum wires or QDs, many techniques were proposed and experimen-
tally carried out, as cited in Section 7.1. Now it is almost conclusive that the 
self-assembling technique is the most suitable way to realize high-density 
and high-optical quality QDs for optical devices (Sugawara,  1999 ). By com-
bining carrier-conducting layers, electron/hole injection as well as current 
generation can be realized with those QDs, which means that the QDs can 
emit light as well as detect photons. 

 In the self-assembling formation method, strain-driven formation of 
nanostructures is utilized. It is known as Stranski−Krastanow growth mode 
of semiconductor growth, such as InAs growth on GaAs, as shown in  Fig. 
7.2  (Stranski and Krastanow,  1939 ). In the case of molecular beam epitaxy 
(MBE), an indium molecular beam is supplied on a GaAs surface with 
an arsenic molecular beam. After forming about one monolayer of InAs 
on GaAs at the fi rst stage to reduce the surface energy (InAs has lower 
surface energy compared to GaAs), InAs island-like structures start to 
form after a certain supply of In. This phenomenon was fi rst seen as a way 
to realize small InAs islands (Goldstein  et al .,  1985 ). Those InAs islands 
behave as QDs, and they have been used for active layers of semiconductor 
lasers (Shoji  et al .,  1996 ). Because of their small size, the carrier confi ne-
ment energy is almost comparable to room-temperature thermal energy 

In As

InAs

InAs

GaAs

GaAs

GaAs

 7.2      A schematic illustration of InAs QD formation on GaAs surface.  
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and the device characteristics are expected to be improved as predicted by 
Arakawa and Sakaki ( 1982 ) even at or above room temperature.     

  7.2.2     Roadmap of quantum-dot properties in view of 
increasing optical gain 

  Table 7.1  shows how the quantum-dot formation methods improve to 
increase peak optical gain in laser diodes. Some reports showed that sig-
nifi cantly narrow photoluminescence (PL) full-width at half-maximum 
(FWHM) (or ‘linewidth’) can be realized in self-assembly grown QDs. For 
example, 21 meV linewidth at room temperature (Nishi  et al .,  1999 ) and a 
linewidth of 18.6 meV at 14 K (Yamaguchi  et al .,  2000 ) have been reported. 
From this, it can be seen that QD uniformity is drastically improved com-
pared to the QDs reported in early 1990s where a low temperature PL lin-
ewidth was about 60 meV (Leonard  et al .,  1993 ,  1994 ). However, increasing 
QD density is typically diffi cult while maintaining size uniformity. Then the 
real peak optical gain was not so different compared to conventional QDs 
with less-uniformity but rather higher density, which is shown to the right 
of the column in the table. So, the objective was to increase QD density 
(lateral density as well as layer numbers) even though the size uniformity 
may not be ideal. It is shown as the fi rst step in the table. Moderate optical 
gain is expected to be realized by this high-density but a rather broadened 
size distribution (in Table 7.1, typical PL linewidth of 35 meV is shown as 
an example).    

 The next step was to reduce the size distribution for narrow PL line-
width, keeping almost the same QD density and layer numbers. This 

 Table 7.1     Roadmap to show how the quantum-dot formation methods improve to 

increase peak optical gain in laser diodes 

 Recently reported 

uniform QD structure

First step to 

increase gain

Second step to 

increase gain

QD density Low High High

Inhomogeneous 

broadening

Narrow (around 

25 meV or less)

Mid (around 

35 meV)

Narrow (around 

25 meV)

Schematic gain 

curve

Peak gain Low Mid High

Conventional reports 

with uniform QDs

Apply growth 

sequence for 

high-density

Improved growth 

sequence for 

better uniformity

�� �� �� �� �� ��



 Advanced self-assembled InAs quantum-dot lasers 277

© Woodhead Publishing Limited, 2013

advanced QD formation method was studied and experimentally confi rmed 
where high-optical gain was realized for high-temperature laser operation 
(Kageyama  et al .,  2011 ). In the far right side of the table, this second step to 
increase gain is summarized, with the desirable linewidth of about 25 meV 
with high quantum-dot density.  

  7.2.3     High-density quantum dots for increased 
optical gain 

 As the fi rst step to increase optical gain, as shown in  Table 7.1 , growth con-
ditions for obtaining InAs QDs were improved. The structural properties 
of InAs QDs grown on GaAs (100) surface by MBE are characterized by 
atomic force microscope (AFM).  Figure 7.3  shows typical AFM images of 
the grown structures. The AFM image shown in  Fig. 7.3a  corresponds to 
the InAs QD structures formed by a conventional growth sequence. The 
density was about 3 × 10 10  cm −2 . Judging from the individual QD image, 
the typical in-plane size (diameter) is about 20 nm and the typical height 
is about 7 nm. Those values are close to the parameters listed in literatures 
(Nakata  et al .,  2000 ; Kaizu  et al .,  2007 ). In order to increase the QD density, 
the growth parameters were intensively optimized. Although it was known 
that high-density QDs can be formed by alternate beam supply in MBE 
growth (Saito  et al .,  1999 ), the usual growth sequence of simultaneous beam 

(a) (b)

100 nm

5.9 � 1010 cm–23.0 � 1010 cm–2

 7.3      Atomic force microscope images of 1  ×  1 micrometer scale InAs 

QDs on GaAs. After growth sequence improvements, the dot density 

is almost doubled (from (a) before optimization to (b) optimized for 

high-density).  
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supply was used and the growth temperatures, supplied In and As beam 
fl ux intensities, and many other parameters were varied over a wide range 
and precisely optimized for higher density. As a result, the QD density was 
increased up to 5.9 × 10 10  cm −2  with almost identical QD dimensions to using 
standard MBE growth procedures (Tanaka  et al .,  2009 ,  2010 ; Takada  et al ., 
 2010 ). This high-density QD structure is shown in  Fig. 7.3b . In the usual 
InAs QD formation, some giant dot structure also grows, which means some 
incoherent giant island is generated with probably misfi t dislocations. Such 
giant dots may act as non-radiative recombination centers. In our observa-
tion, even though the InAs QD density is doubled, increase of the giant dot 
formation was suppressed and the giant dots were not observed in the scale 
of the AFM image ( Fig. 7.3b ) because of about two orders of magnitude 
lower density of the giant dots compared to usual QDs through optimized 
growth conditions. By using those high-density QDs, the optical gain was 
increased from that of conventional QDs.    

 In order to increase the total QD number, multi-stacking is also very 
important. In the previous report of the high-density QDs with alternate 
beam supply (Saito  et al .,  1999 ), the total layer number was three. Here the 
total layer number was increased up to eight with the high-density InAs 
QDs. In  Fig. 7.4 , the transmission electron microscope (TEM) image of 
eight QD layers is depicted. Even though the total InAs QD number was 
increased, no misfi t dislocation was observed within this observation area. 
Also, it should be noted that the morphology of QDs in the upper most layer 
is similar to the QD structure at the bottom layer. So the growth sequence 
of InAs QD formation was optimized not only in the QD formation but also 
during the intermediate layer growth.     

50 nm

 7.4      TEM image of eight QD layers. No misfi t dislocation was observed 

within this observation area.  
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  7.2.4     Highly uniform quantum-dot structure for 
sharpening the optical gain 

 After realizing the high-density QDs with multi-stacked layers, it became 
rather diffi cult to further increase total optical gain, as it relates directly 
to the total number of QDs. So as shown in the second step in  Table 7.1 , 
the next challenge was to increase peak optical gain. It was carried out by 
improving growth sequence for better uniformity. 

 As described above, growth sequence and condition during InAs growth 
was fi rst optimized. This resulted in high-density QDs with small size as 
shown in  Fig. 7.3b . There were several reports of obtaining uniform QDs 
possessing very narrow PL linewidth. By increasing surface adatom mobility 
with smaller growth rate (Yamaguchi  et al .,  2000 ), the QD size was usually 
found to have enough uniformity to realize less than 25-meV PL linewidth. 
In our experiments, growth conditions and procedures were optimized so 
as to realize this growth condition with high-surface adatom mobility even 
though the growth rate was not much changed, resulting in highly uniform, 
high-density QDs on a GaAs surface with intense PL intensity at room 
temperature. 

 Despite the uniform InAs QDs on GaAs observed by AFM measurements, 
the PL linewidth was not so much changed. Then it was suspected that during 
the dot overgrowth, the uniformity of QD size and shape were deteriorated. 
Such degradation was known to be suppressed by introducing an InGaAs 
cover layer on InAs (Nishi  et al .,  1999 ), which could also relieve the strain of 
InAs islands and make the emission of longer wavelength. So, this InGaAs 
layer was denoted the strain reducing layer (SRL). In our recent growths, 
even without InGaAs SRL and just covering by GaAs, the original unifor-
mity of InAs QDs was maintained by optimizing the covering layer growth 
condition so as not to enhance the In out-diffusion. Then, it is believed, the 
original InAs QD uniformity observed by AFM was kept unchanged even 
after being buried by GaAs or InGaAs. This situation holds even after grow-
ing several layers. Such a situation can be proved through PL observations, 
which drastically refl ects the effect of size uniformity.  Figure 7.5  shows the 
typical PL spectra from high-density QDs before and after our modifi ca-
tions for better uniformity. The linewidth was about 38 meV before the mod-
ifi cation but it was reduced to about 24 meV. Note that this reduction was 
achieved without changing the QD density and the layer numbers. Thus it 
was found that QDs could both have suffi cient size and shape uniformity 
even after covering to obtain narrow PL linewidth, as well as high-density to 
realize high-optical gain. So, as can be seen in  Fig. 7.5 , the peak optical gain 
can be increased by sharpening the PL linewidth. This situation is ideal for 
achieving the predicted improvements in QD lasers, as the InAs QDs are 
high-density and highly uniform with high-optical quality.    
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 From the view point of laser application, the lasing wavelengths should be 
controlled according to the laser applications. PL emission wavelengths can 
be controlled by several methods, and among them, controlling with SRL 
was known to be very simple as the QDs should not be changed. Actually, 
the PL peak of InAs QDs was far from the original, unstrained InAs bulk 
band gap energy. The strain that originates from lattice mismatch between 
InAs and GaAs increases InAs QDs band gap energy, and causes the emis-
sion of a much shorter wavelength. By adopting InGaAs SRL on InAs, the 
compressive strain of InAs QDs can be partly relieved and the band gap 
of InAs QDs can become smaller. Then the emission wavelength can be 
tuned by controlling the SRL thickness and compositions. Such experiments 
were performed with rather small-density QDs (Nishi  et al .,  1999 ). So, it was 
not obvious whether such control by SRL could be adopted in the recent 
high-density, highly uniform QDs. The experimental results are shown in 
 Fig. 7.6 . In 0.13 Ga 0.87 As SRLs were grown on InAs QDs of differing thick-
ness. As can be seen, the PL shapes are almost the same, but peak positions 
change according to the SRL thickness. It changed from about 1240 nm to 
1290 nm (SRL: 0 to 3.5 nm). Thus, laser applications of around 1.3  µ m wave-
length can be covered by QDs with different SRL thicknesses.     

  7.2.5     Future directions for achieving novel optical devices 
with quantum dots 

 For future improvements of laser characteristics, the basic properties of InAs 
QDs should be improved. One direction is to improve uniformity to reduce 
PL linewidth. This would be necessary to further increase the peak gain. After 
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achieving ultimate uniformity of the QDs, the peak optical gain becomes 
maximum at a certain QD density, resulting in the theoretically predicted 
ideal laser characteristics of the lowest threshold and highest effi ciency. 

 Another direction is to increase total optical gain while keeping a certain 
gain width. This is effective for realizing DFB lasers with a QD active layer. 
The lasing wavelength of a DFB laser is determined by the refractive index 
profi le of the periodical grating structure. As the temperature dependence 
of the refl ective index is much smaller compared to the gain peak change, 
the optical gain should have a certain broadening in order to cover the whole 
DFB wavelength under wide temperature range. Then the QD active layer 
should have enough peak gain as well as certain gain width, corresponding 
to a certain distribution of QD sizes. There, the total QD number should 
be increased by increasing QD density and layer numbers. By applying this 
direction, QD DFB lasers should be realizable with high-effi ciency.  

  7.2.6     Summary 

 Advanced QDs are realized with high-density and high-uniformity. Those 
QDs can be adopted as laser active materials because of their good opti-
cal properties. The areal density had been doubled by improving the QD 
formation conditions, and uniformity was further improved by optimizing 
whole growth sequences, such as state-of-the-art MBE technology. As a 
result, uniform InAs QDs whose PL linewidth is less than 25 meV were 
realized with high-density of up to 5.9 × 10 10  cm −2  on GaAs. Those improved 
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QDs have been used for novel QD lasers and approved laser characteristics 
improvement. Also, future directions of QD formation way are discussed to 
realize ultimate improvements in usual FP and DFB lasers.   

  7.3     Quantum-dot Fabry–P é rot (FP) and 
distributed-feedback (DFB) lasers for 
optical communication 

 Optical communication, which started its commercial use over telephone net-
works in the 1980s, has reached to individual users in terms of fi ber to the 
home (FTTH) and optical local area networks (LANs). While FTTH has been 
introduced in many countries as access systems to households or buildings, 
optical LANs connect personal computers in offi ces. Quantum dot lasers are 
best suited to these environments with compactness, low-power consumption, 
and low cost. This is due to their excellent temperature stability of laser output 
characteristics and high temperature durability, which enables simplifi ed laser 
control circuits as well as easy evaluation and adjustment of laser modules. 

 Optical interconnections between integrated circuits in the computers, that 
is, CPUs and memories, are expected to break the limit of electrical inter-
connections in data rate and capacity. This notion has driven many research 
institutes into study of a future data bus architecture. Temperature-stable 
and low-power-consumption QD lasers are promising light sources for this 
optical interconnection with inevitable high-temperature environments due 
to the heat of integrated circuits. 

 This section introduces state-of-the-art QD FP and DFB lasers for optical 
communication and interconnections, based on the advanced self-assembled 
QDs shown in Section 7.2. Before moving on to QD lasers, the current state 
of semiconductor lasers for optical communication is briefl y reviewed. 

  7.3.1     Current trends in semiconductor lasers for 
optical communication 

 In the optical communication markets, the last few years have marked rapid 
growth of FTTH in China with the Gigabit Ethernet Passive Optical Network 
(GEPON) and Gigabit Passive Optical Network (GPON) for broadband ser-
vices. The mainland of China has already become the center of production, 
sales, and procurement in this industry. Other major trends are optical data 
transmission among wireless base stations of LTE (Long Term Evolution)-
based services in China, and fi ber channels in data centers of North America. 

 Semiconductor lasers at a wavelength of 1.3  µ m play a major role in 
FTTH and LANs in terms of volume as the best wavelength choice for 
short-distance signal transmission. An optical communication industry 
report (Fuji Chimera Research Institute, 2010) shows the shipment of FP 
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lasers at 155/622 Mb/s at 6.5 million units, FP lasers over 1.25 Gb/s at 24.5 
million, DFB lasers less than 2.5 Gb/s at 10.0 million, and DFB lasers over 
10 Gb/s 1.9 million worldwide in 2010. All these lasers, 42.9 million in total, 
were InP-based quantum-well lasers.  

  7.3.2     Quantum-dot FP lasers 

 Quantum dots, utilized as the active medium in semiconductor lasers, 
are expected to improve lasing characteristics, compared with bulk or 
quantum-well (QW) devices, resulting from three-dimensional carrier con-
fi nement (Arakawa and Sakaki,  1982 ). In recent years, low threshold current 
density, excellent temperature stability, and low chirp have been reported, 
as predicted a couple of decades ago. As opposed to the theory, however, a 
high-modulation bandwidth has been diffi cult to attain in QD lasers, which 
is attributed to their fi nite intraband relaxation time and the diffi culty in 
reducing photon lifetime due to insuffi cient optical gain: these bandwidth 
limiting effects are characterized in the  K -factor (Ishida  et al .,  2004 ). 

 Here, we describe a design principle to realize high-speed modulation in 
QD lasers. Based on the design as well as the high-density dot technology, 
we demonstrate modulation bandwidth up to 11 GHz, and show 25 Gb/s 
direct modulation in 1.3  µ m InAs/GaAs QD lasers (Tanaka  et al .,  2010 ). 

  Laser design for high-speed modulation 

 The response function of the small-signal modulation of semiconductor 
lasers is given by the following simple equation of Chuang ( 1995 ):

    M r

r

ω

ω ω ω γ
( )ω ∝

( ) +

4ω
2 2ω ωω ω

2 2 2ω γω γ
       [7.1]   

 where ωr = 2πfr is the relaxation oscillation frequency, and   γ   is the damping 
factor given by:

    γ τKfr
2 1τ+ −     [7.2]  

with the  K -factor and the carrier recombination lifetime of   τ  . 
 As the optical power inside the cavity increases the relaxation oscillation 

frequency increases, resulting in the extension of the modulation bandwidth 
according to Equation [7.1]. However, there is a maximum 3-dB bandwidth 
due to damping determined by the  K -factor as (Ishida  et al .,  2007 ):
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with

    T K / 4 2π22     [7.4]  

Here, f3 3ff 2d dB= ω π3 2dB / , and ω3dB  gives the 3-dB reduction of Equation 
[7.1] as   ω   increases. In the limit of τ− →1 0,  Equation [7.3] reduces to the 
well-known equation of Chuang ( 1995 ):

    f K3ff
3 2

dB .K        [7.5]  

Based on a set of simple rate equations for the QD laser active region, tak-
ing into account the time dependence of carrier density in the wetting layer 
and in the ground state as well as that of the photon density in the cavity, we 
derived an expression of Ishida  et al . ( 2004 ):

    K = ( )p +p4 2π ( ,        [7.6]  

where τp  is the cavity photon lifetime,

    τ
τ

cap =
−

0

1 p
       [7.7]  

  τ   cap  is the carrier capture time from the wetting layer to the ground state, 
and   τ   0  is the carrier capture time when  P  = 0. Equations [7.5] and [7.6] tell 
us that the 3-dB bandwidth of the laser is determined by the sum of the pho-
ton lifetime and the carrier capture time. The  K -factor of Equation [7.5] is a 
function of the photon lifetime and has its minimum at an optimum photon 
lifetime, giving the maximum modulation bandwidth. This is because, as the 
photon lifetime decreases, the threshold modal gain given by:

    ΓgΓ
n

c
g

p
th =

τ
       [7.8]  

increases, resulting in the increase of the threshold occupation probability 
of:

    P P g g=P ⎡⎣⎡⎡ ⎤⎦⎤⎤thPPPP th / /g + ⎤⎤max 1 2⎤ /⎤⎤⎤        [7.9]  

as derived from a simple gain equation of  g  =  g  max (2P−1), and thus, the 
 capture time of   τ    cap   given by Equation [7.7]. In Equation [7.8],   Γ   is the opti-
cal confi nement factor and  n   g   is the group-velocity refractive index. From 
Equations [7.6–7.9], the  K -factor takes its minimum as:
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at the photon lifetime of:

    τ
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τ
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g g g
= +

1 2 0

Γ Γυg gυ mg ggυ gυgυ ax

       [7.11]  

where   υ    g   =  c / n   g   is the group velocity. The  K -factor limited maximum 
bandwidth is given by Equations [7.3] and [7.10], or, given in the limit of 
τ− →1 0  by:
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       [7.12]  

Note that the maximum modulation bandwidth of QW lasers is usually lim-
ited by relaxation oscillation frequency, except for RC time constant. On the 
other hand, the maximum modulation bandwidth of QD lasers is limited by 
the strong damping determined by the  K -factor. Equation [7.12] tells us that 
the way to extend the modulation bandwidth is two-fold: one is to increase the 
gain maximum, and the other is to reduce the carrier relaxation time.  

  Lasing spectrum 

 FP lasers show a multimode broad longitudinal lasing spectrum because its 
cavity has no mode-selective feedback mechanism such as DFB grating and 
DBR. In spite of this multimode spectrum, the wavelength of 1.3  µ m allows 
the FP lasers to work in the optical fi ber communication due to zero wave-
length dispersion as long as the spectrum width is less than a few nm. 

 The lasing spectrum of QD FP lasers and its physics have been inten-
sively studied by Sugawara  et al . ( 1999 ,  2000 ,  2005 ). In continuous-wave 
 lasing experiments, while lasing occurred with a narrow-line, including a 
few long itudinal modes around the top of the ground state at room tem-
perature, spectra at 80 K showed broadband lasing emission over a range 
of 50–60 nm. This is in contrast to QW lasers, where the lasing spectrum 
broadens as the temperature increases, primarily due to thermal broadening 
of optical gain. 

 A theoretical model based on a coupled set of rate equations taking into 
account the spatial localization and resonant energy distribution of QDs and 
a series of longitudinal cavity modes clearly explained the measured tem-
perature dependence of lasing spectra in terms of homogeneous broaden-
ing of optical gain of a single QD (Sugawara,  2000 ). The agreement between 
the experiments and the theory was excellent. Dots with different energies 
start lasing independently at 80 K due to their spatial localization as well as 
a   δ  -function-like gain, leading to broadband lasing emission. At room tem-
perature, the dot ensemble in the cavity contributes to narrow-line lasing 
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collectively via the homogeneous broadening of optical gain: the side modes 
are suppressed because carriers are extracted to the central lasing modes 
by the stimulated emission, leading to a narrow lasing line. It can be said 
that spatially isolated dots with different resonant energies interact each 
other through stimulated emission process. The magnitude of the homoge-
neous broadening was found to reach about 20 meV at room temperature 
(Sugawara, 2001,  2005 ), which is comparable to inhomogeneous broadening 
due to size distribution. 

 This collective lasing mechanism not only clarifi es the lasing process of 
the QD laser but also plays a major role in its application to fi ber communi-
cation. Mass produced QD lasers by QD Laser, Inc. (see Section 7.5) have 
a lasing spectrum width of less than 3 nm above room temperature, which 
meets the optical communication standard.  

  Optical gain 

 Based on the high-density technology described in Section 7.2 for 
high-density with mid inhomogeneous broadening, we grew the active lay-
ers of eight-stacked QD layers with areal density of 5.9 × 10 10  cm −2 . The 
GaAs barrier layers were partially  p- type doped. The active layers were 
sandwiched between the  n- type Al 0.4 Ga 0.6 As lower cladding layer and the 
 p- type Al 0.4 Ga 0.6 As upper cladding layer.  Figure 7.7  compares net modal 
gain, that is, gain minus internal loss, curves as a function of the current 
density for fi ve-stacked QD layers and eight-stacked QD layers evaluated 
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by broad-area laser measurements. The net maximum modal gain of the 
eight-stacked QD lasers reached to 43 cm −1 .     

  Light-current and modulation characteristics 

 Using the eight-stacked high-density QD layers, we fabricated high-mesa 
waveguide FP lasers with the mesa-width of 3  µ m. With the mirror-loss of 
16 cm −1  to minimize the  K -factor of Equation [7.6], we designed the laser to 
have a cavity length of 400  µ m and mirror refl ectivity of 30% and 95%. The 
light-current characteristics of the fabricated device in the continuous-wave 
condition are shown in  Fig. 7.8 . The temperature ranged from 25 to 100ºC. 
Threshold current was approximately 10 mA at room temperature and 
remained unchanged at temperatures up to 85ºC, followed by a slight 
increase at 100ºC. The characteristic temperature of the threshold current 
was 625 K. Note that we achieved suffi cient output power of more than 
20 mW even at 100ºC. The slope effi ciency at room temperature was 0.3 W/A, 
with a degradation of −0.4 dB at 85ºC.    

  Figure 7.9  gives the small-signal modulation characteristics for the fab-
ricated laser. It is seen that the modulation bandwidth is extended with an 
increase in injection currents. At 109 mA, the 3dB-down modulation band-
width reached 11 GHz. We fi tted the measurement results with theoretical 
curves, achieving the relaxation oscillation frequency of 9.8 GHz, and the 
 K -factor of 0.63 ns. We attribute these improved modulation bandwidth to 
the increased modal gain by stacking high-density QD layers.    
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 We next confi rmed the room-temperature eye diagrams at 20 and 25 Gb/s 
modulations using a non-return-to-zero2 31 –1 pseudo-random binary sequence 
pattern. For both modulation speeds, the bias currents were set at 100 mA. The 
modulation voltages were 4 Vp-p. We obtained clear eye-openings  having a 
dynamic extinction ratio (ER) of 3.8 dB at 20 Gb/sand 3.5 dB at 25 Gb/s, as 
shown in  Fig. 7.10 .    

 The bandwidth of 11 GHz and 25-Gb/s direct modulation are the fastest 
lasing modulation in 1.3  µ m QD lasers, to our knowledge. Further improve-
ments will be made possible not only by the increase in the optical gain but 
also by the reduction of the carrier relaxation time, now estimated to be 
about 3 ps.   

  7.3.3     Quantum-dot DFB lasers 

  DFB lasers for 10G-EPON (Ethernet passive optical network) 

 To cope with the explosive increase of data traffi c in access networks, in 
2009 10G-EPON was standardized by IEEE 802.3 av, which supports 

12

6

0

–6

–12
–18

–24

–30

–36 10 mA

13 mA

34 mA

58 mA 109 mA

–42

–48
0 2 4 6 8 10 12

Frequency (GHz)

R
es

po
ns

e 
(d

B
)

14 16 18 20

 7.9      Small-signal modulation characteristics.  

(a) (b)
10 ps 10 ps

25 Gbps20 Gbps

 7.10      Room-temperature eye diagrams at 20 and 25 Gbps modulations.  

�� �� �� �� �� ��



 Advanced self-assembled InAs quantum-dot lasers 289

© Woodhead Publishing Limited, 2013

10.3-Gb/s transmission in both upstream and downstream directions using 
EPON systems. In 10G-EPON, the wavelength of the directly-modulated 
DFB lasers in the optical network units (ONU) for the upstream signal is 
allocated between 1260 and 1280 nm. An important requirement for the 
1.27- µ m DFB lasers, due to stringent power budgets, is the relatively high 
output power of +4 to +9 dBm. Therefore, to spread 10G-EPON systems, 
low-power-consuming and low-cost 1.27- µ m DFB lasers with high output 
power are strongly required. 

 For power and cost savings in transmitter modules, QD lasers in the 
1.3- µ m wavelength range have exhibited remarkable progress owing to the 
realization of high-density self-assembled InAs quantum dots on GaAs 
substrates (Tanaka  et al .,  2010 ). QD FP lasers with temperature-insensitive 
lasing characteristics, which cannot be achieved in the conventional QW 
lasers, are already commercially available for optical communications 
in the access and LANs ( http://qdlaser.com ). Furthermore, we have also 
reported the 1.3- µ m QD DFB lasers employing InGaP/GaAs grat-
ings, showing stable single-longitudinal-mode oscillation (Takada  et al ., 
 2010 ). 

 We have developed 1.27- µ m QD DFB lasers for 10G-EPON ONUs. 
In order to improve output power, especially at high temperatures, we 
adjusted the stacking number and the gain wavelength of the active layers 
with high-density QDs as well as the cavity designs such as the cavity length 
and the coupling coeffi cient of the gratings ( κ ). The fabricated 1.27- µ m QD 
DFB lasers demonstrated temperature-stable light-current characteristics 
with low threshold currents of less than 11 mA and a high output power of 
over 15 mW, even at 85ºC. We also demonstrated 10.3-Gb/s operation with 
an averaged output power of +4.5 dBm over a wide temperature range from 
−10ºC to 85ºC.  

  Device structure, fabrication, and gain characteristics of high-density QDs 

 We applied the active layers with high-density QDs to the ridge-waveguide 
lasers having InGaP/GaAs index-coupled gratings located just above the 
active layers as shown in  Fig. 7.11  (Takada  et al .,  2010 ). In the inset of  Fig. 
7.12 , we show the AFM image of the InAs/GaAs QDs with extremely-
high density of 5.9 × 10 10  cm −2 . We set the grating pitch so that the lasing 
wavelength was 1270 nm at 25ºC, while we tuned the gain peak wavelength 
of the QDs’ active layers to 1255 nm. This detuning compensated for the 
deterioration of the lasing characteristics at high temperatures because 
the gain peak moved close to the lasing wavelength with increasing tem-
perature. In addition, we designed the cavity length of 500  µ m to improve 
the saturation of output power at high temperatures and  κ  of 30 cm −1  to 
obtain suffi cient single-longitudinal-mode yields.       
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 A  p- type AlGaAs lower cladding layers and QD active layers on a  p- type 
GaAs substrate were grown by MBE. To increase the optical gain of the 
active layers, we applied 10-stacked QD layers where GaAs barriers were 
partly  p- type doped. On the  n- type GaAs layer just above the active lay-
ers, we formed corrugated structures by means of electron beam lithogra-
phy and wet etching, and overgrew  n- type InGaP upper cladding layers by 
metal−organic vapor phase epitaxy to form the InGaP/GaAs index-coupled 
gratings. After forming the ridge-waveguide structure and the electrodes on 
both  p-  and  n- sides, we applied anti-refl ective (AR) and high-refl ectivity 
(HR) coatings to front and rear facets, respectively. 

SEM image of grating

QD active layers

p-GaAs sub.

p-AlGaAs clad.

n+-GaAs contact

n-InGaP clad.

n-GaAs

n-InGaP

n-GaAs

 7.11      Schematic structure of a DFB laser on a GaAs substrate.  
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 7.12      AFM image of the high-density QDs and gain characteristics at 25ºC.  
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  Figure 7.12  shows the gain characteristics of 10-stacked high-density QDs 
evaluated by the Hakki−Paoli method at 25ºC using a 200- µ m-long FP laser, 
which was simultaneously fabricated with DFB lasers. We confi rmed that 
the maximum net modal gain increased up to 49 cm −1 .  

  Light-current and modulation characteristics 

  Figure 7.13  shows the light−current (L–I) characteristics and the lasing 
spectra of the fabricated QD DFB laser. We confi rmed that the lasing wave-
length met the specifi cations for the 10G-EPON ONUs with the side-mode 
suppression ratios (SMSR) of more than 45dB. The threshold currents were 
below 11 mA in the temperature range from −10ºC to 85ºC. Owing to the 
high modal gain and the fi ne-tuning of the cavity design, L–I characteristics 
were improved, especially at high temperatures, compared to the previous 
results (Takada  et al .,  2010 ). In this study, we obtained an output power of 
over 15 mW even at 85ºC. In comparison with the L–I characteristics of con-
ventional QW DFB lasers emitting in the 1.3 or 1.55  µ m wavelength range, 
temperature stability is drastically improved in QD DFB lasers.    

  Figure 7.14  shows the 10.3 Gb/s fi ltered eye diagrams at (a) −10ºC, (b) 
25ºC and (c) 85ºC. The pseudo-random binary sequence was set at 2 31 –1. In 
this experiment, the fi ber-coupled averaged output power (Pf) was adjusted 
at +4.5 dBm, which was within the specifi cations for the 10G-EPON PR30. 
In the temperature range from −10ºC to 85ºC, we obtained clearly-opened 
eye diagrams with an ER of 6 dB and the mask margin of more than 30%.    
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 We have developed 1.27- µ m QD DFB lasers for 10G-EPON ONUs. 
Owing to the high modal gain of 49 cm −1  at 25ºC and the 500- µ m-long cav-
ity, we achieved temperature-stable L–I characteristics and demonstrated 
10.3-Gb/s operation with a high averaged output power of +4.5 dBm in the 
temperature range from −10ºC to 85ºC. The temperature-stable lasing char-
acteristics of the QD DFB lasers, which are superior to those of conven-
tional QW DFB lasers, would contribute to realizing low-cost light sources 
for 10G-EPON ONUs.    

  7.4     Quantum-dot FP and DFB lasers for 
high-temperature application 

 High-temperature-resistant semiconductor lasers are attractive to light 
sources for data transmission, optical sensing, and fi ber gyros in a variety 
of harsh scenarios, such as automobile engine rooms, densely-packed inter-
connections, plants on deserts, and underground exploration of natural 
resources. While conventional semiconductor lasers for telecom and data 
storage operate below 80°C, these novel applications require lasing operation 
at least up to 150°C, and, in some cases, over 200°C. Reported that the high-
est lasing  temperature of 225°C under CW conditions (Vail  et al .,  1998 ) was 
at around 1000 nm wavelength range. On the other hand, the highest lasing 
temperature for the optical fi ber window range of 1300 nm has been limited 
below 200°C (Wada  et al ., 1999), primarily due to its material property such 
as insuffi cient conduction band offset between the QWs and barrier layers, 
which prevent lasing due to heated carrier overfl ow. Temperature-insensitive 
operation of semiconductor lasers with QD active layers was theoretically 
predicted (Arakawa and Sakaki,  1982 ). Recent progress of epitaxial growth 
technology enhances QD laser characteristics, such as very low FP laser 
threshold current density operation (Liu  et al .,  1999 ), very low VCSEL 
threshold current operation (Huffaker  et al .,  1998 ), high temperature  T  0  of 

(a) –10°C

20 ps/div
ER = 6.2 dB
Mask margin = 30%

ER = 6.1dB
Mask margin = 35%

ER = 6.0 dB
Mask margin = 30%

Ib = 37.5 mA, Im = 42.0 mApp Ib = 35.5 mA, Im = 41.0 mApp Ib = 50.0 mA, Im = 50.0 mApp

(b) 25°C (c) 85°C

 7.14      10.3-Gb/s eye diagram. Ib is the bias current, and Im is the 

modulation current. mApp is the peak-to-peak current in mA.  
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600 K (Tanaka  et al .,  2010 ), 25 Gb/s characteristic of the FP laser (Tanaka 
 et al .,  2010 ), and 10 Gb/s of the DFB laser (Takada  et al .,  2009 ,  2010 ,  2011 ). 
However, no lasing operation of the QD laser over 200°C has been reported. 
In this paper, we report extremely-high-temperature CW operation up to 
220°C emitted at 1300 nm range for the fi rst time by improving the size and 
compositional uniformity of QDs with high QD density in the active region 
(Kageyama  et al .,  2011 ). In addition, this QD active medium was also incor-
porated into a DFB laser in which detuning was designed to lase up over 
100°C, exhibiting CW lasing operation up to 150°C. 

  7.4.1     Epitaxy and wafer characterization 

 Epitaxial wafers were grown by commercially available solid source MBE 
with elemental Ga, In and Al as group-III sources, and elemental As as 
group-V source. An  n -type GaAs buffer layer,  n -AlGaAs cladding layer, 
8-stacked QD active layer separated by partially  p -doped 40 nm-thick 
GaAs barriers,  p -AlGaAs cladding layer and  p +-GaAs contact layer were 
successively grown for the laser wafer. The test wafer with the same active 
layer structure without doping sandwiched by 100 nm AlGaAs was also 
grown for epitaxial layer evaluation, such as photoluminescence (PL). 
The test wafer included a surface QD to evaluate QD density. A sheet 
density of the each QD layer for both test and laser wafer were fi xed at 
5.9 × 10 10  cm −2 . 

 Nd:YAG laser (1064 nm) was used for PL excitation source. AFM 
was used to measure dot density for surface dot structure on PL wafers. 
Broad-area lasers were also fabricated to characterize the gain with varying 
mirror-loss.  

  7.4.2     Device fabrication and characterization 

 Ridge lasers with an FP cavity were fabricated with a mesa-width of 2 µm 
using conventional dry-etching ( Fig. 7.15 ). Conventional photolithogra-
phy and metal evaporation technique were used to form the laser struc-
ture. Cavity length was 1200 µm to form the FP laser. High-refl ectivity (HR) 
coatings were employed on both sides of the facets as the refl ectivity of 
77/97%.    

 In addition, DFB lasers were also fabricated (Takada  et al .,  2010 ,  2011 ) 
using same active layer as FP lasers. We grew  p -type AlGaAs lower cladding 
layers, 8-stacked QD active layers as same as FP laser as shown above, and 
 n -type GaAs layers on a p-type GaAs substrate by using MBE. Next, on the 
 n- type GaAs layer just above the active layers, we formed the corrugated 
structures by means of electron beam lithography and wet etching. Then 
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we overgrew  n- type InGaP upper cladding layers by metal-organic vapor 
phase epitaxy to form the InGaP/GaAs gratings. Owing to both enough 
overlap of the optical fi eld in the grating and the high refractive index con-
trast between GaAs and InGaP, we can easily realize suffi cient coupling 
coeffi cient ( k ) values even with the shallow gratings (Takada  et al .,  2009 ). In 
this study, we designed a coupling coeffi cient ( k ) of 30 cm −1  with the grating 
depth of 15 nm and a cavity length of 500 µm. Lasing wavelength and detun-
ing procedure will be discussed later. After forming the ridge-waveguide 
structure and electrodes, we applied AR and highly refl ective coatings to 
front and rear facets, respectively. 

 Fabricated chips were mounted on TO-CAN using AuSn solder. FP and 
DFB lasers were characterized by a TO-CAN tester which was designed to 
measure laser characteristics at high temperatures over 200°C.  

  7.4.3     Design direction for high-temperature operation 

 Modal gain in semiconductor laser diodes tends to decrease with increasing 
temperature. In general, the maximum operating temperature of a diode 
laser is decided by the crossing point between decreasing maximum modal 
gain and total loss  g  th  of laser cavity, which is the amount of mirror-loss 
and internal loss, as shown in  Fig. 7.16 . Two approaches are considered to 
increase maximum operating temperature namely (a) increasing maximum 
gain, and (b) decreasing temperature dependence on maximum gain. Here 
we took approach (a). Some approaches can be considered for increasing 
maximum gain, such as (i) enhancing material gain on the active layer by 
modifying epitaxial growth procedure, (ii) increasing the number of the QD 
layers, (iii) increasing the QD density, and (iv) increasing the optical confi ne-
ment factor by modifying the index profi le. Here we took the approach (i), 
to increase gain in order to increase maximum operation temperature, and 
other factors were fi xed to show potential of the QD on high-temperature 

n-AIGaAs cladding

p+-GaAs contact
QD active region (TEM image)

p-GaAs cladding

n-GaAs substrate

2 μm

 7.15      Schematic structure of fabricated ridge FP laser. Inset shows TEM 

image of QD active region.  
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laser operation. The approach to increasing gain will contribute to realiz-
ing high-temperature operation not only FP lasers but also DFB lasers. The 
detailed approach will be discussed later in Section 7.2.    

 We have also developed DFB lasers having a grating above the QD active 
layers. Fabricated QD DFB lasers emitting at 1.3  µ m wavelength have suc-
cessfully exhibited temperature-stable operations over a wide temperature 
range from −40°C to 80°C (Takada  et al .,  2010 ,  2011 ). In order to develop 
DFB lasers operating under high-temperature environments over 125°C, 
the design of the so-called detuning between the lasing wavelength and the 
gain peak wavelength needs to be adjusted at a different value from that 
applied in the QD DFB lasers for optical communications. At the 1.3  µ m 
wavelength range, the lasing wavelength and the gain peak wavelength shift 
longer at the rates of about 0.1 and 0.5 nm/K, respectively, with increas-
ing temperature. Therefore, we set the lasing wavelength at 50 nm longer 
than the gain peak wavelength at 25°C, so that they would accord at around 
150°C.  

  7.4.4     Device characteristics 

  FP lasers 

 The L–I characteristics of the fabricated laser and its temperature 
dependence are shown in  Fig. 7.17 . The lasing wavelengths at 30 and 
220°C were 1268 nm and 1359 nm, respectively, as shown in  Fig. 7.18 . 
Temperature dependence of lasing wavelength, d  λ / d T , remained con-
stant at 0.489 nm/K, which means the ground-state lasing operation was 
maintained up to the maximum lasing temperature. The maximum lasing 
temperature of 220°C is believed to be the highest lasing temperature for 
the optical fi ber window range of 1300 nm, and a level comparable to the 
formerly-reported highest lasing temperature of all semiconductor lasers 
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 7.16      Design direction to enhance maximum operation temperature.  
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(Vail  et al .,  1998 ). Quantized-energy difference between the ground state 
and the fi rst exited-state is about 80 meV in our highly uniform QDs. 
This large level separation and narrow photoluminescence FWHM are 
believed to effectively enhance gain, and suppress the carrier overfl ow 
and noticeable Auger-recombination even at elevated temperatures. The 
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threshold currents kept as low as 21 mA up to 100°C and 75.5 mA up to 
220°C, respectively, in this laser. As a result, a high characteristic temper-
ature  T  0  of 117 K was obtained between 30°C and 220°C. Output power 
exceeded 1 mW, even at 220°C, with an injection current of only 125 mA. 
Operation currents were lower than 100 mA up to 210°C with output 
power of 1 mW, which means that a standard laser driver for telecom can 
be applied if the driver can work at around 200°C.       

 A preliminary reliability test was performed with three chips under 
auto-power-control (APC) mode with constant output power of 3 mW at 
150°C, as shown in  Fig. 7.19 . There is no signifi cant increase in driving cur-
rent up to 5200 h. These preliminary data show the potential of the QD laser 
in a high-temperature environment.     

  DFB lasers 

  Figure 7.20  shows the CW light−current characteristics for the fabricated 
QD DFB laser. Although the threshold currents were relatively high at lower 
temperatures, due to the large detuning between the lasing wavelength and 
the gain peak wavelength, they decreased to 20 mA at 125°C. As shown in 
this fi gure, the fabricated device successfully exhibited lasing operations up 
to 150°C. The maximum output power was 14 mW and 4 mW at 125°C and 
150°C, respectively. The operating voltages at 50 mA were suffi ciently small, 
below 1.5 V at all temperatures.  Figure 7.21  shows the lasing spectra at 100, 
125 and 150°C. We obtained stable single-mode oscillations with the SMSRs 
of more than 40 dB at all temperatures. The lasing wavelength was about 
1306 nm at 25°C (not shown), which was 46-nm longer than the gain peak. 
We confi rmed that this QD DFB laser provides single-mode oscillation with 
more than 10 mW output power at 125°C.       
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 7.19      Preliminary aging test result with  N  = 3 (pcs) under 150°C, 

3 mW-APC condition.  
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 Owing to the excellent temperature tolerance of the QD active region, 
and the state-of-the-art DFB laser technology originally developed 
towards telecom and datacom applications, QDL’s QD DFB lasers are 
considered to be quite promising light sources for high-temperature sens-
ing applications.   
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 7.20      CW L–I curves of QD DFB laser from 25°C to 150°C.  
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  7.4.5     Summary 

 We realized extremely-high-temperature CW operation of the 1300 nm 
range QD FP laser utilizing highly uniform and high-density InAs/GaAs 
QD active region up to 220°C, which is believed to be the highest CW 
lasing temperature for the long-wavelength laser and a comparable level 
to the highest temperature for all semiconductor lasers. We also realized 
high-temperature operation of QD DFB laser up to 150°C maintaining 
single-mode operation with SMSR of more than 40dB throughout the 
measured temperature range. The QD laser including FP and DFB can be 
applied to high-temperature-resistant applications with silica-based optical 
fi bers.   

  7.5     QD Laser, Inc. 

  7.5.1     About QD Laser, Inc. 

 QD Laser, Inc. (QDL) was launched in April 2006 in order to commercialize 
QD lasers for optical communication, with investment from Fujitsu Ltd and 
Mitsui & Co. Global Investment Ltd. Its business area and product portfolio 
have expanded to make it a leading provider of highly effi cient semicon-
ductor laser solutions, not only for telecom/Datacom but also for consumer 
electronics and industrial use. QDL distinguishes itself in the marketplace 
by its product values of fi nely tuned wavelengths from 532, 1064 to 1310 nm, 
high-temperature operation and stability, and mass-production capability 
on the GaAs platform. Its products reliably help customers create new laser 
light markets in a variety of applications such as LAN/FTTH, optical inter-
connection, material processing, sensing, laser projection, etc. 

 The technological core of QDL is cutting-edge GaAs-based semiconduc-
tor wafer technologies including crystal growth of quantum dots and wells 
and grating formation both on GaAs substrates. The laser chips, packages, 
and modules are all produced through horizontal processing and assem-
bling lines, making it possible to access not only niche markets but also 
mass-production markets through supply chain management. Here, the 
main technologies and products of QD Laser, Inc. are briefl y introduced.  

  7.5.2     MBE crystal growth 

 QDL owns the MBE crystal growth systems of Fig. 7.22a, which can precisely 
control grown layer thicknesses by less than one atomic layer. By using these 
systems, epitaxial layers made of semiconductor active layers and cladding 
layers can be fabricated, where compound materials such as InAs, GaAs, 
AlGaAs, and InGaAs can be grown on GaAs substrates. QDL has realized 

�� �� �� �� �� ��



300 Semiconductor lasers

© Woodhead Publishing Limited, 2013

cutting-edge MBE technology, making it possible to form highly uniform 
epitaxial layers on 3-inch substrates. With this technology, the accuracy of 
thickness distribution is confi ned to ±1% and the photoluminescence peak 
wavelength distribution is less than ±0.5% on a 3-inch substrate ( Fig. 7.22b ). 
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 7.22      (a) MBE crystal growth system, (b) photoluminescence peak 

wavelength mapping of QD wafer on 3-inch GaAs substrate.  
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The MBE system can perform crystal growth of QDs on fi ve 3-inch GaAs 
substrates simultaneously, thus having suffi cient productivity.     

  7.5.3     DFB lasers on GaAs substrates 

 In a DFB laser, only a specifi c wavelength of light, determined by the grating 
structure, is selectively refl ected and amplifi ed, hence the oscillation wave-
length can be precisely controlled. DFB lasers have been used mainly for 
optical communications, and they are usually fabricated on InP substrates. 
Among several experimental approaches to fabricating DFB lasers on 
GaAs substrates, QD Laser, Inc. utilizes index-coupled grating – the same 
structure as for optical communications. QD Laser, Inc. has developed tech-
nologies of grating formation above the active layer and regrowth of the 
upper cladding layer on the grating, allowing extremely stable single-mode 
oscillation characteristics in DFB lasers under various conditions, such as 
driving current, temperature, and pulsed operation. This wavelength stabil-
ity is also effective in industrial applications, such as material processing or 
sensing.  

  7.5.4     Mass production of quantum-dot FP lasers 
for optical communication 

 QDL started mass production of quantum-dot FP lasers through its 
horizontal laser processing line in 2010. The QLF1335 product – a 
temperature-resistant 1300 nm wavelength FP laser − was shipped to the 
Chinese market in 900 kpcs TO-CAN packages ( Fig. 7.23a ) for use in 155 M 
1 × 9 optical transceivers. The temperature stability of  Fig. 7.8  enables oper-
ation without a monitor photo-detector, and allows customers much easier 
handling in evaluations and adjustments than conventional QW lasers, real-
izing the cost effectiveness.    

 QDL is now developing QD lasers for FTTH, including FP lasers for 
1.25 Gb/s GEPON as well as DFB lasers for 2.5 to 10 Gb/s GPON and 
10G-EPON. A key to this application is high-density and highly uniform 
InAs QDs as described in Section 7.2. These products are planned to be 
introduced into the optical communication markets in 2013–14.  

  7.5.5     Other products 

 Semiconductor lasers are now being used in a variety of areas, such as fac-
tory automation, material processing, life science, spectroscopy, sensing, 
measurements, and laser display, etc. A laser with an appropriate wave-
length is selected for each application from the broad wavelength range 
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 7.23      Products of QD Laser, Inc. (a) 1310 nm quantum-dot FP laser up 

to 2.5 Gbps, (b) 1000–1120 nm DFB lasers for material processing and 

sensing, and (c) pure green laser module in compact package.  
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of 532–1310 nm on the GaAs platform, with the help of second harmonic 
generation (SHG) devices to compensate the ‘Green Gap’ including green, 
yellow, and orange. 

  1000–1120 nm DFB lasers for material processing and sensing 

 There is an increasing trend for fi ber lasers to be employed in material pro-
cessing, due to easy maintenance, compact size and low cost, when com-
pared to conventional laser processing systems. The 1064 nm DFB laser of 
 Fig. 7.23b  is suitable for the seed light of the fi ber lasers because of its excel-
lent single-mode stability, tunable wavelength, and sub-nanosecond short 
pulse operation at high repetition rate. Its standard 14-pin butterfl y package 
is pigtailed by a polarization-maintaining optical fi ber. The choice of wave-
length is from 1000 nm to 1180 nm, depending on customers’ needs. These 
features enable unheated precise cutting of thin fi lms of solar cells, display 
panels, LEDs, etc.  

  Green, yellow, and orange lasers 

 Microscopes in life science tend to employ visible light of green, yellow, 
and orange, which the combination of 10xx nm wavelength lasers with SHG 
devices can provide. QDL provides compact green (532 nm), yellow (561 
nm), and orange (590 nm) laser modules ( Fig. 7.24c ), which integrate 1064 
nm, 1122 nm, and 1180 nm lasers with SHG devices of PPLN (periodic-poled 
LiNbO 3 ), respectively. Unlike the diode-pumped solid-state laser (DPSS), 
this laser utilizes DFB laser technology, which provides video rate ampli-
tude modulation capability and power stability.    

 The pico projector is an emerging technology consisting of an image pro-
jector in a handheld device. There is an increasing demand to make the 
projector more convenient and comfortable, where the laser projection is a 
solution to provide bright images at low-power-consumption and focus-free 
operation, that is, the image is always in focus. A key to laser projectors is 
high-performance green lasers. The module of  Fig. 7.23c  provides superior 
performance to GaN-based direct green lasers in its pure green color of 
532 nm, higher power up to 80 mW or more, better wall plug effi ciency, and 
higher operation temperature.    

  7.6     Silicon hybrid quantum-dot lasers 

  7.6.1     Introduction 

 Silicon optoelectronic integrated circuits (OEIC) are a key technolog-
ical component for next-generation ultrahigh speed computation and 
telecommunication. In the absence of a practical silicon laser, III–V 
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semiconductor compound light sources monolithically integrated onto Si 
chips or waveguides are highly sought after for the realization of OEICs uti-
lizing well-established CMOS fabrication technologies (Miller,  2000 ; Fang 
 et al .,  2006 ). Semiconductor QD lasers are particularly promising for use 
in high-density OEICs for their low lasing threshold current density and 
high-temperature stability (Arakawa and Sakaki,  1982 ), which can mini-
mize and address thermal accumulation in dense circuits. In this section, we 
give an overview of III–V semiconductor compound quantum-dot lasers 
integrated onto Si substrates.  

  7.6.2     III–V quantum-dot lasers on Si substrates by 
heteroepitaxial growth 

 For III–V/Si hybrid integration, direct epitaxial growth of III–V compounds 
on Si substrates would be the most desirable approach. Mi  et al.  ( 2005 ,  2006 ) 
demonstrated an InGaAs/GaAs QD laser grown directly on a Si substrate 
for the fi rst time as a semiconductor quantum-dot laser on silicon by MBE 
yielding ground-state lasing at 1.0  µ m at room temperature with a thresh-
old current density of 900 A/cm 2 . In this study, they incorporated a GaAs 
buffer layer between the AlGaAs lower cladding layer and the Si substrate 
including InAs QDs as a dislocation fi lter to stop threading dislocation 
propagation stemming from the lattice-mismatched GaAs/Si heterointer-
face. Using the on-Si QD laser and selective-area growth, they also dem-
onstrated a laser-waveguide coupling through a vertical groove etched by 
focused-ion-beam milling between the III–V QD laser layers and an amor-
phous Si waveguide integrated onto an identical Si substrate (Yang and 
Bhattacharya,  2008 ) ( Fig. 7.24 ). 

 For optical communication and interconnections, it is of fi rst importance 
to achieve ground-state lasing at the telecommunication band of 1.3  µ m or 
longer. As a series of effort towards the realization of optical communication 
applicable III–V quantum-dot lasers on Si substrates, we ourselves have been 
growing 1.3  µ m InAs QDs embedded in GaAs layers (InAs/GaAs QDs) on 
Si substrates and Si-based alternative substrates by metal-organic chemical 
vapor deposition (MOCVD) incorporating antimony surfactant. We grew 
InAs/GaAs QDs on Si substrates and observed their photoluminescence at 
1.3  µ m at room temperature (Li  et al .,  2008 ). We also obtained 1.3  µ m InAs/
GaAs QDs grown on germanium-on-silicon (Ge/Si) (Rajesh  et al .,  2011a ) and 
germanium-on-insulator-on-silicon (GeOI) substrates (Bordel  et al .,  2010 ; 
Rajesh  et al .,  2011b ) with high intensity photoluminescence comparable to 
reference InAs/GaAs QDs grown on GaAs substrates ( Fig. 7.25 ).    

 In 2011, Wang  et al . ( 2011 ) grew a 1.3  µ m room-temperature InAs/GaAs 
quantum-dot laser on a Si substrate by MBE with a threshold current density 
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grown on a Si substrate with incorporation of InAs QDs as dislocation 

fi lters and coupled to an a:Si (amorphous silicon) waveguide (reprinted 
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of 725 A/cm 2 . They adopted InAs/In 0.15 Ga 0.85 As dot-in-a-well structure as the 
core gain layer and dislocation-fi ltering In 0.15 Ga 0.85 As/GaAs superlattices in 
the buffer layer in this work.  

  7.6.3     III–V quantum-dot lasers on Si substrates by 
wafer bonding 

 Although direct heteroepitaxial growth would be the most desirable approach 
for III–V/Si hybrid integration, heteroepitaxy typically introduces a sub-
stantial crystalline defect density, due to the large lattice mismatch and the 
polar-nonpolar nature of the III–V/IV semiconductor system that can adversely 
affect device performance (Kroemer  et al .,  1989 ; Sugo  et al .,  1990 ). Wafer bond-
ing (Shimbo  et al .,  1986 ; Tong and Gosele,  1998 ) on the other hand is not sub-
ject to the lattice matching limitations associated with epitaxial growth, and 
has been used to fabricate materials that consist of crystalline semiconductors 
on amorphous materials and also to integrate crystalline materials of differ-
ent lattice constants. For the integration of both crystalline−amorphous and 
crystalline−crystalline pairs, defects caused by the lack of crystallographic reg-
istry are isolated to the wafer-bonded interface. Thus, heterostructure devices 
fabricated via wafer bonding can, in principle, have a performance close to that 
obtained by homoepitaxy by confi ning the defect network needed for lattice 
mismatch accommodation to the bonded interfaces. 

 By using the wafer bonding technique, we fabricated an electrically pumped 
1.3  µ m room-temperature InAs/GaAs quantum-dot laser on a Si substrate 
with a threshold current density of 360 A/cm 2 . The double-hetero laser 
structure was grown on a GaAs substrate by MOCVD and layer-transferred 
onto a Si substrate by GaAs/Si wafer bonding mediated by a 380-nm-thick 
Au-Ge-Ni alloy layer (Tanabe  et al .,  2010a ). We demonstrated that insertion 
of a metal thin fi lm in a wafer-bonded GaAs/Si interface enhances inter-
facial electrical conductivity and suppresses optical leakage from the laser 
cavity into the substrate (Tanabe  et al .,  2011a ) and therefore is suitable for 
III-V-on-Si hybrid laser applications. 

 We fabricated QD lasers on a Si substrate with a single wafer bonding 
step, demonstrating the advantage of this approach for high volume, low-cost 
integration over the conventional pick-and-place scheme (Friedrich  et al ., 
 1992 ; Kato and Tohmori,  2000 ). InAs/GaAs QD growth on GaAs substrates 
by MOCVD we adopted in this study gives further merits for large-scale, 
low-cost, high-throughput fabrication over those using InP substrates or 
MBE growth. Evanescent optical coupling to waveguides underneath (Fang 
 et al .,  2006 ; Van Campenhout  et al ., 2007) would be realized by opening pat-
terned arrays of optical windows in the metal bonding layer (Tanabe  et al ., 
 2011b ). In contrast to oxide-mediated bonding used for evanescent hybrid 
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laser fabrication to date, conductive wafer-bonded heterointerfaces enable 
vertical carrier injection that prevents current spreading towards cavity stripe 
edges. Therefore, metal-mediated- or direct-semiconductor-bonded evanes-
cent III–V/Si hybrid lasers would have the advantages of higher quantum 
effi ciencies and simpler fabrication without mesa etching or ion implanta-
tion for carrier confi nement that was required in the fabrication of earlier 
lateral-current-injection evanescent hybrid lasers (Tanabe  et al .,  2011b ). The 
wafer bonding and layer transfer approach to fabricate metal/semiconduc-
tor/metal thin fi lm structure demonstrated in this work is also applicable for 
development of subwavelength-scale plasmonic lasers (Dionne  et al .,  2006 ; 
Hill  et al .,  2009 ). 

 We also fabricated 1.3  µ m room-temperature InAs/GaAs QD lasers on 
Si substrates by means of direct GaAs/Si wafer bonding with no mediat-
ing agent, using a MBE-grown QD laser structure (Tanabe  et al .,  2012 ) 
( Fig. 7.26 ). Our on-chip QD laser achieved a threshold current density 
of 205 A/cm 2 , the lowest of any kind of semiconductor laser on silicon 
reported to date.     
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 7.26      Cross-sectional TEM image of the fabricated InAs/GaAs QD laser 

on a Si substrate. The upper inset shows a detailed image of the InAs/
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image of the as-grown InAs/GaAs quantum dots. The lower right inset 

shows the lasing spectrum at room temperature.  
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  7.6.4     III–V quantum-dot–photonic crystal nanocavity 
lasers on Si substrates 

 Photonic crystal (PhC) structures can provide wavelength-scale laser cav-
ities with high quality factors ( Q -factors), representing an extremely long 
photon lifetime. The spontaneous emission rate to the cavity modes of 
materials inside small high- Q  cavities can be potentially enhanced due to 
Purcell effect. This enhancement enables low threshold operation of PhC 
cavity lasers (Painter  et al ., 1999). Monat  et al . ( 2001 ) reported the fi rst dem-
onstration of PhC lasers on Si substrates. A couple of groups have subse-
quently presented PhC band-edge (Monat  et al .,  2002 ; Mouette  et al .,  2003 ; 
Vecchi  et al .,  2007 ) and nanocavity (Monat  et al ., 2003; Shih  et al .,  2007 ) 
lasers on Si substrates or coupled to Si waveguides underneath (Halioua 
 et al .,  2009 ,  2011 ) with gain media of In-Ga-As-P system compound multiple 
quantum-wells (MQW) grown on InP substrates and layer-transferred onto 
Si substrates using wafer bonding. 

 The superior characteristics in semiconductor QD lasers represented 
by low lasing threshold current/power and high-temperature stability for 
are promising for future nanoscale, ultrahigh density circuitries. Thanks to 
these advantages, Yoshie  et al . ( 2002 ) demonstrated QD-PhC lasers operat-
ing for the fi rst time at room temperature with pulsed optical pumping. We 
reported the fi rst demonstration of room-temperature continuous-wave 
lasing in a QD-PhC nanocavity (Nomura  et al .,  2006 ) followed by lasing 
gained by a single quantum dot as an extreme class of light source (Nomura 
 et al .,  2009b ,  2010 ), both with InAs/GaAs QDs grown on GaAs substrates. 

 Ben Bakir  et al.  (2006) demonstrated an InAs/InP QD-PhC band-edge 
laser transferred onto a Si substrate with a SiO 2 /Si multilayer Bragg refl ec-
tor inside operating with pulsed pumping at room temperature, as the fi rst 
QD-PhC laser on silicon. A merit of photonic band-edge or Bloch-mode 
lasers is potentially higher output power than for PhC cavity-mode or 
defect-mode lasers (Letartre  et al .,  2005 ). PhC cavity lasers, however, gen-
erally have a lower lasing threshold than photonic band-edge lasers, due to 
the higher in-plane optical confi nement and with smaller mode volume of 
cavities (Monat  et al ., 2003; Nomura  et al .,  2009a ). Other advantages of PhC 
cavity lasers are represented by the controllability of the  Q -factor and the 
mode volumes with the cavity geometry and size to maximize the Purcell 
factor and thus spontaneous emission rate. 

 We ourselves fabricated InAs/GaAs QD-PhC nanocavity lasers on 
Si substrates through wafer bonding and layer transfer techniques and 
observed their continuous-wave lasing at room temperature by optical 
pumping (Tanabe  et al .,  2009 ,  2010b ). This work is the fi rst demonstra-
tion of room-temperature continuous-wave lasing in a PhC nanocavity 
on silicon. This surface-emitting laser exhibited emission at 1.3  µ m with 
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a threshold absorbed power of 2  µ W, the lowest of any type of semicon-
ductor laser on silicon. Generally lasers with QD gain have signifi cantly 
lower lasing threshold than QW lasers due to the higher spatial carrier 
confi nement and discrete energy levels in QDs as long as the  Q -factors 
are large enough to compensate QDs’ smaller modal gain than QWs’ 
(Arakawa and Sakaki,  1982 ). As an example, we observed a difference 
of three orders of magnitude between the threshold powers of QD- and 
QW-PhC band-edge lasers with similar PhC structures (Nomura  et al ., 
 2009a ).   

  7.7     Conclusion 

 This chapter has reviewed the marked progress of self-assembled InAs QD 
lasers over the past fi ve years. Since the fi rst proposal of QD lasers in 1982 
(Arakawa and Sakaki, 1982), the technology reached real-world applica-
tion, as seen in the mass production of optical communication lasers by QD 
Laser, Inc. This owes to the growth technology of high-density and highly 
uniform InAs QDs (described in Section 7.2), and the device technology of 
quantum-dot FP and DFB lasers (described in Sections 7.3 and 7.4). The 
business area and product portfolio of QD Laser, Inc. (QDL) has expanded 
to make it a leading provider of highly effi cient semiconductor laser solu-
tions for not only telecom/Datacom but also consumer electronics and 
industrial use. QDL is now opening a way to new laser application worlds 
by its product values of fi nely tuned wavelengths from 532, 1064 to 1310 nm, 
high-temperature operation and stability, and mass-production capability 
on GaAs platform including quantum dots. 

 The next fi ve years will see mass production of high-speed FP and DFB 
quantum-dot lasers in the FTTH area prevailing in the optical communica-
tion market, a wide variety of emerging applications for industrial, medical, 
and consumer use by GaAs-based wide-wavelength-range lasers, and QD 
lasers working in various extremely-high-temperature harsh environments. 
The silicon hybrid QD lasers discussed in Section 7.6 will be a key technology 
of optical interconnects on silicon LSIs to overcome the bottleneck of the 
speed and power consumption as a goal of this nanotechnology in late 2010s.  
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  Abstract : The semiconductor vertical cavity surface emitting laser 
(VCSEL) diode is introduced and the dominant applications that use 
the nearly one billion VCSELs that have been deployed world-wide 
are reviewed. The chapter focusses on fundamental aspects such as the 
VCSEL device structure, including the distributed Bragg refl ector mirrors, 
the optical cavity and various emission wavelengths, and the means 
for creating electrical and optical transverse confi nement in the laser 
diode. The critical interplay of the spectral alignment of the Fabry − P é rot 
cavity resonance, which selects the lasing wavelength, and the laser 
gain bandwidth, which infl uences the threshold of the VCSEL, is shown 
to dominate nearly every aspect of VCSEL performance. Finally, the 
performance of 850 nm VCSELs is presented and the infl uence of various 
VCSEL parameters on the laser effi ciency, threshold, transverse mode 
characteristics, and polarization are described. 

  Keywords : vertical cavity surface emitting laser, distributed Bragg refl ector, 
single transverse mode, laser applications, two-dimensional arrays.  

   8.1     Introduction 

 The vertical cavity surface emitting laser (VCSEL) is a semiconductor microcav-
ity laser that has found deployment in numerous applications around the 
world and can be considered a critical technology for the information age 
infrastructure. After reviewing the historical development of VCSELs over 
the past 30 years, the commercial applications that are driving the develop-
ment of this optoelectronic technology are introduced. The epitaxial device 
structure of the VCSEL is described, including the requirements of the dis-
tributed Bragg refl ector mirrors, the active region which produces the vari-
ous laser emission wavelengths, and the lateral device structure arising from 
the fabrication processes. The spectral alignment between the laser gain and 
the cavity resonance is shown to be an important phenomenon for under-
standing VCSEL performance. The VCSEL optical properties are reviewed. 
The device parameters that affect the laser effi ciency are discussed, as well 
as the transverse mode and polarization properties of VCSELs. Finally, 
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two-dimensional VCSEL arrays are introduced, and the different array 
geometries are briefl y reviewed. The conclusion of the chapter includes a 
discussion of the future trends in VCSEL development and performance. 

  8.1.1     History 

 The semiconductor laser was discovered and invented in 1962, which 
launched 50 years and counting of continued laser diode development 
and introduction of new applications. In 1978 Professor Kenicha Iga at the 
Tokyo Institute of Technology had the idea of causing the light emission to 
be perpendicular, rather than horizontal, to the semiconductor wafer from 
which the laser is made (Iga,  2000 ). The fi rst report of a VCSEL followed in 
1979 (Soda  et al .,  1979 ) and by the mid 1980s VCSEL research had signif-
icantly increased, fueled by the development of semiconductor distributor 
Bragg refl ector (DBR) mirrors (Gourley and Drummond,  1986 ). Compared 
to their edge-emitting laser counterparts, the primary VCSEL advantages 
include their circularly symmetric high-quality optical beam, ultralow power 
operation, ease of integration in dense two-dimensional (2D) arrays, and 
the potential of low cost and high volume manufacture. With the advent of 
the Internet, low cost laser sources which could be easily coupled to optical 
fi ber were in great demand, which stimulated further research toward con-
tinuously improved VCSEL performance. By the mid 1990s, an industry was 
established by numerous companies manufacturing VCSEL driven by the 
continued deployment VCSEL applications. Since the year 2000, VCSEL 
production has grown to more than 50 million manufactured annually, and 
nearly a billion have been deployed around the world. Compared to the 
past, there are now fewer companies, manufacturing greater and increasing 
numbers of VCSELs. Without a doubt, VCSELs can be considered the laser 
source for the information age.  

  8.1.2     Applications 

 For what applications can you use a VCSEL? In  Table 8.1  we list their gen-
eral application areas. The division of the application areas is according to 
whether the light emission is in multiple transverse optical modes or in the 
single fundamental Gaussian mode (Section 8.3.2), and whether an individ-
ual laser or an array of lasers is used (Section 8.3.3). If we consider an indi-
vidual VCSEL operating in multiple modes, the overwhelmingly dominant 
application is in optical data links for local area and storage area networks. 
These optical links are composed of a laser, an optical fi ber, and a photode-
tector, and are used to send high speed digital data from centimeters to 300 m 
or more in length. These optical data links are also used to connect routers 
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and servers in data centers and mobile telephone switching offi ces, as well 
as interconnects between central processing units and memory within high 
performance computing applications. The biggest advantages that VCSELs 
hold for these applications are their excellent coupling to optical fi ber, low 
operation power, and low cost/high volume manufacture.    

 Why is data communication such an important application? Since the 
mid 1990s there has been an explosion of optical data network deployment, 
driven by Internet and mobile telephone applications. Hence increasing 
data bandwidth demand, combined with a greater number of Internet and 
mobile phone users, has created an ever-increasing need for higher per-
formance optical data links. Whereas optical telecommunication networks 
deployed across the Pacifi c and Atlantic oceans in the 1970s had exploited 
the low attenuation of optical signals in fi ber, data communication require-
ments in the 2010s are driven more and more by increasing the data com-
munication bandwidth. While ever-higher direct modulation rates continue 
to drive the research and development of VCSELs, achieving these rates at 
lower power will become increasingly important. 

 Another application, that uses many millions of VCSELs, is position sens-
ing. The most common example is the computer ‘mouse’. Note that this 
application requires single mode emission for accurate position tracking. The 
principle advantage of a VCSEL in this application is its ultralow power and 
excellent beam quality. For both optical data links and optical mice, the lasers 
typically emit at 850 nm, which is the most mature VCSEL technology. 

 There are other applications for VCSELs that continue to develop. For 
single mode VCSELs emitting at longer wavelengths (such as 1300 and 1550 
nm), optical communication over longer length spans (> 1 km), such as in 
metro access networks, become of interest. For VCSELs that emit at mid 
infrared wavelengths (> 2000 nm), gas sensing applications are numerous 
because of the many molecular vibration modes that can be excited. VCSELs 
emitting at 650 nm continue to be attractive for ultralow cost plastic opti-
cal fi ber systems of potential use in automotive applications. The ability to 
fabricate dense two-dimensional (2D) arrays is a unique VCSEL advantage 

 Table 8.1     VCSEL applications 

 Multi-mode operation  Single-mode operation 

 Individual 

VCSEL 

    • Local and storage area network  

  • Server/router interconnect  

  • Active cable  

  • Plastic fi ber links (automotive)    

    • Position sensing (laser mice)  

  • Chemical sensing  

  • Encoder  

  • Metro access networks    

 2D VCSEL 

array 

    • Solid state pumps  

  •  Laser Imaging Detection and 

Ranging (LIDAR)  

  • Medical therapy  

  • Tailored heating    

    • Laser printing  

  • Parallel channel high speed links  

  • Coherent arrays (high brightness)  

  • Chip optical interconnects    

�� �� �� �� �� ��



 Vertical cavity surface emitting lasers (VCSELs) 319

© Woodhead Publishing Limited, 2013

(Section 8.3.4), which has high power application for optical pumping, heat-
ing, and medical therapy. Finally, dense arrays of single mode VCSELs are 
currently deployed in laser printer applications, and will open up coher-
ent array applications for high brightness laser sources, as well as very 
high-density optical interconnects at the board-level or even chip-level. 

 What makes the VCSEL attractive for these applications? Perhaps 
the biggest advantage of the VCSEL is its excellent lifetime characteris-
tics. VCSEL reliability is considered superior to all other types of lasers. 
The reason for this excellent reliability lies with the VCSEL’s monolithic 
epitaxial structure and relatively simple manufacturing steps. The rapid 
acceptance of VCSELs in the optoelectronic industry arises because of the 
many manufacturing advantages they possess. In particular, VCSELs can be 
tested at the wafer level at every step during their fabrication. This is signifi -
cantly different for an edge-emitting semiconductor laser, since cleaving its 
laser facets is usually the last step of manufacturing. In addition the generic 
VCSEL has monolithic semiconductor DBR mirrors, which are fashioned 
during the growth of the epitaxial wafer, making it very amenable to high 
volume manufacture.   

  8.2     Device structure 

 We next discuss the VCSEL structure (Jewell  et al .,  1991 ; Chow  et al .,  1997 ). 
We fi rst consider the epitaxial semiconductor layers of a VCSEL, which 
include the DBR mirrors which provide the longitudinal optical confi ne-
ment. We next consider the semiconductors used for various emission 
wavelengths, and discuss the spectral overlap between laser gain and cavity 
resonance and the critical role this has on VCSEL performance. Finally, we 
describe the transverse confi nement of a VCSEL, which is related to, and 
created by, the manufacturing process used to fabricate the laser. 

 There are three components needed for a laser. First, we need an optical 
medium to generate photons to generate light. We use direct bandgap semi-
conductors (GaAs is the most commonly used), or more specifi cally semi-
conductor quantum wells, to generate the necessary photons. In addition we 
need an excitation source, which will be electrical current injected into a p-n 
junction. Semiconductor laser diodes have been shown to be the most effi -
cient means to generate stimulated emission. Finally, the third component 
needed for a laser is the optical resonator, which is the optical cavity needed 
to build up the photon density required to achieve stimulated emission. 

  8.2.1     Longitudinal confi nement 

 The VCSEL utilizes a Fabry − P é rot optical cavity, which is composed of two 
parallel mirrors separated by a distance of   λ  /2, where   λ   is the desired laser 
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emission wavelength. To have emission from the top surface of a semicon-
ductor wafer, the mirrors that form the cavity must have refl ectivities that 
are nearly unity. Such a mirror can be made from a sequence of two layers 
with varying refractive index which are called distributed Bragg refl ector 
(DBR) mirrors. The top and bottom DBR mirrors, the active region con-
taining the quantum wells inside of the optical cavity, and the electrical con-
tacts needed for injection of current, are all sketched in the lower part of 
 Fig. 8.1 . The refl ectivity of the top mirror is slightly lower as compared to the 
bottom mirror, and thus the light is emitted from the top in  Fig. 8.1 .    

 In  Fig. 8.2  is a transmission electron micrograph showing a portion of the 
DBR mirrors on either side of the optical cavity of a VCSEL, alongside a 
sketch of the refractive index of the semiconductor layers and the intensity 
profi le of the longitudinal mode. Note the optical cavity contains fi ve gal-
lium arsenide quantum wells (darkest lines in micrograph) which will emit 
light at approximately 850 nm. On the top and bottom of the optical cavity 
are the DBR mirrors composed of low (light layers) and high (dark layers) 
refractive index semiconductors. As you can see in the  Fig. 8.2  sketch, the 
longitudinal optical mode of a VCSEL is defi ned by the DBR mirrors.    

 The refractive index variation of the DBR mirror creates the required 
refl ectance of the mirror. Notice the overlap between the longitudinal mode 
standing wave that ‘sets up’ in the optical cavity in Fig. 8.2. Clearly the mode 
overlaps the quantum wells, which is good since they provide the generated 
photons for the lasing emission. Further, notice that when there is an inter-
face between a high index and low index semiconductor layer, the mode 
intensity (and thus electric fi eld) is a relative maximum. This indicates the 
refl ectance from this interface is relatively high; to achieve a mirror with 
high overall refl ectivity, we position a multiple number of these interfaces 
to be one half a wavelength apart, so that the refl ectivity from each inter-
face will add constructively. The simplest manner to achieve this condition 
is to make each high and low refractive index layer thickness equal to   λ  /4; 
thus DBR mirrors are sometimes called ‘quarterwave stacks’. The DBR 
mirrors of an 850 nm VCSEL can use low (high) Al-containing Al  x  Ga 1   −    x  As 
layers for the high (low) index layers, and can achieve a refl ectivity as high 
as 99.9% by using 30 periods or greater. The calculated refl ectance spec-
trum measured from the top surface of a 850 nm VCSEL wafer is shown in 
 Fig. 8.3 . Note that this mirror exhibits a refl ectance value near unity over a 
wavelength span, which is called the mirror stop band, of nearly 100 nm.    

  Figures 8.2  and  8.3  demonstrate that correct growth of the semiconductor 
layers in the epitaxial structure is very important: there are three aspects 
that must be achieved to high precision. Firstly, the semiconductor compo-
sition dictates the refractive index and we need to get the correct refractive 
indices; secondly, we require the correct layer thickness to defi ne a proper 
DBR mirror and optical cavity. So to have the proper longitudinal mode in 
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the VCSEL structure we need both the composition and thickness of each 
DBR layer to be correct. 

 The third important epitaxial issue is the introduction of electrical impu-
rities (doping) into the semiconductor layers (Chow  et al .,  1997 ; Choquette 
and Geib, 1999). Since we need to have an electrical p-n junction within the 
optical cavity (not shown in  Figs 8.1  or  8.2 ), typically one DBR is doped 
p-type and the other DBR is doped n-type.  Figure 8.4  shows the impurity 
depth profi les in the top (carbon doped), and bottom (silicon doped) DBR, 
and the varying Al content of an 850 nm VCSEL composed of Al  x  Ga 1   −    x  As 
layers (Kim  et al .,  2004 ). The impurities and Al composition are measured 
by secondary ion mass spectroscopy. The active region can be identifi ed as 
the region with the lowest Al content and dopant impurities (the quantum 
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 8.1      Side view sketch (b) of an oxide-confi ned VCSEL; the lower inset 

shows the refractive index profi le across the cavity, while panel (a) 

shows a lasing mode confi ned by an oxide aperture inside a top 

electrical contact.  
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wells cannot be resolved), while the 23 period top mirror is p-type (using C) 
and the bottom mirror is n-type (using Si). To achieve low electrical resis-
tance, the compositional grading between the high and low index layers, as 
well as the dopant impurity concentration profi le is carefully controlled and 
tailored over every layer of the epitaxial material (Choquette and Geib, 
1999).    

 So far we have discussed the optical refl ectivity and electrical impurities 
of the DBR mirrors. However, to form a proper optical cavity as noted 
previously, the mirrors must be separated by a thickness equal to a mul-
tiple of a half-wavelength of the desired emission wavelength. For most 
VCSELs the optical cavity is made to be   λ   thick; this ensures that the peak 
of the longitudinal mode occurs in the center of the active region, which 
is where the quantum wells are positioned (see  Fig. 8.2 ), and that the cav-
ity resonance is at the peak of the DBR refl ectivity. The latter condition is 
shown in  Fig. 8.3  by the very sharp ‘dip’ in the refl ectance spectrum (i.e. a 
transmission peak) at the center of the mirror stop band, which in  Fig. 8.2  is 
850 nm wavelength. This is the cavity resonance, which specifi cally defi nes 
the laser emission wavelength, as long as the quantum wells in the optical 
cavity emit appropriately. Thus the cavity resonance as determined by the 
Fabry − P é rot cavity dominates the optical performance of the VCSEL. The 
effects of the spectral alignment between the resonance and the optical 
gain will be discussed in greater detail in Section 8.2.3.  
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DBR
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Refractive
index
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 8.2      Transmission electron micrograph (a) and sketch (b) of the 

refractive index and optical intensity profi les in the optical cavity and 

surrounding regions of the top and bottom DBR mirror.  
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  8.2.2     Optical cavity 

 VCSELs are composed of approximately 100 different semiconductor lay-
ers; we have seen that the composition, thickness and doping concentrations 
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 8.3      Calculated VCSEL refl ectance spectrum showing the cavity 

resonance at 850 nm inside the DBR mirror stop band.  
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are all important quantities that must be correct in order to defi ne the lon-
gitudinal mode. Notice that the control of the epitaxial layers is on the same 
length scale as the wavelength of light in the material. Hence, VCSELs can 
be considered microcavity lasers, for which in one-dimension (the longitu-
dinal direction) the cavity and optical mode are uniquely and specifi cally 
engineered. To accomplish this at different laser wavelengths will require 
different semiconductors (Choquette and Hou,  1997 ). 

 In  Table 8.2  we show commonly employed semiconductor materials for the 
DBR mirrors and the quantum wells (i.e. active region) for VCSEL emission 
wavelength from 450 to 2300 nm. The layers of the DBR mirrors need to have 
a differing values of refractive index, but both must be transparent to the laser 
emission. In  Table 8.2  we only show semiconductor materials for the DBR lay-
ers which can be grown epitaxially with a semiconductor quantum well active 
region. It is also possible to use dielectric materials to form the DBR mirrors 
(Baba  et al .,  1993 ; Huffaker  et al .,  1994 ; Lu  et al .,  2008 ), but in these cases the elec-
trical current does not fl ow through the DBR mirrors such as shown in  Fig. 8.1.     

 For VCSEL wavelengths longer than 840 nm, GaAs can be used as a high 
index DBR layer and the low index layer can be high Al-containing Al  x  Ga 1   −    x   
As (typically AlAs is not used in oxide-confi ned VCSELs as discussed in 
Section 8.2.4). Note that  Table 8.2  indicates that quantum wells using the 
InGaP, AlGaInAs(N) and GaAsSb alloy systems that emit in the wave-
length regime of 650–1300 nm and are lattice matched to GaAs substrates 
can all exploit AlGaAs layers for the DBR mirrors (Choquette and Hou, 
 1997 ). Example wavelengths of GaAs lattice-matched VCSELs include visi-
ble 650 nm (Choquette  et al .,  1993 ; Schneider  et al .,  1995 ), 850 nm (Lee  et al ., 
 1990 ; Wang  et al .,  1990 ), 980 nm (Geels  et al .,  1993 ) and 1300 nm (Choquette 
 et al .,  2000 ; Yamada  et al .,  2000 ). Because of the relative maturity of device 
fabrication using GaAs substrates, as well as the large index contrast that 

 Table 8.2     VCSEL semiconductor materials 

 Wavelength (nm)  Quantum well  High index  Low index 

 450  In 0.2 Ga 0.8 N  GaN  AlN 

 650  InGaP  Al 0.5 Ga 0.5 As  Al 0.96 Ga 0.04 As 

 780  Al 0.12 Ga 0.88 As  Al 0.25 Ga 0.75 As  Al 0.92 Ga 0.08 As 

 850  GaAs  Al 0.16 Ga 0.84 As  Al 0.92 Ga 0.08 As 

 980  In 0.2 Ga 0.8 As  GaAs  Al 0.92 Ga 0.08 As 

 1300  Al 0.34 Ga 0.46 AsN 0.01  

 or GaAsSb 

 GaAs  Al 0.92 Ga 0.08 As 

 1300 and 1550  InGaAsP  GaAs 

 (wafer bonded) 

 Al 0.92 Ga 0.08 As 

 (wafer bonded) 

 1300 and 1550  InGaAsP  InGaAsP  InP 

 1500  AlInGaAs  AlAsSb  AlGaAsSb 

 2300  GaInAsSb  AlAsSb  GaSb 

�� �� �� �� �� ��



 Vertical cavity surface emitting lasers (VCSELs) 325

© Woodhead Publishing Limited, 2013

is available in the AlGaAs alloy system (Gourley and Drummond,  1986 ), 
VCSELs which use GaAs quantum wells emitting at 850 nm are by far the 
most commonly manufactured commercially. 

 Wavelengths outside of the range 650–1300 nm have required other semi-
conductor materials for the epitaxial wafers. The dual challenges of VCSELs 
at these wavelengths is achieving suffi ciently high refl ectivity in the semicon-
ductor DBR mirrors (due to the relatively small variation of the refractive 
index between the DBR layers which requires many periods) and achieving 
suffi ciently high electrical impurity concentration (usually the p-type dop-
ant) in the semiconductor DBR layers for effi cient diode operation.  Table 
8.2  shows examples for shorter wavelength and longer wavelength VCSELs 
that do not use Al  x  Ga 1   −    x  As-based DBR mirrors. Blue VCSELs have been 
demonstrated utilizing the InGaN alloy system grown on sapphire substrate 
(Higuchi  et al .,  2008 ; Lu  et al .,  2008 ). These lasers are of interest for imaging 
and display applications, but commercial production is not yet available. 

 VCSELs appropriate for telecommunication wavelengths are desirable 
for optical interconnect applications. The wavelength regimes of interest 
are 1300 nm, which corresponds to the dispersion minimum of silica opti-
cal fi ber, and 1550 nm, which is the optical attenuation minimum of optical 
fi ber. Usually semiconductor lasers emitting at these wavelengths rely upon 
quantum wells that are lattice matched to InP substrates. The challenge of 
obtaining suffi cient DBR refl ectivity from semiconductor mirrors grown 
on InP is particularly prominent, so various VCSEL device structures have 
been considered. As noted above, suitable quantum wells combined with 
dielectric DBRs can be used (Baba  et al .,  1993 ).  Table 8.2  shows the two 
other dominant approaches: (i) using semiconductor DBR layers lattice 
matched to InP (Tadokoro  et al .,  1992 ; Salet  et al .,  1997 ; Hall  et al .,  2000 ); 
or (ii) using wafer-bonded GaAs/AlGaAs DBRs to a InP-lattice-matched 
quantum wells (Dudley  et al .,  1994 ; Dubravko,  1995 ). Various combinations 
of dielectric, wafer-bonded or epitaxially grown DBRs have also been dem-
onstrated for 1300 and 1550 nm VCSELs. 

 For wavelengths of 2.3 µm and longer, InGaSb quantum wells with DBR 
mirrors lattice matched to GaSb substrates have been pursued (Bachmann 
 et al .,  2008 ; Ducanchez  et al ., 2009). These long wavelength VCSELs have 
been used for gas sensing applications. To date commercial manufacture of 
1300, 1550 or 2300 nm VCSELs is very limited because of the challenging 
fabrication required, in spite of the promising applications that are enabled.  

  8.2.3     Gain bandwidth and cavity resonance 
spectral alignment 

 Because of the microcavity effect, that is, how the optical cavity deter-
mined by the epitaxial layers dictates the longitudinal mode, virtually every 
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optical (and some electrical) property of the VCSEL can be understood by 
considering how this mode spectrally and spatially overlaps the laser gain 
bandwidth (Hasnain  et al. ,  1991 ). A schematic showing the gain profi le as 
a function of wavelength is shown in  Fig. 8.5.  The long wavelength spec-
tral endpoint of the VCSEL gain bandwidth is determined roughly by the 
bandgap energy (or more precisely the ground state electron quantum well 
confi nement energy) of the active region material. The high energy side of 
the gain is roughly the difference in energy of the quasi-Fermi levels on 
the electron and hole side of the p-n junction. Between these energies the 
semiconductor will emit photons from recombination of electron/hole pairs 
creating optical gain.    

 The vertical lines in  Fig. 8.5  represent the cavity resonance that is allowed 
to oscillate in the cavity (see also the sharp dip in the refl ectance in  Fig. 8.3 ). 
Because of the short VCSEL cavity (typically one   λ   in length) there is only 
one cavity resonance that overlaps the laser gain of a VCSEL. Notice that 
the resonance could be at longer or shorter wavelength than the wavelength 
of maximum gain, as illustrated in  Fig. 8.5 . Hence, the threshold gain (and 
threshold current) for stimulated emission will be infl uenced by the spec-
tral alignment between the laser gain and cavity resonance. Therefore the 
 cavity resonance  (and not the peak gain) dictates the lasing wavelength of a 
VCSEL, and anything that infl uences the alignment between the resonance 
and the gain bandwidth will change the laser threshold. 

 As an aside, this is a very different situation from an edge-emitting semi-
conductor laser, which usually has a much longer cavity (roughly hundreds 
of   λ   in length). Now the spectral splits between the longitudinal modes, 
which are inversely proportional to the cavity length, are spectrally quite 
close together. Because of this, there is always a cavity mode that will over-
lap the peak of the gain bandwidth. Hence the  peak gain  determines the 
lasing wavelength of an edge-emitting laser. 

 In  Fig. 8.5  we show two conditions for a VCSEL: blue- and red-shifted 
gain where the resonance is at longer and shorter wavelength than the 
peak gain, respectively. Recall that the long wavelength side of the gain 
is determined roughly by the bandgap wavelength; hence, as temperature 

Gain bandwidth

Blue-shifted gain Red-shifted gain

λ λ

Cavity resonance

 8.5      Sketch of the spectral alignment between the cavity resonance and 

VCSEL gain bandwidth for blue- and red-shifted conditions.  
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increases, the gain bandwidth will shift to a longer wavelength. However, 
the resonance wavelength will also shift to longer wavelengths, due to the 
increase of the refractive index of the cavity materials with increasing tem-
perature. Unfortunately, the gain shifts much faster with temperature (for 
GaAs roughly six times faster) than the resonance wavelength. As a result, 
a VCSEL can be designed to have blue-shifted gain at room temperature, 
and with increasing temperature the threshold for lasing will decrease as 
the resonance becomes aligned with the peak gain. For increasing tem-
perature the gain will continue to shift to longer wavelengths, producing 
the red-shifted gain condition shown in  Fig. 8.5 , and increasing threshold 
will be observed. So the spectral overlap between the resonance and the 
gain will dictate the wavelength that the laser will emit and will also infl u-
ence its performance. (Note that an edge-emitter will exhibit monotoni-
cally increasing threshold current with increasing temperature, due to the 
decrease of the peak gain.) 

 The variation of threshold current with temperature can thus be engi-
neered through proper design of the VCSEL cavity. Hence, VCSELs can 
be optimized for high temperature (Young  et al .,  1993 ) or cryogenic appli-
cations (Goncher  et al .,  1996 ), an attribute that is absent for edge-emitting 
lasers. The uniformity of the epitaxial layer thickness and composition in a 
wafer will also infl uence the uniformity of VCSEL threshold current found 
at difference regions of a wafer. Finally, in Section 8.3.1 we will see that the 
maximum output power of a VCSEL is related to the spectral alignment 
between the cavity resonance and gain.  

  8.2.4     Lateral confi nement 

 As shown in Section 8.2.2, the longitudinal mode is engineered by the layer 
thicknesses and composition of the DBR mirrors and cavity, and this is 
determined during the epitaxial growth of the VCSEL wafer. In contrast, 
the transverse confi nement of the laser emission is determined by the device 
structure, which is affected by how the VCSEL is fabricated (Choquette and 
Geib, 1999). We next compare the two most common VCSEL device struc-
tures: the ion-implanted and selectively oxidized VCSEL. 

 The electrical current injected between a ring contact on the top DBR 
(see  Fig. 8.1a ) and a broad area contact on the bottom DBR (or backside 
of the wafer) must be laterally constrained to fl ow into the region of the 
optical cavity. The simplest method to constrain the current is to etch a 
pillar through the top and bottom DBR mirrors. This turns out to create 
ineffi cient lasers, since the exposed sidewalls will experience nonradiative 
recombination and the removed semiconductor around the cavity reduces 
the heat sinking, exacerbating thermal effects (Choquette  et al .,  1991 ). 
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 A surprisingly effective means to control the current path is to use ion 
implantation into the top DBR mirror (Tai  et al .,  1989 ; Lee  et al .,  1990 ). 
Typically proton implantation is used to bombard the top semiconduc-
tor mirror to render the material nonconductive. By masking the center 
of the top ring contact to block the ion implantation, the injected current 
will avoid the damaged perimeter and will funnel into the central region 
to produce gain in the active region, thus defi ning the laser cavity. Hence 
the ion-implanted VCSEL is described to be ‘gain-guided’. The advantages 
of this structure are (i) the resulting device is planar, and (ii) the reliabil-
ity of implanted VCSELs is extremely good. This latter point may be sur-
prising, but remember the ion-damage surrounds the laser cavity and only 
determines the current path. Therein also lies the primary disadvantage of 
implanted VCSELs: there is no transverse refractive index variation cre-
ated by the ion implantation to transversely guide the laser emission. In fact 
the transverse cavity of an implanted VCSEL is usually defi ned by thermal 
effects, which limits the maximum modulation to less than a few gigabits/sec 
(Hasnain  et al .,  1991 ; Lear  et al .,  1996 ). 

 In order to introduce a transverse index profi le and simultaneously cre-
ate a current path, a buried oxide layer as sketched in  Fig. 8.1b  is intro-
duced (Choquette  et al .,  1994 ; Choquette  2000b ). These lasers are called 
‘oxide-confi ned’ VCSELs and have enabled signifi cant laser performance 
enhancements (Choquette  et al .,  1995 ; Lear  et al .,  1995 ). As shown in  Fig. 
8.1 , the highest Al-containing layers of the DBR mirror is oxidized and 
converted to Al 2 O 3 , which is electrically insulating. Obviously this will fun-
nel the current into the center of the cavity. But as importantly, this oxide 
layer has a signifi cantly lower refractive index. Hence, the step index pro-
fi le sketched in  Fig. 8.1b  can be produced, which will transversely confi ne 
the photons in the laser cavity. This signifi cantly reduces the diffraction loss 
of oxide-confi ned VCSELs, leading to very low values of threshold current 
(Huffaker  et al .,  1994 ). 

 An example of an oxide aperture is apparent in  Fig. 8.1a , where the 
laser emission is contained with an oxide aperture (inside the ring elec-
trical contact) located within the top DBR near the optical cavity. This 
can be seen in more detail in cross-section in the transmission electron 
micrograph depicted in  Fig. 8.6.  Here fi ve layers of the DBR mirror have 
been selectively oxidized, where the lowest layer immediately adjacent to 
the optical cavity has a greater extent. This layer thus defi nes the cavity 
diameter, since the injected current and photons are confi ned. It should 
be apparent from  Fig. 8.6  that the transverse index profi le can be tailored 
by controlling the relative oxidation rates of individual DBR layers, which 
has been used to modify the VCSEL modal properties (Choquette,  2000b ). 
Because of the excellent confi nement of both electrons and photons inside 
the cavity of oxide-confi ned VCSELs, which will be shown in Section 8.3.1, 
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these lasers exhibit the best levels of performance in nearly every laser 
property.      

  8.3     Vertical cavity surface emitting laser (VCSEL) 
optical performance 

 The continuous wave optical properties (i.e. DC injection current) will be 
discussed in this section. The device parameters that infl uence the output 
power and effi ciency will be described and the transverse and polarization 
properties of VCSELs will be introduced. 

  8.3.1     Output and effi ciency 

  Figure 8.7  shows the light and voltage curves as a function of injection cur-
rent for an oxide-confi ned 850 nm VCSEL with square aperture with size 
5  ×  5 µm 2 . This VCSEL epitaxy is a generic commercial wafer with three 
GaAs quantum wells in the active region and 21 top (35 bottom) DBR peri-
ods using the layer compositions noted in  Table 8.2 . As the injection current 
increases from zero, the applied voltage increases to approximately 1.3 V 
(diode turn-on) and subsequently shows an approximately constant series 
resistance. The laser output of the VCSEL shows a threshold current of 220 
µA and threshold voltage of 1.54 V. The light increases approximately lin-
early until a maximum power of 3.5 mW at 11 mA is obtained; this point is 
commonly called ‘rollover’. Further increase of the injection current leads 
to decreased laser output. As discussed in Section 8.2.2, when the laser gain 
becomes ‘red-shifted’ relative to the cavity resonance, the available laser 
gain decreases, which implies reduced laser output. The laser gain shifts to 
a longer wavelength due to the increased temperature at the p-n junction 

 8.6      Transmission electron micrograph of an oxide-confi ned VCSEL 

aperture showing fi ve oxide layers, with one layer defi ning a 1 μm 

aperture.  
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arising from the series resistance parasitic heating. To increase the VCSEL 
maximum power level, reduction of the series resistance and better heat 
sinking is required.    

  Figure 8.8a  shows the light versus current characteristics of VCSELs 
with varying sized oxide apertures. Note that for larger laser cross-section, 
the roll over maximum power and injection current increases. This is due 
to the improved heat sinking for the larger diameters. In  Fig. 8.8b  the 
threshold current is plotted as a function of the aperture size. Note that 
for cross-section area varying 1–100 µm 2 , the threshold current is less than 
1 mA for this VCSEL wafer design. For aperture sizes 4 µm and greater, 
the threshold current density is constant. However, for smaller aperture 
sizes, the threshold current density and eventually the threshold current 
increases. This deviation from the expected scalability arises because the 
VCSEL transverse optical mode begins to interact with the oxide aperture 
creating additional optical loss (Choquette  et al .,  1997 ).    

 Another means to control the output power of a laser is to design the out-
put mirror refl ectivity. By changing the number of periods of the top DBR 
mirror, the refl ectivity can be varied. In  Fig. 8.9  we show the threshold cur-
rent and the differential slope effi ciency (ratio of photons emitted/electrons 
injected) for VCSEL wafers with differing numbers of periods and refl ec-
tivity in the top DBR mirror. (These nominally 850 nm VCSELs have fi ve 
GaAs quantum wells and have 5  ×  5 µm 2  oxide apertures). For a decreasing 
number of periods (decreasing refl ectivity) we see a monotonically increas-
ing threshold current and differential slope effi ciency. As the mirror loss 
of the VCSEL increases, more light is emitted but a higher threshold to 
achieve stimulated emission is also required. Note that viable VCSELs can 
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be obtained with an output refl ectivity less than 99%, but this comes at the 
expense of higher threshold. The lowest threshold occurs for high refl ectiv-
ity, but with a low slope effi ciency.    

 For data communication applications, often the light emission must 
remain low (for eye safety reasons), and it is desirable to have a low thresh-
old current. For direct modulation of VCSELs, to increase the modulation 
rate requires increasing the photon cavity density. This implies operating 
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the VCSEL at high current levels above threshold; the limit will be the roll 
over current, since greater injection actually leads to lower light output. 
Therefore for high speed VCSEL modulation, often VCSELs are designed 
with increased output mirror refl ectivity and a correspondingly modest 
differential slope effi ciency.  

  8.3.2     Transverse optical modes 

 Lasers operate in both longitudinal and transverse optical modes 
(edge-emitting lasers also have lateral modes, but in a VCSEL transverse 
and lateral modes are the same). What are transverse modes?  Figure 8.2  
illustrates the longitudinal intensity standing wave that sets up in the DBR 
mirrors and cavity of a VCSEL. We called this an optical microcavity, since 
the epitaxial periodicity precisely matches the emission wavelength (i.e. on 
the order of several hundreds of nm). However in the transverse dimension, 
VCSELs tend to be fairly broad, on the order of 5–20 microns in diameter. 
Hence there can be many allowable transverse modes in a VCSEL, where 
each mode has a unique intensity (electric fi eld) profi le, with a slightly dif-
ferent wavelength. In Section 8.1.2, we divided VCSEL applications accord-
ing to whether the VCSEL operated in multiple transverse modes or a 
single mode. 

 The lasing emission spectra for a 10 µm diameter oxide-confi ned VCSEL 
at different ambient temperature (and 2  ×  threshold) are plotted in  Fig. 
8.10a . The approximately four different peaks that are apparent at each 
temperature correspond to the multiple transverse optical modes that are 
lasing in the VCSEL. Notice that the modes all shift to longer wavelength 
with increasing temperature, as expected. In  Fig. 8.10b  we plot the spectral 
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peak maximum for each transverse mode of a VCSEL as a function of injec-
tion current. The transverse modes are separated by approximately 0.2 nm, 
which is expected for 10 µm diameter oxide-confi ned VCSELs.    

 If we were to isolate and image any given transverse mode, we would fi nd 
it would have a unique transverse intensity profi le. The longest wavelength 
(lowest energy) transverse mode is called the fundamental mode, and it has 
a Gaussian intensity profi le: the maximum intensity is found in the center 
and it decreases radially. Higher order modes will tend to have an intensity 
null on the axis and intensity maxima at off-axis locations, and they will 
all have shorter wavelength as compared to the fundamental mode. A sin-
gle mode VCSEL is presented in  Fig. 8.11 ; the spectra shown in  Fig. 8.11b  
depicts a single emission peak that is more than 40 dB (1000 times) greater 
in power as compared to the next higher order mode (Danner  et al .,  2006 ).    

 For multi-mode applications, such as shown in  Table 8.1 , the laser spot 
size is usually not relevant, but rather the light output power is important. 
Multi-mode VCSELs tend to have the highest effi ciency, since the various 
transverse modes can spatially overlap the quantum well gain in the opti-
mal manner. For optical data links that use multi-mode optical fi ber, a laser 
operating in multiple transverse modes can be tolerated. Dispersion effects 
in the fi ber (that is different fi ber modes traveling at different speeds) can 
limit the bandwidth  ×  length product of the optical link. However, VCSELs 
with relatively large diameter that operate multi-mode, also tend to have 
the lowest operation current density and correspondingly best reliability. 

 For other applications single fundamental mode operation is preferred. 
Utilizing a VCSEL in a position sensing, printing, or scanning application, 
often a small beam spot size is required; the fundamental Gaussian mode has 
the smallest beam waist of all the higher order modes. For high modulation 
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optical data links, fi ber dispersion limits the performance in either data rate 
or link length. Hence using a single mode VCSEL will eliminate dispersion 
effects, although alignment between the laser and fi ber is more challenging. 

 Numerous efforts have been made to obtain stable fundamental mode 
lasing in VCSELs. The approaches to promote single mode lasing include: 
(i) creating a small diameter waveguide that only supports the fundamen-
tal mode; (ii) preferentially pumping the fundamental mode by creating a 
gain area smaller than the optical aperture (Young  et al .,  2001 ) and (iii) 
introducing greater losses such as diffraction (Unold  et al .,  2000 ), scattering 
(Nishiyama  et al .,  2000 ), free carrier absorption (Floyd  et al .,  1995 ), antiguid-
ing (Wu  et al .,  1995 ; Zhou and Mawst,  2002 ), and/or mirror loss (Morgan 
 et al .,  1993 ; Martinsson, 1999; Lehman  et al .,  2007 ) to the higher order modes. 
Whereas these methods create single mode VCSELs, they often require 
complex fabrication steps, highly specialized epitaxial structure, and/or fab-
rication of features with specifi c dimensions that must match the desired 
wavelength, all of which hinder manufacturability. Using small diameter 
VCSELs will also create single mode lasers, but as discussed in Section 8.3.1 
this will also produce higher series resistance, leading to undesirable device 
heating and degraded laser reliability. 

 The single mode VCSEL in  Fig. 8.11a  employs an etched photonic crystal 
pattern to control the laser modal properties (Choquette  et al .,  2012 ). The 
periodic pattern of etched holes creates a waveguide that can only support 
propagation of the Gaussian mode. The use of a photonic crystal has the 
advantage that the dimensions of the photonic crystal pattern can be inde-
pendent of the laser wavelength and larger diameters will still support sin-
gle mode emission, enabling improved reliability. 

 The last optical VCSEL characteristic that we will mention is polarization. 
Electromagnetic radiation can have two polarization states, depending on 
the orientation of the electric fi eld perpendicular to the direction of propa-
gation. In the case of the VCSEL emission, the light is linearly polarized and 
emitted perpendicular to the surface of the wafer; in this case we defi ne the 
polarization to be in the transverse electric (TE) state. However, there will 
be two possible orthogonal directions for the TE polarization. Hence every 
transverse optical mode actually has two independent states, corresponding 
to the two different polarizations. Often these polarization states are non-
degenerate, that is, there is a slight birefringence (wavelength difference) 
between the polarizations. Therefore for an application that has sensitivity 
to polarization, the polarization state of the VCSEL should be controlled.  

  8.3.3     Two-dimensional VCSEL arrays 

 A unique advantage of VCSELs over any other type of laser is the ability 
to fabricate 2D laser arrays (Iga,  2000 ). Various applications of 2D VCSEL 
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arrays are suggested in  Table 8.1 . In some applications all of the VCSELs 
in an array are operated simultaneously, and thus thermal management 
is the challenge. For other applications it is necessary to electrically con-
tact each individual array element. For example, massively parallel optical 
interconnects and optical imaging are applications that would benefi t from 
high-density two-dimensional arrays of lasers. The principal challenge, espe-
cially for closely spaced arrays, is achieving electrical contact to both the 
anode and cathode of the diode. As the array element count increases, this 
challenge can become severe. 

 There are two approaches contacting the elements of 2D VCSEL arrays: 
individually addressing ( Fig. 8.12a ) and matrix addressing ( Fig. 8.12b ). 
Individually addressing each VCSEL element necessarily requires long 
metal contacts linking the top electrical contact to a wire bonding pad 
located at the periphery of the array. As apparent in the partial image of a 
hexagonal VCSEL array in  Fig. 8.12a , the array elements must be separated 
by suffi cient space to allow access of the metal runners. Another challenge 
is that the number of bonding pads to address each array element eventu-
ally limits the array size. This can be somewhat alleviated by using matrix 
address, as shown in  Fig. 8.12b  (Geib  et al .,  2002 ). By connected in series the 
VCSELs in  N  rows and  N  columns, the number of bonding pads is 2 N  rather 
than  N  2 . The matrix addressable architecture is less fl exible than that of an 
independently addressable array, since an arbitrary set of VCSELs cannot be 
operated simultaneously. Minimizing the number of electrical connections 
between the VCSEL array and the electronic circuitry will become very 
important for high-count arrays, even using advanced packaging techniques 
such as fl ip-chip bonding. Another important issue for matrix addressable 
VCSEL arrays is the larger effective series resistance and capacitance of 
each row or column lead.      

(a) (b)

 8.12      (a) Hexagonal individually addressable VCSEL array and (b) 

square matrix addressable VCSEL array with a lasing element in the 

fourth column from the right and the fourth row from the bottom.  
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  8.4     Conclusion 

 In this chapter, the vertical cavity surface emitting laser has been introduced 
and the dominant applications that use the nearly one billion VCSELs that 
have been deployed world-wide have been reviewed. We have necessar-
ily focused on the fundamentals of VCSELs, such as their device structure, 
including the DBR mirrors, the optical cavity, and the means for creating 
electrical and optical transverse confi nement in the laser diode. The criti-
cal interplay of the spectral alignment of the Fabry − P é rot cavity resonance, 
which selects the lasing wavelength, and the laser gain bandwidth, which 
infl uences the threshold of the VCSEL, is shown to dominate nearly every 
aspect of VCSEL performance. The wavelength regimes of VCSELs have 
been discussed, including visible blue and red wavelength (450–650 nm) and 
infrared wavelength (780–2300 nm) which includes the most common 850 nm 
VCSEL. Finally, the performance of generic 850 nm VCSELs is presented to 
illustrate the infl uence of various VCSEL parameters on the laser effi ciency, 
threshold, transverse mode characteristics, and polarization. 

 New applications for VCSELs continue to be explored, which in turn 
drives the device research and development. GaAs-based VCSELs emit-
ting around 850 nm have the most mature technology and manufactur-
ing; these devices can be found in many millions of optical data links and 
laser mice. VCSELs at shorter wavelengths, such as blue or ultraviolent, are 
promising for imaging, lighting, biological sensing and medical treatment. 
VCSELs emitting at 1300–1550 nm have potential application in longer 
length ( ≥  1 km) optical fi ber based interconnects, and wavelengths greater 
than 2 µm have potential for low cost/low power chemical and environ-
mental sensing systems. 

 High power VCSEL applications should continue to expand, since the 
form factor and geometry of VCSEL arrays can be custom tailored. One 
area that is particularly suitable for VCSEL arrays is high brightness 
laser sources. By creating coherently coupled 2D VCSEL arrays, a single 
array mode can be achieved (Siriani and Choquette,  2010 ). The inherent 
two-dimensional scalability could potentially be a unique advantage creat-
ing a revolutionary change for high brightness pump sources. 

 At the other extreme, ultralow power VCSELs for on-chip or chip-to-
chip communication are presently under development to determine their 
suitability to satisfy short distance but high bandwidth interconnects. The 
fi rst ‘killer application’ of VCSELs in the short-reach optical interconnect 
area has had perhaps the most dominant infl uence on VCSEL development. 
The increasing numbers of VCSELs used in optical interconnects, as well 
as the always increasing performance demands continues to drive VCSEL 
research. The digital modulation rate achieved with a VCSEL has increased 
several hundredfold during the years of 1990–2010. The next decade will 
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demand what is now considered outrageous bandwidth increases, to answer 
the insatiable demands of the Internet and high performance computing. 
Perhaps even more importantly, the bandwidth enhancement must be 
accompanied with much lower power requirements, to maintain sustainabil-
ity of optical communication networks. VCSELs should continue to evolve 
to address the future needs of the information age.  
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  Abstract : Semiconductor disk lasers (SDLs), also known as vertical-
external-cavity surface-emitting lasers (VECSELs) are optically-pumped 
semiconductor lasers (OPSLs), with oscillation perpendicular to the 
epitaxial gain structure with an external macroscopic laser resonator. 
SDLs have outstanding wavelength fl exibility combined with excellent 
beam quality, and their fundamental spectral coverage is further 
extended by effi cient, intracavity non-linear frequency conversion. This 
chapter gives a broad overview of the SDL fi eld: design, principles of 
operation, and typical performance. We review various techniques used 
for intracavity frequency fi ltering and conversion, pulsed operation and 
mode-locking. The trends and applications foreseen as the future drivers 
of SDL research are discussed. 

  Key words : vertical-external-cavity surface-emitting lasers (VECSELs), 
optically-pumped semiconductor lasers (OPSLs), intracavity non-linear 
frequency conversion, mode-locked semiconductor lasers, tunable lasers.  

   9.1     Introduction 

 The subject of this chapter is semiconductor disk lasers (SDLs), also 
commonly known as vertical-external-cavity surface-emitting lasers 
(VECSELs). These are usually optically-pumped semiconductor lasers 
(hence the further acronym OPSL in occasional use) with oscillation per-
pendicular to the plane of the epitaxial gain structure and with an external 
macroscopic laser resonator, typically millimetres up to tens of centimetres 
in length. They are thus quite different in form and operation from the verti-
cal-cavity surface-emitting lasers (VCSELs) described in Chapter 8 and are 
in many ways more akin to conventional doped-dielectric solid-state lasers, 
albeit with intermediate output powers (typically <10 W) and unsuitability 
for high-energy pulsed operation. The primary distinctiveness of SDLs lies 
in outstanding wavelength fl exibility combined with excellent beam qual-
ity, where their wavelength versatility stems from semiconductor bandgap 
and quantum well engineering and the fact that their fundamental spectral 
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coverage can be greatly extended by their eminent suitability for effi cient, 
intracavity non-linear frequency conversion. 

 In the following sections, we will give a broad but concise overview of the 
SDL fi eld, which has expanded rapidly over the past decade. In Section 9.2 
we will set out the basics of SDL design, their principles of operation, and 
typical performance characteristics. Section 9.3 will summarise the various 
techniques used for continuous-wave operation, intracavity frequency fi l-
tering and conversion, with particular emphasis on the broad spectral cover-
age achieved and the prospects for further development. Pulsed operation 
of SDLs will be reviewed in Section 9.4, including a brief overview of the 
extensive work on mode-locking. The trends and applications that we fore-
see as being the future drivers of SDL research and technology will be dis-
cussed in Section 9.5, and we conclude with a list of references for further 
and more detailed information.  

  9.2     Principles of operation 

 SDLs have now been demonstrated with fundamental emission wave-
lengths ranging from 390 nm to 6.5  µ m (see  Table 9.1 ) with the general 
design of the gain structure almost independent of the semiconductor 
material used. This consists of a distributed Bragg refl ector (DBR) mir-
ror, on top of which is grown a multi-quantum well gain region with the 
quantum wells (QWs) positioned to coincide with the antinodes of the 
cavity standing wave for resonant periodic gain (see  Fig. 9.1 ). SDLs are 
sometimes referred to as ‘a 1/2 VCSEL’ as they resemble a VCSEL with-
out the top DBR (Chapter 8), although in general the active region of an 
SDL is several times longer and contains more quantum wells. The SDL 
gain structure is usually optically-pumped and aligned as the end mirror 
of a high-fi nesse, bulk-optics laser cavity. Due to this external air-spaced 
laser cavity, SDLs are often referred to as ‘hybrid’ lasers: combining con-
ventional solid-state laser engineering (e.g., power scaling, intracavity 
techniques and excellent beam quality) with a semiconductor gain region 
and therefore the fl exibility of bandgap engineering. This most commonly 
recognised format of SDL and the modelling of its basic characteristics 
was set down by Kuznetsov and co-workers in 1999,  1   following their initial 
report of the laser performance two years earlier.  2   Further development 
of these lasers was pursued by a number of groups using an expanding 
range of semiconductor material systems, and in 2006 Tropper  et al . pub-
lished a review of the fi eld as it then was, including a thorough descrip-
tion of the principles of operation.  3   We refer the reader to these previous 
works for in-depth design criteria and macroscopic modelling of the per-
formance, together with Reference  4  for a study of the effects of tailoring 
the gain structure resonances. The group of Moloney at the University of 
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Arizona with main collaborator Koch at the University of Marburg have 
published extensively on the  microscopic  modelling of SDLs (e.g., review 
in Reference 5), and are able to accurately compute the performance of 
SDLs demonstrating excellent agreement with experimental data;  6   how-
ever, in the more typical case where the material parameters are less 
well known and such precise control over the semiconductor growth is 
not available, good laser performance is generally achieved via the basic 
design that we will set out in the following section, together with empirical 
optimisation. Best performance is subject to the constraints of the partic-
ular material system required for emission within the spectral region of 
interest, and we will give an overview of SDL materials in Section 9.2.2.       

Substrate

DBR

Conduction
band

Active region

Heat spreader

Intracavity
optics

Pump beam

Output
coupler

Output beam

Laser

Barriers   Wells

Pump

Standing wave field

Valence
band

 9.1      Schematic of a typical SDL, incorporating a simplifi ed diagram 

of the gain structure semiconductor bandgap profi le and the optical 

fi eld in the active region, showing the principle of operation. DBR: 

distributed Bragg refl ector.  

  Table 9.1  Demonstrated wavelength range of SDLs for all-semiconductor material 

systems used to date 

Wavelength 

range

Material system (QW/barrier) Substrate Selected 

references

390 nm, 410 nm InGaN (microchip with dielectric DBR) Sapphire 8, 9, 46

640–690 nm InGaP/AlGaInP GaAs 21, 47–49

700–750 nm InP QDs/AlGaInP GaAs 50

850–870 nm GaAs/AlGaAs GaAs 25, 51–53

850 nm InAlGaAs/GaAs GaAs 54

0.9–1.18  µ m InGaAs/GaAs GaAs 1, 41, 55–57

1–1.3  µ m InAs QDs/GaAs GaAs 17, 58–60

1.16–1.32  µ m GaInNAs/GaAs GaAs 61–64

1.2–1.57  µ m AlGaInAs (fused to AlGaAs DBR) InP 12, 65

1.55  µ m InGaAsP InP 66–69

2–2.8  µ m GaInAsSb/AlGaAsSb GaSb 70–72

4–5  µ m PbTe or PbSe/PbSrSe (IV–VI) BaF 2 73, 74

3.3–6.5  µ m PbTe or PbSe/PbSrSe (IV–VI) Si 75–77
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  9.2.1     Design features and performance characteristics 

 In order to understand the expected laser performance when using 
a  vertically-emitting architecture and what this means for the design 
parameters of SDLs, we will fi rst look at the laser threshold condition 
which is given by:

    R R T1 2R 1p ( )g2 g Lggth        [9.1]  

where  R  1  and  R  2  are the refl ectivities of the DBR and the output coupler 
respectively (or in the case of a VCSEL,  R  2  is the refl ectivity of the top 
DBR),  T  is the round-trip loss transmission factor,  Γ  is the longitudinal con-
fi nement factor which describes the optical fi eld overlap with the gain (up 
to 2 for perfect resonant periodic gain),  g  th  is the material threshold gain and 
 L  is the length of gain material. For a vertically-emitting structure, where 
the gain is provided by a few quantum wells,  L  may be on the order of 
~50 nm. Therefore, while the semiconductor material gain may be very high, 
the  gain length  is extremely short, so that these are low-gain lasers. From the 
above condition, and assuming a reasonable threshold gain of ~2000 cm  –1  , 
we require very high mirror refl ectivity of >99%, and low loss. This strin-
gent requirement on the DBR refl ectivity has impaired the development of 
vertical emitters using GaN materials for blue/violet emission for example, 
as the materials necessary for the large refractive index contrast required 
for high refl ectivity introduce signifi cant strain and therefore crack-free 
structures are diffi cult to grow. Considerable progress has been made in the 
development of GaN-based VCSELs;  7   however, the only GaN-based SDLs 
demonstrated to date used dielectric mirrors deposited directly on the epi-
layer and transmission through the buffer layer and transparent sapphire 
substrate.  8   ,   9   

 SDLs are usually  *   optically-pumped and therefore power scaling may be 
simply achieved by uniformly pumping a large area  10   and using the external 
cavity to effi ciently extract the power in a single transverse mode. SDLs have 
a longer active region (~1–2  µ m) than VCSELs, generally determined by the 
pump absorption length. Thus more quantum wells may be incorporated, 
even allowing tailoring of the carrier confi nement in distinct gain regions with 
different quantum wells for dual-wavelength operation.  11   Further details on 
all the design features labelled in  Fig. 9.1  are given in the following: 

  Substrate  

   The SDL structure is usually grown monolithically, lattice-matched to • 
the substrate.  

  *     For the special case of electrical pumping of SDLs, see the end of Section 9.4.3.  
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  The substrate may be removed via etching in order to decrease the ther-• 
mal impedance of the structure for a so-called ‘thin device’.  10    
  Recently, in order to access spectral regions where lattice-matching is • 
diffi cult, wafer fusion techniques have been used to allow gain structure 
components based on different material systems, grown on different 
substrates, to be assembled.  12   ,   13       

  Distributed Bragg refl ector (DBR)  

   The DBR consists of alternating   λ  /4 layers of transparent, lattice-matched 
material with high and low refractive index,  n , with  N  repeats. Refl ectivity 
is given by:  14     

    R
P

P
P

n

n

N

NDBR
low

high

=
−
+

⎛
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⎛⎛

⎝⎝

⎞
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⎞⎞

⎠⎠
=

1

1

2

2

2

,     

   It is desirable to minimise  • P  (within the constraints of transparency at 
the laser wavelength), so that fewer layers are required, thus reducing 
growth time and minimising the thermal impedance. For AlAs/GaAs 
DBRs,  N  is typically ~25–30.  
  The DBR may be designed for dual band refl ectivity in order to refl ect • 
residual pump light.  10   ,   15       

  Active region  

   The gain is provided by multiple quantum wells with composition, thick-• 
ness, and strain tailored for high gain at the design wavelength (see 
Section 9.2.2).  
  If compressively-strained quantum wells are used, tensile-strained • 
 compensation layers may be incorporated to balance the strain of the 
active region (see e.g., Reference  16 ).  
  Gain may also be provided by multiple layers of quantum dots (e.g., • 
Reference  17 , see Section 9.2.2).  
  Quantum wells are positioned at the antinodes of the optical fi eld in • 
order to maximise the effi ciency of gain extraction, a technique known 
as resonant periodic gain (RPG).  18   This has the additional effect of 
suppressing spatial hole burning for single-frequency operation (e.g., 
Reference  19 , see Section 9.3.1).  
  The length of the active region is limited by the pump absorption length • 
to ensure all quantum wells are pumped, and is typically 1–2  µ m. The 
composition of the quantum well barriers is normally chosen to  maximise 
carrier confi nement.  
  Groups of more than one quantum well per antinode may be used • 
to ‘stack’ the gain towards the top of the device to account for the 
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exponential profi le of the pump absorption;  3   ,   20   or as a means to fi t more 
gain within the absorption length.  21    
  Fine tuning of the active region length is used to control the effect of • 
sub-cavity resonances. A sub-cavity resonant at the design wavelength 
maximises the optical fi eld at the quantum wells and minimises the laser 
threshold; however, an anti-resonant sub-cavity is less temperature 
sensitive and has spectrally broader  effective  gain.  4       

  Heat spreader  

   High thermal conductivity, transparent crystalline intracavity heat• -

spreaders may be used for thermal management.  22   ,   23   This method of 
thermal management, where the main route for heat extraction is via 
the top of the device, is particularly effective for SDLs with large, ther-
mally resistive DBRs.  24    
  Sapphire,  • 22   silicon carbide,  25   silicon,  26   and diamond,  27   have all been used 
as intracavity heatspreaders.  
  Optical contact to the intracavity surface is achieved via liquid capillary • 
bonding.  28       

  Pump beam  

   Pump light is absorbed in the semiconductor within ~1–2  µ m, therefore • 
low brightness sources, such as diode lasers, may be used – SDLs are 
 effi cient ‘brightness converters’.  
  For more compact set-ups, it may be convenient to pump through the • 
DBR after removal of the substrate.  29   The close proximity achieved 
in this case has enabled effi cient optical pumping even without pump-
 coupling optics.  30    
  Due to the broad absorption spectra of the semiconductor materials the • 
exact pump wavelength is not critical, although longer wavelengths are 
desirable to reduce the quantum defect. Shorter pump wavelengths will, 
in general, have a shorter absorption length.  21    
  In the special case of in-well pumping, used to minimise the quantum • 
defect, the pump light absorption per pass of the active region is very 
low and therefore multiple passes are required for effi cient operation.  31       

  Output coupler  

   Generally an external dielectric mirror on a bulk optic is used, although • 
in the case of microchip SDLs the output coupler is a dielectric mirror 
coating directly on the surface of the crystalline heatspreader.  32   ,   33    
  SDLs are low-gain lasers with typical optimum output coupling of a few • 
per cent.  
  Non-linear output coupling may be used (see Section 9.3.2).     • 
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  Output beam  

   Circularly-symmetric, diffraction-limited output beams are achieved • 
with mode-matching, that is, optimum overlap of the intracavity mode 
beam with the pumped area of the SDL gain structure.  24   ,   34   Up to 20 W 
output power has been demonstrated in a single transverse mode with 
M  2   < 1.1.  35       

  Intracavity optics  

   Intracavity optics are conveniently accommodated for frequency con-• 
trol and non-linear conversion (see Section 9.3), cavity-dumping and 
mode-locking (see Section 9.4).  
  A common intracavity element, used to tune the oscillation wavelength • 
of an SDL, is a birefringent fi lter (BRF). A BRF is an off-axis birefrin-
gent plate, inserted in the cavity at Brewster’s angle and rotated in order 
to tune the wavelength at which the phase delay results in zero net 
change of polarisation angle, hence varying the wavelength that experi-
ences zero refl ection losses.  36      

 The performance of an SDL will of course depend on the optical gain of the 
quantum wells, the quality of the DBR, material losses, and the effi ciency of 
the optical pumping.  1   All of these can vary depending on the material sys-
tem and experimental confi guration used, leading to variation in the power 
and effi ciency that has been achieved across the spectral range of SDL emis-
sion. What all SDLs have in common, however, is their temperature sensi-
tivity, intrinsic to the design: the semiconductor quantum well gain and the 
overlap of this gain with the RPG wavelength and sub-cavity resonances are 
both sensitive to the  absolute  temperature of the gain region. With respect 
to the latter, each SDL gain structure has an optimum temperature at which 
the gain and the resonances overlap such that the  effective  gain is optimised, 
beyond which thermal rollover will eventually shut off the laser. However, 
while this overlap can be partly accounted for by designing in an appro-
priate offset for the cold laser,  37   for example, the room temperature RPG 
wavelength may be fi xed at a longer wavelength than the peak of the quan-
tum well gain (which has higher d  λ  /d T ), thermal escape of the carriers from 
the quantum wells limits high temperature operation. The pump induced 
temperature increase, therefore, ultimately limits the maximum output 
power of an SDL. There are two main methods used for thermal manage-
ment: removal of the substrate for a so-called thin device which is then sol-
dered to an effi cient (extra-cavity) heatsink; and high thermal conductivity 
crystalline heatspreaders, bonded directly to the intracavity surface of the 
unprocessed gain structure. Kemp  et al.  have carried out in-depth thermal 
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modelling of the heatspreader approach (e.g. References  23 ,  38 ), and have 
compared the two techniques for a broad range of SDL materials.  24   They 
fi nd that for SDLs emitting around 1  µ m, the relatively high thermal con-
ductivity of the materials used means that both techniques are effective at 
reducing the maximum temperature rise in the active region; however, away 
from 1  µ m, the thermally resistive DBRs required reduce the effi cacy of 
substrate removal. Heatspreaders, especially diamond heatspreaders, have 
been instrumental in the demonstration of Watt level output power from 
SDLs operating in almost all other spectral regions. Both methods are a step 
towards the ideal of one-dimensional heat fl ow from the gain region which 
would allow power scaling by indefi nitely increasing the pumped area; how-
ever, in practise, modelling has shown that radial heat fl ow continues to set 
an upper limit for power scaling of SDLs.  24   Alternative thermal management 
methods for power scaling are pulsed or quasi-continuous-wave pumping  39   
(see Section 9.4.1 and  Fig. 9.15 ), or dividing the pump power between more 
than one gain structure within one laser cavity.  34   ,   40        

  9.2.2     Materials 

 The materials used for SDL development to date are listed in  Table 9.1 , the 
large range testament to the ‘design freedom’ afforded by optical pump-
ing. The most successful SDL material system to date, in terms of laser 
performance, is undoubtedly InGaAs/GaAs quantum wells with AlGaAs 
DBRs (see  Fig. 9.4 ), now the basis for the commercially available range 
of SDLs and a ‘workhorse’ for the development of any new laser archi-
tectures and studies of fundamental operating characteristics and dynam-
ics. InGaAs quantum wells have high gain, and in this spectral region (~1 
µm) the AlGaAs DBR can use maximum refractive index contrast for 
very high refl ectivity with relatively low thermal impedance. This mate-
rial system also has the distinct advantage of being effi ciently pumped 
with low quantum defect by the high-power 808 nm laser diodes that 
have been extensively developed for pumping solid-state lasers. Ignoring 
spectral coverage, most SDL performance records are held by InGaAs-
based devices, from maximum continuous-wave output power (>100 W, 
3-chip SDL  40  ) and diode-pumped slope effi ciency (60%  41   ,   42  ), to the high-
est spectral brightness (Reference  43 , see Section 9.3.1), the shortest 
mode-locked pulses (~60 fs,  44   see Section 9.4.3) and the highest repetition 
rates (50 GHz  45  ). Most of the techniques developed with InGaAs-based 
SDLs are being applied to a broader range of material systems, to fully 
exploit the wavelength fl exibility of the SDL format. For each material 
system, the reader should refer to the selected references in  Table 9.1  for 
details of particular SDL designs, including any peculiarities of bandgap 
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engineering, growth or fabrication, although in general these do not devi-
ate significantly from the schematic shown in  Fig. 9.1 . Below we will 
highlight some recent examples.    

 While the vast majority of SDLs use quantum wells, much of the recent 
materials development has focussed on the incorporation of multiple lay-
ers of quantum dots. The quantum dots are ‘self-assembled’ during epitaxial 
growth and the specifi c challenge for a quantum-dot-based SDL is to grow 
a relatively large number of repeatable highly strained quantum dot layers 
within an RPG structure. The incentive for the development of edge-emit-
ting quantum dot lasers was to take advantage of the increased quantum 
confi nement for low-threshold operation and reduced temperature sensitiv-
ity.  78   Reduced temperature sensitivity is certainly attractive for SDLs, given 
the temperature dependence of the gain and resonance overlap discussed 
above; however, the reduced  modal  gain of quantum dot layers, compared 
with quantum wells, in the vertically-emitting format means that their incor-
poration into SDLs  *   is motivated primarily by the opportunity to extend 
the spectral coverage of a particular material system. Quantum dots allow 
longer wavelength emission than quantum wells since they enable the use of 
lower bandgap alloys with higher lattice mismatch, that is, higher strain. The 
feasibility of quantum dot SDLs was fi rst demonstrated by Lott  et al.  using 
InAs quantum dots to achieve 120 mW output power at 1.3  µ m,  58   and later 
by Germann and co-workers at the Technical University Berlin for emission 
around 1.2  µ m.  17   This group was able to demonstrate temperature indepen-
dent operation over the pump excitation range 0–70 kW/cm 2  with stable effi -
ciency and output spectrum, although the slope effi ciency was only ~2%.  79   
Since this initial work, power scaling has been shown by a number of groups, 
for example, >4 W at 1032 nm reported by Butkus  et al  . ,  60   and recently 
Hoffmann  et al.  demonstrated 5.2 W at 960 nm with ~24% slope effi ciency.  80   
However, of greater interest for extending spectral coverage, Albrecht and 
co-workers at the universities of New Mexico and Arizona recently reported 
multi-Watt operation at an emission wavelength of 1.25  µ m, beyond that 
which may be achieved using InGaAs quantum wells.  59   

 In general, the spectral range of effi cient performance for each material sys-
tem used for SDLs is limited at the short-wavelength end by reduced carrier 
confi nement, and at the long-wavelength end by unmanageable strain. Taking 
the material used for visible red emission as an example, (Al y Ga 1 − y )xIn 1−x P 
is lattice-matched to GaAs for an indium fraction of ~0.5.  81   For alumin-
ium fraction less than ~0.6, the bandgap is direct and ranges from 1.9 to 
2.3 eV.  81   ,   82   Above the band crossover the conduction band offset decreases, 

  *      Quantum dots are also used in saturable absorber layers for low saturation fl u-
ence in mode-locked SDLs and mode-locked integrated external-cavity surface-
emitting lasers (MIXSELs) – see Section 9.4.3.  
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and the maximum conduction band offset achievable is ~270 meV (com-
pared with 350 meV for AlGaAs heterostructures), limiting the electron 
confi ning potential and leading to electron barrier leakage, especially in 
short-wavelength devices. Using (Al 0.6 Ga 0.4 ) 0.5 In 0.5 P barriers for maximum 
confi nement, the wavelength range available from strained GaInP quantum 
wells spans ~600 nm to >700 nm. In  Fig. 9.2a  we have plotted the calculated 
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emission wavelength with quantum well thickness for different gallium 
alloy fractions. For III-V semiconductor quantum wells, a small amount of 
strain is desirable to remove the degeneracy of the heavy hole and light hole 
valence bands.  83   For vertically-emitting structures which require transverse 
electric (TE) polarisation,  compressive  strain is used so that the heavy hole 
band is the ground state and is more easily inverted.  81   With compressively-
strained GaInP, increased confi nement cannot provide enough blue-shift at 
a reasonable quantum well thickness to obtain effi cient emission for wave-
lengths below about 630 nm. The fi rst high-power, continuous-wave, red 
SDL reported by Hastie  et al.  used 6 nm thick quantum wells with gallium 
fraction of 0.45 for room temperature emission at ~660 nm.  48   Up to 1.1 W 
output power was demonstrated with 20% slope effi ciency.  84      

 The wavelength coverage of the AlGaInP material system can be extended 
further into the red via the use of InP quantum dots. Schlosser  et al. , in collab-
oration with the University of Sheffi eld who had previously reported edge-
emitting lasers based on InP quantum dots,  85   demonstrated continuous-wave 
emission from SDLs over the range 716–755 nm, with up to 26 nm tuning 
from a single device.  50   In  Fig. 9.2b  we have plotted the  normalised  tuning 
curves of various AlGaInP-based SDLs using compressively-strained GaInP 
quantum wells and InP quantum dots, as demonstrated by our group.  21   ,   48   –50  

 As previously explained, the suitability of a particular material system 
for SDL development is determined to a large extent by the quality of 
DBR that may be lattice-matched to the active region. While III−V mate-
rials lattice-matched to InP provide broad spectral coverage from 1.2 µm 
to 2.0  µ m, the small refractive index contrast available with this material 
system has limited the performance of SDL gain structures. Lindberg  et al.  
were able to demonstrate up to 0.8 W output power at 1550 nm by using 
an intracavity diamond heatspreader to bypass the 48-period InP/InGaAsP 
DBR, pumping at 1250 nm and cooling to −30°C.  67   Recently, however, 
wafer fusion techniques (previously developed for VCSELs at communi-
cations wavelengths) have allowed the fabrication of SDLs consisting of 
AlGaInAs active regions grown on InP substrates, subsequently bonded to 
high quality AlGaAs DBRs. Rautiainen  et al.  demonstrated 2.6 W at 1.57 
 µ m from a wafer-fused SDL, in this case pumping at 980 nm with heatsink 
temperature of 10°C (also using an intracavity diamond heatspreader).  12   
This group later demonstrated 2.7 W at 1.3  µ m,  86   with further power scal-
ing to 6.6 W,  65   attractive for frequency doubling to red wavelengths (see 
Section 9.3.2). While ‘dilute nitride’ material (GaInNAs) and InAs quan-
tum dots have been used to extend SDL spectral coverage beyond 1.2  µ m, 
the complex and problematic growth of both and the low-gain of the latter 
mean that wafer-fused phosphide-based structures now look like the most 
promising route to practical and commercially viable high-power SDLs in 
this wavelength range. 
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 Finally, of particular interest for spectroscopic applications, research-
ers at the Thin Film Physics Group, ETH Zurich have developed broadly 
tuneable (although highly temperature sensitive) SDLs emitting at wave-
lengths >3  µ m by using lead chalcogenide (IV–VI) narrow gap semicon-
ductors. The SDL gain structures are grown via MBE and pumped with 
1.5  µ m laser diodes. Pulsed and continuous-wave emission at wavelengths 
up to 6.5  µ m have been demonstrated to date using PbTe, PbSe or PbSnSe 
active layers,  73   ,   74   ,   77   and latterly multiple PbSe/PbSrSe quantum wells posi-
tioned for RPG.  13   Initial structures were grown on transparent BaF 2  sub-
strates with the fi rst report of peak powers >50 mW at 5  µ m at 100 K;  73   
however, much improved performance was achieved by growing on silicon 
substrates for better thermal management so that as much as 1 W output 
power was demonstrated in pulsed mode at –172°C.  76   The large refractive 
index contrast achievable with these materials ( Δ  n  up to ~4) means that 
high quality DBRs are possible with only two layer pairs, for example, 
BaF 2 /PbEuTe  73   or PbEuTe/EuTe.  13   Due to the high-sensitivity of the nar-
row bandgap to temperature, in the region of 0.5 meV/K, extremely broad 
tuning may be achieved by varying the heatsink temperature. In recent 
work, Fill  et al.  reported an emission wavelength range of 3.6–5.1  µ m from 
a single device by varying the heatsink temperature from –173°C to 52°C 
(see  Fig. 9.3 ).    

 To summarise, the spectral coverage of continuous-wave SDLs is illus-
trated in  Fig. 9.4 . This shows selected results reported over almost a decade 
of development. It is particularly informative to plot SDL performance lin-
early with photon energy, as the fundamental wavelength range achieved 
results directly from semiconductor bandgap engineering.   

  9.3     Intracavity frequency control 

 In the previous section we have given an overview of the performance of 
SDLs emitting at wavelengths from the visible to the mid infrared. In all 
cases, the same general design principles and laser architecture allow rela-
tively easy access to the intense intracavity beam, which may be exploited 
in a number of ways for sophisticated frequency control in each spectral 
region, as summarised in this section. 

 While SDLs are proving increasingly desirable as cheap and compact 
alternatives to gas and solid-state lasers at many common wavelengths, it is 
perhaps their combination of high-fi nesse external cavities and short carrier 
lifetime that will prove their most interesting attribute in the longer term. 
The photon lifetime in an SDL is much longer than the ‘upper state’ life-
time, leading to some important advantages for low-noise, narrow-linewidth 
operation and intracavity non-linear conversion. 
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  9.3.1     Single-frequency operation 

 It was recognised early in SDL development that these lasers should be 
very attractive for single-frequency operation.  19   The fundamental limit for 
the minimum frequency bandwidth, or linewidth, ΔL ,  of a laser, as calcu-
lated by Schawlow and Townes,  100   is given by:  101  
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       [9.2]  

where ΔC  is the laser cavity mode linewidth,  h  is Planck’s constant,  c  is 
the speed of light,  P  is the emitted power,   λ   is the laser wavelength,   ξ   is 
the ratio of spontaneous emission rate to stimulated emission rate, and   α   
is the linewidth enhancement factor. SDLs have very high-fi nesse cavities 
(small ΔC ), but relatively high output power, so that the fundamental limit 
for a typical SDL turns out to be a few Hz, compared to MHz for an edge-
emitting semiconductor laser. In practice, even with a carefully designed 
stable cavity this is usually broadened by shot noise, and up to ~100 kHz 
by normal laboratory acoustic noise and noise from the pump laser, so that 
narrower linewidths must be achieved through vibration isolation and sta-
bilisation of the laser frequency against an external reference. With the use 
of RPG, the quantum wells are positioned with nanometre-scale accuracy to 
coincide with the electric fi eld maxima of a single frequency only, effectively 
eliminating spatial hole burning. Thus, single-frequency operation may be 
achieved with a simple, compact, standing wave cavity geometry that is eas-
ier to isolate from acoustic noise than, say, a dye laser. 

  Tuneable  single-frequency operation of SDLs is usually achieved using 
one of two techniques: for long external cavities (more than a few centime-
tres) an intracavity BRF is typically used; for short cavities with only one lon-
gitudinal mode within the gain bandwidth, tuning is achieved by mounting 
the output coupler on a piezoelectric transducer (PZT) and varying the total 
cavity length, and hence the free spectral range (FSR). Single-frequency 
operation with limited tuning may also be achieved with the use of a volume 
Bragg grating (VBG),  102   or a high-refl ectivity grating (HRG) as a cavity mir-
ror;  103   however, kHz level linewidth has yet to be demonstrated with such 
techniques. 

 To date, the minimum linewidth demonstrated from an SDL is 3 kHz, 
as demonstrated by Holm  et al.  in early work with infrared GaAs-based 
SDLs.  19   Single frequency selection was achieved by insertion of an intracav-
ity Lyot fi lter (three-plate BRF  110  ) and an etalon. Narrow-linewidth oper-
ation was attained via active stabilisation, by locking the laser frequency 
to a reference cavity via an electronic feedback loop as shown in  Fig. 9.5 . 
The output of the reference cavity is monitored using a fast photodiode, 
used to produce an error signal that is sent to the PZT on which the SDL 
output coupler is mounted. This method was also used by Abram  et al.  to 
demonstrate an InGaAs-based SDL emitting up to 400 mW at 970 nm with 
linewidth of only 5 kHz.  43   Other reported narrow-linewidth SDLs are sum-
marised in  Table 9.2 . Of particular note is the frequency quadrupled InGaAs 
SDL recently reported by Paul and co-workers, for Doppler-free spectros-
copy of mercury in the deep ultraviolet.  104   Active stabilisation was used to 
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achieve <60 kHz linewidth for 1.5 W output power at 1014 nm, which was 
subsequently injected into successive stabilised frequency doubling resona-
tors to generate up to 125 mW at 253.7 nm.       

 CNRS researchers at laboratories including the Institut d’Electronique 
du Sud, the Laboratoire Charles Fabry de l’Institut d’Optique, and the 
Laboratoire de Photonique et Nanostructures, and researchers at Thales 

Pump

SDL
gain structure

HR BRF Etalon
OC PZT

Amp

Feedback loop

Integrator

Reference
cavity

 9.5      Schematic of an actively stabilised SDL. HR: high refl ector; OC: 

output coupler; BRF: birefringent fi lter; PZT: piezoelectric transducer.  

  Table 9.2  Selection of narrow-linewidth single-frequency SDLs 

  λ   (nm) Linewidth 

(kHz)

Power 

(mW)

Tuning 

(GHz)

Intracavity 

fi lters

Active 

stabilisation

Reference

253.7 (  λ  /4) 60 (  λ  ) 125 (  λ  /4) 6 Etalon and 

BRF

Reference 

cavity

104

488 (  λ  /2) 1500 † 100 — * * 105

501 (  λ  /2) * 62 — Etalon and 

Lyot fi lter

— 106

532 (  λ  /2) 1500 † 150 — * * 105

674 145 52 — Etalon and 

BRF

Reference 

cavity

107

852 500 17 14 Etalon Caesium 

transition

52

870 3 42 0.25 Etalon and 

Lyot fi lter

Reference 

cavity

19

970 5 400 —  Birefringent 

etalon  108   

Reference 

cavity

43

1014 60 1500 — Etalon and 

BRF

Reference 

cavity

104

1020 37 2100 840 5 mm cavity 

length

— 109

2320 20 5 50 15 mm cavity 

length

— 101

    * Not reported. 

 †  Commercial device.    
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Research and Technology France have, via various collaborations, reported 
extensively on the design, modelling and characterisation of low-noise, sin-
gle-frequency SDLs (e.g., References  52 ,  106 ,  109 ,  111 – 114 ). Garnache  et al.  
have shown theoretically and experimentally that SDLs, with their high-
fi nesse external cavities, can exhibit ideal homogeneous gain behaviour, with 
very low intensity and frequency noise in free-running operation.  114   As SDLs 
have external-cavity lengths longer than a few millimetres, the cavity pho-
ton lifetime exceeds the carrier lifetime (~3 ns), leading to so-called class-A 
dynamical behaviour, free from relaxation oscillations – the laser relative 
intensity noise (RIN), in Reference  111 , reached the shot noise limit of −155 
dB/Hz for frequencies above 50 MHz, limited by the pump RIN below. This 
work has recently culminated in the impressive performance demonstrated 
by the SDL shown in  Fig. 9.6 . By using a 5-mm-long cavity – long enough for 
class-A dynamical behaviour, but short enough to select a single longitudinal 
mode without additional intracavity fi ltering – Laurain  et al.  demonstrated 
multi-Watt low-noise single-frequency operation from a 1  µ m SDL with 
linewidth of only 37 kHz.  109    Figure 9.6  also shows the laser power spectral 
density. A similar confi guration was used to demonstrate 20 kHz linewidth 
at 2.32  µ m from an antimonide-based SDL, of interest for spectroscopic 
applications.  101      

 As narrow-linewidth operation and low-noise characteristics are intrin-
sic to SDL gain and design, kHz linewidth operation should be possible 
from SDLs at any wavelength. Indeed, linewidths on the order of Hz may 
be achieved by locking to an ultra-stable reference cavity for metrology 
applications. For example, 0.5 Hz linewidth has been demonstrated with 
an external-cavity diode laser (ECDL), by stabilisation to a well-isolated 
cavity made of ultralow-expansion glass;  115   however, in contrast to SDLs, 
ECDLs have low output power and beam quality, and therefore require 
intermediate beam shaping and amplifi cation stages. In addition, frequency 
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conversion to target the wavelength of interest must be carried out sepa-
rately, thus further reducing power and effi ciency. Frequency conversion of 
SDLs on the other hand can be very effi cient, as we shall see in the following 
section.  

  9.3.2     Non-linear conversion 

 Non-linear frequency conversion of SDLs, or indeed continuous-wave lasers 
in general, is most effi ciently and conveniently achieved within the laser cav-
ity. The non-linear medium, usually a crystal, is placed within the high-fi nesse 
resonator with cavity mirrors designed for high refl ectivity at the fundamen-
tal wavelength and high transmission at the converted wavelength, such that 
power may be coupled out of the laser cavity via non-linear conversion only. 
Being low-gain lasers, the optimum output coupling of SDLs is usually on the 
order of a few per cent, and therefore relatively low single-pass non-linear con-
version effi ciency is required to obtain the maximum available output power 
at the converted wavelength. In addition, the gain properties of the SDL that 
favour low-noise operation, as discussed in the previous section, also have the 
consequence that so-called ‘green noise’  116   is minimised (for lasers operating 
on multiple longitudinal modes, mode coupling through cross saturation of 
the gain and sum-frequency mixing leads to strong intensity noise, histori-
cally called green noise due to the association with the frequency-doubled 
green lasers in which the phenomenon was fi rst studied). For conventional 
solid-state lasers, green noise is avoided by operating the laser on a single fre-
quency, using fi ltering or unidirectional oscillation, or lengthening the laser 
cavity to increase the number of longitudinal modes, hence averaging the 
effect. SDLs, on the other hand, with their characteristic short carrier lifetime, 
do not store gain and therefore avoid these dynamic fl uctuations.  117   

 An increasing variety of intracavity non-linear techniques, previously 
exploited in solid-state and dye lasers for both up- and down-conversion 
of the laser frequency, are now being utilised to further extend the spectral 
coverage of SDLs. Perhaps the simplest, and by far the most widely applied 
technique to date, is that of intracavity second harmonic generation (SHG) – 
also referred to as frequency doubling. As explained in Section 9.2.2, the 
spectral region around 1  µ m is where SDLs have the best performance in 
terms of both power and wall-plug effi ciency, by utilising superior AlGaAs-
based DBRs, high gain InGaAs QWs and cheap and effi cient 808 nm pump 
diodes. The use of SHG, therefore, enables these high performance SDLs 
to provide broad coverage of the visible region, from blue to yellow, thus 
providing an attractive all-semiconductor alternative to gas and solid-state 
lasers without compromising coherence or beam quality. This has proved a 
powerful commercial driver for these lasers, with extensive development 
carried out by Coherent Inc., who now supply a range of frequency-doubled 
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SDLs (which they refer to as OPSLs) at common visible wavelengths, his-
torically determined by the previously available gas and solid-state lasers, 
for example, 488 nm, 514 nm (argon ion) and 532 nm (neodymium-doped 
glass/crystal), the so-called ‘legacy wavelengths’. From the point of view of 
SDL design these wavelengths are almost arbitrary; the availability of new 
wavelengths outside of the laboratory is currently still market-driven. 

 In this section we will briefl y describe the basic concepts and relevant 
types of non-linear frequency conversion, and review their application in 
SDLs. The non-linear polarisation,  P (t), induced in a dielectric medium by 
an incident optical fi eld with strength  E ( t ), is described by:  118  
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0 0
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where ∈0  is the permittivity of free space, χ( )χχ 1  is the linear optical suscep-
tibility, and χ( )χχ 2  and χ( )χχ 3  are the second- and third-order non-linear optical 
susceptibilities respectively. If the incident optical fi eld has two frequency 
components, ω1  and ω2  with corresponding amplitudes  E  1  and  E  2 , the sec-
ond order term may be expanded thus:
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where c.c. stands for complex conjugate terms. According to Maxwell’s 
equations, this non-linear polarisation leads to the generation of electro-
magnetic waves with frequencies 2 21 2ω ω21 2  (SHG), ω ω1 2ω ωω +  (sum- frequency 
generation – SFG), and ω ω1 2ω ωω  (difference frequency generation – DFG), 
illustrated schematically in  Fig. 9.7 . The effi ciency with which these differ-
ent frequency components are generated, however, strongly depends on 
meeting specifi c phase-matching conditions, typically only satisfi ed for one 
frequency component in a given system. These second order non-linear 
optical responses do not occur in crystals that display inversion symmetry, 
that is, χ( )

pp
χχ 2  is only non-zero for non-centrosymmetric crystals. Third-order 

non-linear interactions, such as stimulated Raman scattering (described at 
the end of this section), however can occur in both centrosymmetric and 
non-centrosymmetric media for suffi ciently intense optical fi elds.    

 For the case of sum-frequency mixing, it can be shown that for incident 
intensities,  I  1, 2 , at the fundamental frequencies, the intensity generated at 
the sum frequency ω3 , is given by:

    
I

d L

c n n n
c

kL
I Im mc

kL
3

2
3
2 2LL

0
3

1 2n 3

2
1 2I

2
2

=
∈

Δ⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

effff ω
sin

       
[9.5]

  

�� �� �� �� �� ��



 Semiconductor disk lasers (VECSELs) 359

© Woodhead Publishing Limited, 2013

where  d  eff  is the effective non-linear coeffi cient of the material,  L  m  is the 
length of material,  n  1,2,3  are the refractive indices for the fundamental and 
sum frequencies, and Δk  is the wavevector (or momentum) mismatch:

    
Δ + = + −k k+ k k−

n

c c

n

c1 2+ k 3
1 1 2 2 3 3ω ωn1 2 ω

       
[9.6]

  

where   ω   1  +   ω   2  =   ω   3 . Phase-matching requires  Δ  k  = 0, which is generally 
achieved by selecting a birefringent non-linear crystal which allows control 
of the refractive indices at the different frequencies via angle or temperature 
tuning.  Δ  k , and therefore the non-linear conversion effi ciency, is strongly 
dependent on wavelength, temperature and incident angle. Alternatively, 
where it is desirable to use a non-birefringent crystal, for example, to access 
larger  d  eff , quasi-phase-matching may be achieved via a technique called 
periodic poling. Periodically-poled crystals are fabricated in such a way that 
the orientation of the domain is reversed every 2/ Δ  k  (coherent build-up 
length) leading to alternation of the sign of  d  eff  to compensate for wavevec-
tor mismatch. Both birefringent and quasi-phase-matching have been used 
with a wide range of non-linear crystals for non-linear conversion of SDLs 
(see  Table 9.3 , where pp denotes periodically-poled material).    

 SHG, or frequency doubling, is the special case of   ω   1  +   ω   2  =   ω   in Equation 9.5; 
thus the second harmonic intensity depends on the square of the fundamental 
intensity. In terms of power, and assuming perfect phase-matching ( Δ  k  = 0):
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where  w  0  is the collimated beam radius and we have introduced   η   NL  as the 
non-linear coupling coeffi cient. 
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9.7       Energy level diagrams and corresponding schematics representing 

the processes of sum-frequency generation (SFG), second harmonic 

generation (SHG) and difference frequency generation (DFG).  
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 A typical cavity confi guration for intracavity frequency doubling in an 
SDL is shown in  Fig. 9.10 . As noted above, the cavity mirrors are highly 
refl ective for the fundamental wavelength, but highly transmissive at the 
second harmonic; output coupling is achieved via non-linear conversion 
only. The gain bandwidth of a typical SDL is generally broader than the 
phase-matching bandwidth of most non-linear crystals. To prevent the SDL 
from operating at a wavelength outside the phase-matching condition, and 
thus avoiding conversion loss, a BRF, inserted in the cavity at Brewster’s 
angle, is typically used to fi x the wavelength. The BRF has the additional 
function of fi xing the polarisation of the SDL, required for type-I phase-
matching.    

 Kim  et al.  derived an analytical model to describe the power that may be 
extracted at the second harmonic by adding the photon reduction rate due 
to the non-linear conversion process to the SDL photon rate equation and 
solving for the fundamental intensity,  S , in the non-linear crystal:  135  
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where Г is the optical confi nement factor,   η   abs  is the pump absorption effi -
ciency,  P   p   is the pump power,  P  th  is the pump power at SDL threshold,   α    L   
is the total round-trip loss, and   λ    P   and   λ    f   are the pump and fundamental 
wavelengths. The second harmonic power is then given by η πNLηη S wππ2

0
2 .  135   

 Figure 9.8  shows the second harmonic output power of a frequency-doubled 
InGaAs-based SDL for different lengths of intracavity non-linear crystal.  117      

  Table 9.3  Crystals used for second order (parametric) non-linear frequency 

conversion of SDLs 

Non-linear crystal Transparency (nm) SDL conversion examples

LBO 160–2600  SHG  55   ,   119   ,   120   

 SFG  121   

 SFG (third harmonic)  122   

CLBO 180–2750  SHG (extra-cavity UV)  123   

BBO 190–3500  SHG (UV)  84   

 SHG  65   ,   93   ,   124   

BiBO 286–2500  SHG  125   ,   126   

KTA 500–3500  DFG (OPO)  127   

KTP 350–4500  SHG  126   

ppKTP 350–4500  SFG  128   

MgO:ppLN 420–5200  SHG  129   ,   130   

 DFG (THz)  131   

 DFG (OPO)  132   ,   133   

MgO:ppSLT 270–4500  SHG  134   
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 Frequency doubling of quantum well SDLs was extensively reviewed by 
us in Reference  49 , where it was shown that InGaAs-based SDLs, using a 
variety of common non-linear crystals, have been used to cover the range 
from ~460 to 589 nm (e.g., 10 s of watts demonstrated at various wavelengths 
by researchers at Coherent Inc.  55   ,   120   ,   136   ,   137  ), with GaInNAs-based SDLs 
extending this up to 610 nm.  93   Frequency doubling directly to the ultravio-
let was also made possible with the development of high-power AlGaInP-
based visible red SDLs.  84   Recently, more effort has been dedicated to the 
further development and power scaling of materials to push high perfor-
mance SDLs to   λ   > 1.18  µ m, and hence to realise high-power orange and red 
SDLs via frequency doubling. As described in Section 9.2.2, achieving fun-
damental emission at wavelengths >1.18  µ m, beyond the range of InGaAs-
based gain regions, has been tackled via three material routes: incorporation 
of small amounts of nitrogen in InGaAs to lower the bandgap – so-called 
dilute nitrides;  63   accommodating high strain by using quantum dots;  17   and 
wafer fusion techniques in order to use InP-based active regions bonded 
to AlGaAs-based DBRs.  86   Much of the work on frequency doubling of 
SDLs based on these materials has been reported by Rautiainen and co-
workers using intracavity beta barium borate (BBO) non-linear crystals, 
notably achieving 2.7 W output power at 610 nm from a frequency-doubled 
GaInNAs SDL,  93   and later the fi rst demonstration of frequency doubling of 
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 9.8      Output power at the second harmonic for an InGaAs-based 

semiconductor disk laser, frequency-doubled using different lengths 

of intracavity BiB 3 O 6  (BiBO), as reported by Hartke  et al  .   117   Inset: 

experimental set-up.  
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an InAs quantum-dot-based SDL.  92   In the latter case, in order to generate 
suffi cient gain to compensate for the non-linear output coupling, it was nec-
essary to incorporate two gain structures into the same cavity which were 
pumped with a total of 60 W to achieve 6 W output power at 1180 nm. This 
was subsequently frequency-doubled to achieve 2.5 W of orange emission. 
Perhaps more promising for this application are the wafer-fused SDLs with 
higher gain, a recent example of which was frequency-doubled to give as 
much as 3 W at 650 nm for half the pump power of the quantum-dot-based 
laser.  65   Orange and red SDLs have recently become commercially available 
from Coherent Inc. in multi-transverse mode operation with output power 
of 1.25 W at 607 nm and up to 2 W at 639 nm,  138   although the details of the 
gain structure composition have not been disclosed. 

 The shortest wavelengths are achieved by frequency doubling in an exter-
nal resonant cavity the output of an already frequency-doubled SDL. In this 
way, continuous-wave emission at the fourth-harmonic of a 976 nm SDL has 
been generated by intracavity doubling using LBO, and extra-cavity dou-
bling in CsLiB 6 O 10  (CLBO).  123   ,   139   More than 1 W continuous-wave output 
power was thus demonstrated at 244 nm by Bell and co-workers.  139   

 While the common 4-mirror cavity example shown in  Fig. 9.10 , and the 
3-mirror cavity shown in the inset of  Fig. 9.8  are convenient for positioning 
the non-linear crystal at an intracavity focus and are simple to implement 
in the laboratory, more compact confi gurations have also been engineered 
(see e.g., Reference  34 ). OSRAM Opto Semiconductors are pursuing min-
iaturised versions for mobile laser projection applications (see  Fig. 9.9 ) and 
were able to show wall-plug effi ciencies > 7%.  130   Recently, steps towards a 
quasi-monolithic frequency-doubled SDL have been made by bonding the 
non-linear crystal directly to the diamond heatspreader which was already 
bonded to the SDL gain structure.  140      

 Frequency  tripling  may be achieved within an SDL cavity by the use of 
two different non-linear crystals at separate cavity mode foci; one cut for 
frequency doubling of the fundamental beam, and the other cut for sum-
 frequency mixing of the resulting second harmonic with the fundamental 
beam to generate the third harmonic (see  Fig. 9.10 ). This technique was used 
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 9.9      Ultra-compact, frequency-doubled SDL developed by OSRAM Opto 

Semiconductors GmbH.  130    
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by Chilla  et al.  to demonstrate up to 1.1 W at 355 nm from a 1064 nm SDL.  122   
In another confi guration for sum-frequency mixing, Andersen  et al.  gener-
ated 593 nm emission by focussing the output beam of a 1342 nm Nd:YVO 4  
disk laser into periodically poled potassium titanyl phosphate (ppKTP) sit-
uated within the cavity of an 1064 nm SDL.  128   Up to 20% of the 1342 nm 
beam was converted to the sum frequency on a single pass. 
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 9.10      Examples of SDL cavity confi gurations used for intracavity 

parametric non-linear conversion. (a) Frequency doubling; (b) 

frequency tripling and (c) optical parameter oscillator. SHG, SFG and 

DFG: second harmonic, sum and difference frequency generation in a 

non-linear crystal either cut for phase-matching, or poled for quasi-

phase-matching; BRF: birefringent fi lter;   ω  ,   ω    s   and   ω    i  : fundamental, 

signal and idler frequencies respectively. All cavity mirrors are highly 

refl ective for the fundamental frequency.  

�� �� �� �� �� ��



364 Semiconductor lasers

© Woodhead Publishing Limited, 2013

 The fi rst demonstration of sum-frequency mixing in an SDL cavity was 
reported by Härkönen and co-workers using an InGaAs-based SDL gain 
structure designed for simultaneous oscillation at two wavelengths – 986 and 
1043 nm.  121   With the use of an intracavity lithium triborate (LBO) crystal, 
cut for type-I phase matching at 213°C, 130 mW output power was achieved 
at the sum frequency of 507 nm. While this wavelength could just as easily be 
generated via frequency doubling of a single wavelength InGaAs SDL, this 
result proved the principle that a dual-wavelength SDL could be used for 
non-linear frequency conversion, with the authors suggesting the interesting 
prospect for such a device to be used for DFG to target mid-infrared emission. 
Indeed a continuous-wave  terahertz  source has since been  demonstrated 
by Scheller  et al.  via DFG in a dual-wavelength SDL, in this case the more 
closely spaced dual-wavelength operation (~5 nm) achieved by insertion of 
an intracavity etalon rather than gain structure design.  131   The high intracav-
ity power of the InGaAs SDL, ~500 W, enabled the generation of 2 mW at 
1.9 THz in periodically-poled MgO-doped lithium niobate (MgO:ppLN). 
 Tuneable  dual frequency operation of an SDL has also been reported by 
Baili  et al.  who inserted a birefringent plate to achieve a small spatial sepa-
ration of two cavity polarisation eigenstates at the SDL gain structure and 
therefore simultaneous oscillation of two optical frequencies.  141   By ther-
mally varying the birefringence, the frequency separation could be tuned as 
demonstrated by the continuous tuning of the beat-note frequency from a 
few MHz up to 3.66 GHz. This SDL architecture should also be suitable for 
terahertz generation,  142   although, to our knowledge, this has not yet been 
demonstrated. 

 In DFG, as illustrated in the energy level diagram in  Fig. 9.7 , for every 
photon generated with frequency   ω   2,  a   ω   1 , photon is destroyed and a   ω   2  pho-
ton is created. DFG is therefore commonly referred to as optical parametric 
amplifi cation. Further, if the lower frequency fi elds are generated within an 
optical cavity that resonates these frequencies, oscillation can occur. This is 
the basis of an optical parametric oscillator (OPO).  143   Stothard  et al.  recog-
nised that a continuous-wave OPO could be effi ciently pumped within the 
cavity of an SDL and were the fi rst to report such a device,  132   using intracav-
ity MgO:ppLN to generate up to 205 mW at 3.05  µ m in the confi guration 
shown in  Fig. 9.10  (  ω   was 1.05  µ m;   ω     s  1.6  µ m). While intracavity pumping of 
OPOs had previously been investigated for effi cient continuous-wave oper-
ation within conventional solid-state lasers (e.g., those based on neodym-
ium-doped crystals), the authors demonstrated here that the short carrier 
lifetime of the SDL eliminated the problem of relaxation oscillations that 
had severely limited the practicality of these systems. Subsequently, two 
industrial labs have reported continuous-wave OPOs pumped within 1.06 
 µ m InGaAs SDLs: Caprara  et al.  at the Coherent Laser Group demonstrated 
2 W at 3.5  µ m using non-critical phase matching in KTA, and achieved an 
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idler tuning range of ~12 nm at lower powers by tuning the SDL oscilla-
tion wavelength via rotation of an intracavity BRF;  127   and Hempler  et al.  
of M Squared Lasers Ltd. demonstrated single-frequency operation with 
narrow-linewidth (<0.2 nm) and output power of 250 mW at 3.3  µ m using 
MgO:ppLN in a compact system.  133   

 The fi nal non-linear frequency conversion technique that we will discuss 
here, used for down-conversion, is intracavity Raman conversion. This is a 
 χ  3  non-linear process, and as such was, until relatively recently, mainly asso-
ciated with high-power Q-switched lasers. Following the development of 
diode-pumped continuous-wave solid-state Raman lasers,  144   ,   145   and notably 
the broad investigation carried out by Pask and co-workers at Macquarie 
University,  146   Raman conversion has recently been applied to SDLs with 
competitive effi ciency.  147   ,   148   In contrast to the  χ  2  parametric processes 
described earlier, we will see that intracavity Raman conversion, as it has 
been applied in continuous-wave lasers, is more akin to intracavity pumping 
of a laser rather than non-linear output coupling. 

 The technique is based on the inelastic Raman scattering process. This 
provides a non-linear means to red-shift the pump wavelength by transfer 
of some of the photon energy to vibration of a molecule or crystal lattice 
via a virtual intermediate state, resulting in a characteristic, fi xed Stokes 
shift (see  Fig. 9.11 ). The typical Stokes shift imparted by crystalline Raman 
media is on the order of 1000 cm −1 ; thus for near infrared pump lasers this is 
equivalent to a red-shift of approximately 100 nm.    

Stimulated  Raman scattering (SRS), can occur when a spontaneously 
scattered Stokes photon stimulates the emission of a second Stokes photon, 
and therefore, for suffi ciently intense pump excitation, laser oscillation at 
the Stokes wavelength can occur. For an input pump beam with intensity  I  P , 
the intensity of the generated Stokes radiation after a distance  z  through a 
medium is given by:  149  

    
I I eS SI g I zR PI( )zz = ( )        [9.9]  

Virtual level

Raman shift

(a) (b)

ωR

ωP

ωP

nωR (n+1)ωR

9.11      Raman Stokes scattering via a virtual energy level. 

(a) Spontaneous Raman scattering; (b) stimulated Raman 

scattering (SRS).  
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where  g   R   is the Raman gain coeffi cient of the medium, and the initial Stokes 
intensity,  I   s  (0), builds from spontaneously scattered Stokes photons. Given 
that a typical Raman gain coeffi cient might be ~6 cm/GW, Raman conver-
sion on a single pass with any sort of useful effi ciency is generally in the 
realm of very high-power Q-switched lasers. However, analogous to a con-
ventional laser, the Stokes fi eld may be resonated in a high-Q cavity with 
the threshold condition that the Raman gain balances the resonator losses:

    
R R e g I Z

1 2R 2 1e g I ZR PI2( )L1 L
       [9.10]  

 R  1,2  is the refl ectivity of the resonator mirrors,  L  is the round-trip loss, and 
 z  is the length of the Raman medium. Assuming total round-trip losses of 
1%, the typical threshold intensity for a 3-cm-long Raman crystal is thus on 
the order of ~280 kW/cm 2 . With a reasonable pump beam radius of 50  µ m, 
the threshold becomes ~22W – well within the reach of the high intracav-
ity powers that may be accessed inside an SDL. The set-up of a crystalline 
Raman laser, intracavity-pumped within an SDL, as reported by Parrotta 
 et al.,  is shown in  Fig. 9.12 .  147   In contrast to the previously used  χ  2  techniques, 
such as the OPO, phase-matching is not required. The optical frequency shift 
induced by SRS is fi xed by the properties of the Raman crystal; therefore 
the broad tunability of an SDL (typically tuned with an intracavity BRF) 
may be directly transferred to broad tuning of the Raman laser, ~100 nm 
deeper in the red.       

 The SDL-pumped Raman lasers demonstrated to date utilise KGW  147   
and diamond  148   to reach wavelengths around 1150 and 1230 nm respectively 
(see  Table 9.4 and Fig. 9.13 ). Although SDLs can and have been designed 
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 9.12      Schematic of a crystalline Raman laser, intracavity-pumped within 

an SDL. Mirrors M1–3 are high refl ectors for both the SDL and Stokes 

wavelengths. The birefringent fi lter allows frequency selection and 

tuning of the SDL.  
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to operate around these wavelengths without non-linear conversion (see 
Section 9.2.2), this method provides an alternative to the highly strained 
gain structures or less robust materials required to directly generate these 
wavelengths and makes use of the superior InGaAs-based SDLs around 
their peak performance wavelength (~1  µ m).      

  9.4     Pulsed operation 

 Up to this point, this review has concentrated on the versatility of SDLs to 
generate  continuous-wave  high-brightness beams with an emission wave-
length ranging from the ultraviolet to the mid-infrared. In the next sections, 
we will turn our attention to the behaviour of these sources in the pulsed 
regime, presenting the techniques used to obtain increasingly short pulses, 
namely gain-switching and cavity-dumping for the generation of nano-
second pulses and mode-locking for pico- and even femto-second pulsed 
emission. 

  9.4.1     Pulsed-pumped SDLs 

 The most straightforward method to generate a pulsed output from a laser 
is by turning its pump on and off. Should the pump remain turned on for a 
substantial fraction of the overall on/off cycle, the laser is said to be oper-
ating in a quasi-continuous-wave regime. The primary objective of such a 
technique is to mitigate the thermal build-up and its associated detrimental 
effects (such as the reduction of internal effi ciency, thermal lensing, stress 
and damage) that is, to operate the laser in a ‘cold’ state. 

 To evaluate when this technique offers its best benefi ts, the experimentally 
verifi ed results of a fi nite-element thermal analysis of a set of 2.3  µ m SDLs 
under 905 nm diode pumping are presented in  Fig. 9.14  (see Reference  39  

  Table 9.4  Summary of Raman gain crystal properties intracavity-pumped in an 

InGaAs SDL 

KGW Diamond

Raman gain (cm/GW) ~6 ~15

Raman shift (cm −1 ) 767 or 901 1332

Thermal conductivity (W/m K) 3 3000

Available length (mm) ~30 ~6

References 150 151

 Demonstrated performance within a 1  μ m InGaAs SDL 

Maximum output power (W) 0.8 1.3

Tuning range (nm) 1133–1157 1209–1245

Slope/optical effi ciency (%) 22/7.5 36/14.4

References 147 148
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for details). As expected, they reveal that after typically >0.5 s, the sample 
temperature saturates to its continuous-wave value and that, as long as the 
heat diffusion process can be neglected (i.e., in the fi rst ~20 ns), the evolu-
tion of sample temperature rise,  Δ  T , with the pump pulse on-time,  Δ  t , is 

Absorbed diode pump power/W

0 1 2 3 4 5 6 7 8 9 10

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

R
am

an
 la

se
r 

ou
tp

ut
 p

ow
er

/W

S
D

L 
in

tr
ac

av
ity

 p
ow

er
/a

.u
.

 9.13      Power transfer characteristics of the continuous-wave diamond 

Raman laser, including the SDL intracavity power measured via signal 

leakage through a cavity folding mirror. Inset: far-fi eld profi le of the 

Raman laser output beam with beam propagation ratio (M 2 ) ~ 1.1.  
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power (200-μm-diameter pump spot). Inset: close-up of the average 

temperature rise over the fi rst 20 ns.  
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independent of the sample mounting and can be approximated by the fol-
lowing expression:   

    
Δ =T

P tΔ
C Vp

abPP s

abVV sρVV
       [9.11]  

where  C   p   and   ρ   are the specifi c heat capacity and density of the active layer 
respectively, and P VabPP s aVV bs  is the volume density of absorbed pump power 
inside the active region. Since the emission wavelength of a free-running 
SDL is linearly dependent on the chip temperature, the pulses are inher-
ently spectrally chirped as illustrated in Reference  39 . 

 As indicated above and clearly illustrated in  Fig. 9.15 , the prime bene-
fi t of quasi-continuous-wave operation is to reach higher on-time powers 
than would be achievable under continuous-wave operation. The associated 
pulse profi le follows the square pump profi le but with a short (few ns) turn-
on time lag and exponential rise and fall times controlled by the pumping 
rate and the cavity lifetime. 

 To generate more energetic pulses, a standard technique is to opt for ‘gain-
switched’ operation of the laser, that is, setting the pump pulse duration to 
be only a few times (say <20x) the cavity photon lifetime. In this scenario, 
the rapid pump turn-on allows the gain to reach a very high level (ultimately 
full saturation) before the cavity photons start to deplete the established 
population-inversion. The pump pulse duration and trailing edge are then 
used to permit an effective build-up of the laser output pulse and some tai-
loring of its trailing edge, thereby maximising its energy. We note that this 
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9.15      Comparison of the achievable performance with a 2.3  µ m 

SDL under continuous-wave and quasi-continuous-wave pumping 

highlighting the benefi ts of the latter for high on-time powers.  39    
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particular mode of operation also benefi ts from the ‘cold’ state of the laser 
gain media as described above. 

 As shown in  Table 9.5 , using this technique with nanosecond-pulsed 
(Q-switched) doped-dielectric pump sources,  152   –   156   the most energetic pulses 
obtained to date are from a 2-µm-emitting SDL pumped over a ~3.6-mm 
diameter spot delivering ~50- µ J and 140-ns pulses at 1 kHz  156   while the high-
est peak powers >500 W were achieved with a 1360-nm SDL.  152   This pulsed 
mode of operation was also instrumental in the demonstration of a recently 
introduced variety of SDLs, which make use of organic active regions rather 
than epitaxial semiconductors.  157       

  9.4.2     Cavity-dumped SDLs 

 As mentioned previously, one of the key characteristics of SDLs is that they 
are low-gain lasers with high intracavity intensities. As a result, an alter-
native way to produce high-energy pulses is to abruptly and repetitively 
release the power stored in the cavity to the outside, a technique referred to 
as cavity-dumping and more commonly used in dye or solid-state lasers that 
can also be mode-locked.  158   

 To embody this technique in practice, as shown in  Fig. 9.16 , the SDL semi-
conductor chip is included in a cavity constructed with all high-refl ectivity 
mirrors inside which an acousto-optic (or an electro-optic) beam defl ector is 
incorporated.  159    Figure 9.17  shows the typical response of a cavity-dumped 
1055 nm SDL as a function of pulse repetition rate, demonstrating that 

  Table 9.5  Reported gain-switched SDLs 

  λ   (nm) Pulse 

duration 

(ns)

Peak 

power 

(W)

Energy 

( μ J)

Rep. 

rate 

(kHz)

Pump laser Reference

1360 25 500 14 10 1064 nm Q-switched 

Nd:YAG

152

1570 20 290 5.8 20 1064 nm Q-switched 

Nd:GdVO 4 

153

1550 ~60 520* 31.2 20 1342 nm Q-switched 

Nd:YVO 4 

154

2000 200 70 14 1 1064 nm Q-switched 

Nd:YAG

155

2000 143 342 48.9 1 1064 nm Q-switched 

Nd:YAG

156

    *  This peak power value was calculated based on the data provided in Reference 

 154  and differs from the 1.5 kW claimed by the authors of the original paper.    
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the produced pulse energy remains nearly constant as long as the internal 
fi eld has suffi cient time to be restored to its continuous-wave regime level. 
Moreover, it can easily be understood that the associated pulse duration 
is controlled by the cavity-dumping element opening time and the cavity 
lifetime for its leading and falling edges respectively. Experimental data 
and modelling results, obtained by adding a time-dependent loss to the 
laser rate equations that takes into account the defl ector rising time and 
effi ciency,  159   show that the pulse energy scales linearly with cavity length 
due to an approximately square root increase in peak power and in pulse 
duration. The reported demonstration of such a cavity-dumped SDL led to 
the generation of wavelength-tuneable ~24 ns pulses with up to ~1  µ J of 
output at a central wavelength of ~1055 nm.  159          

Pump
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gain structure
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AOM
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HR

 9.16      Schematic of a cavity-dumped SDL. HR: high refl ector; BRF: 

birefringent fi lter; AOM: acousto-optic modulator.  
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 9.17      Performance of the reported cavity-dumped 1055 nm SDL and 

associated modelled characteristics.  
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  9.4.3     Mode-locked SDLs 

 The generation of even shorter pulses, entering the domain of ultrafast 
(<250 ps) pulse generation, requires the use of so-called mode-locking tech-
niques, which consist in introducing a gain or loss modulation at a frequency 
corresponding to the SDL round-trip cavity length or one of its harmonics 
to synchronise as many of the supported longitudinal modes as possible. 

 Synchronously-pumped systems where the modulation originates from 
the gain variation introduced by ultrashort pump pulses were the fi rst to be 
reported.  160   The technique has been shown to allow the generation of highly-
chirped 1–250 ps pulses  160   –   165   directly from the laser, and 200–400 fs after exter-
nal compression.  162   –   165   However, the power transfer characteristics are critically 
dependent on the accurate and stringent match of the pump and SDL cav-
ity lengths and mainframe pump lasers are typically used.  163   ,   165   Additionally, 
large variations in the pulse characteristics, duration and chirp in particular, 
are observed since these result from a complex interplay between the cav-
ity detuning, pump-pulse-induced self-phase modulation, gain dynamics and 
saturation.  163   –   165   The second option for achieving mode-locking is of actively 
imposing a loss modulation. Using a fast acousto-optic prism modulator placed 
inside an 850 nm SDL cavity, a 26-mW-average-power 336 MHz train of ~100 
ps pulses was generated in this manner in an early demonstration.  166   

 To get away from the requirement for fast (opto)-electronics or complex 
synchronisation, the latest and more versatile approach to SDL mode-locking 
relies on passive loss modulation. This specifi c strand of work has been the 
subject of comprehensive reviews and the interested reader is invited to refer 
to References 167, 168 for more in-depth discussion as the following section is 
only intended to provide basic information and a brief overview of the topic. 
As indicated above, passive mode-locking is achieved by introducing inside 
the SDL cavity another semiconductor component, a semiconductor satura-
ble absorber mirror (SESAM), whose absorption varies because of satura-
tion effects induced by the laser intracavity fi eld. Practically, the absorber is 
incorporated on a semiconductor mirror and attenuates low-power noise and 
leaves nearly-unaffected high-power spikes thereby initiating and maintain-
ing short pulse formation. As shown in  Fig. 9.18 , its four key parameters are:     

   the saturation fl uence, which corresponds to the power density at which • 
the absorption is mid-way between its unsaturated and saturated levels;  
  the modulation depth, which is the change in absorption between unsat-• 
urated and saturated levels;  
  the non-saturable loss, which is the minimum inherent loss introduced in • 
the laser cavity (with the absorber fully saturated); and  
  the recovery time, which represents the time needed to return to full • 
absorption after a saturation event.    
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 Key to successful operation of such ultrafast sources is the requirement 
for the absorber to saturate earlier than the gain element, a condition usu-
ally met by setting up a V- or Z-type laser cavity as shown in  Fig. 9.19  such 
that the power density on the SESAM is higher than on the gain chip. To 
ensure effective operation, the SESAM should also present low non-satura-
ble losses and a recovery time chosen to be fast (<50 ps) by exploiting fast-
transient non-linear effects such as the quantum-confi ned Stark effect  169   
and/or providing effective non-radiative recombination routes to the photo-
excited carriers by controlled incorporation of (mid-bandgap) defects (typ-
ically achieved by low-temperature growth,  170   ion-implantation  167   or doping 
of impurities,  167   coupling to surface states,  169   or even reverse-bias-induced 
carrier sweep-out  171  ). Furthermore, to generate the shortest pulses possi-
ble, the gain and saturable absorber semiconductor chips should offer wide 
spectral bandwidths that is, the considered structures should be designed 
and operated at or near anti-resonance and all spurious fi lters removed with 
a particular attention to the etalon effects resulting from the refl ections 
originating from the (polished) semiconductor substrate back-surfaces.    

 Taking the above into account, and the fact that the gain elements typi-
cally possess nanosecond lifetimes, passively mode-locked SDLs have been 
successfully developed to emit (multi-)GHz repetition-rate trains of pico- 
and even femto-second pulses.  Figure 9.20  illustrates from selected refer-
ences  44   ,   169   ,   170   ,   172   –   178   the progress made towards short pulse generation from the 
original demonstration of passive mode-locking  168   to the most recent genera-
tion of a burst of ~60 fs pulses  44   in 2009 or of a stable train of 107 fs pulses.  178   
This graph highlights a rapid evolution in the fi rst few years up to the intro-
duction of quantum-confi ned Stark effect SESAMs and associated fi rst gen-
eration of sub-picosecond pulses. Since then, the steady reduction in pulse 
length has mainly come from optimising and matching the gain chips and 
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 9.18      SESAM characteristics.  
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SESAMs to offer appropriate gain, gain saturation, and modulation depth. It 
is worth noting that the fastest pulse durations that have been obtained are 
on a par with the absorber dephasing time that is controlled by carrier scat-
tering processes and might limit the ability to produce shorter pulses.  44      
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gain structure
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 9.19      Mode-locked SDL confi gurations. (a) Active mode-locking; (b) and 

(c) passive mode-locking: AOM: acousto-optic modulator, OC: output 

coupler, SESAM: semiconductor saturable absorber mirror.  
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 9.20      Progress in ultrashort pulse generation with SDLs emitting at ~1 μm.  
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 Another strand of investigation in passively mode-locked SDLs has been 
dedicated to exploiting the short carrier lifetime in semiconductors (as com-
pared to doped-dielectric media) and associated resilience to Q-switching 
to generate ultrashort pulses at high repetition rates. The most impressive 
result in this area is the demonstration of 3.3 ps pulses from a laser with a 
3-mm-long V-type cavity, that is, a fundamental repetition frequency of 
50 GHz.  45   Looking at the reported performance from a pulse energy point 
of view, the recorded results demonstrated emission of 0.5 nJ pulses from 
a system with separate gain and absorber,  179   and up to 2.5 nJ from an inte-
grated version,  180   somewhat compromised by the propensity to observe 
multi-pulse or harmonic mode-locked behaviour when over-saturating the 
SESAM.  44   ,   178   ,   181   ,   182   

 Most of these developments to date have been made at a wavelength of 
operation of ~1 µm since, as explained in Section 9.2.2, this corresponds to 
a ‘sweet spot’ in terms of semiconductor growth and laser performance. 
However, as shown in  Table 9.6 ,  183   –   192   strides at longer wavelengths are 
being made, afforded by recent material developments and effi cient thermal 
management.    

 Additionally, an emerging research strand in this fi eld aims at achiev-
ing integrated versions of mode-locked SDLs, also referred to as mode-
locked integrated external-cavity surface-emitting lasers (MIXSEL), where 
the gain and saturable absorber elements are combined in one structure. 
Key steps have already been made in that direction with the demonstra-
tions that (i) a quantum-dot-based SESAM can saturate before a quantum 
well gain section even when the laser mode size on both devices is identi-
cal thanks to saturation fl uence engineering,  193   and that (ii) an integrated 
SESAM/gain structure can be successfully made and operated in the mode-
locked regime  194   even with truly remarkable performance (6.4 W average 
power, 28 ps, 2.5 GHz).  180   A natural evolution for this work, as suggested in 

  Table 9.6  Wavelength diversifi cation of mode-locked SDLs outside 0.9–1.1  μ m 

  λ   (nm) Pulse 

duration 

(ps)

Rep. 

rate 

(GHz)

Average 

power 

(mW)

Gain QW/

substrate

SESAM QW/

substrate

Reference

1518 6.5 1.34 14 InGaAsP/InP InGaAs/InP 183

1554 3.2 2.97 120 InGaAsP/InP GaInNAs/GaAs 184

1570 13 1.29 600 AlInGaAs/InP GaInNAs/GaAs 185

1560 1.7 2.02 15 AlInGaAs/InP GaInNAs/GaAs 186

1308 18.7 6.1 57 GaInNAs/GaAs GaInNAs/GaAs 187

1300 6.4 0.91 100 AlInGaAs/InP GaInNAs/GaAs 188

1220 5 0.84 275 GaInNAs/GaAs GaInNAs/GaAs 189

832 15.2 1.9 5 GaAs/GaAs GaAs/GaAs 190

1950 1.1 0.88 25 InGaSb/GaSb InGaSb/GaSb 191

1950 0.384 0.89 25 InGaSb/GaSb InGaSb/GaSb 192
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Reference 168 is to achieve (quasi-) monolithic wafer-based versions of the 
MIXSEL exploiting hybrid integration of the plano-concave external cav-
ity in similar ways as those experimentally validated for continuous-wave 
‘microchip’ SDLs.  33   ,   195   ,   196   Furthermore, in the context of miniaturisation, 
it would be attractive to replace the prevailing optical pumping arrange-
ment with a direct  197   or indirect  198   electrically-injected confi guration. To 
date, all the demonstrated directly electrically-pumped SDLs make use of 
compound cavities (i.e., including an intracavity partial refl ector) which 
restrict the optical bandwidth and add large dispersion, therefore limiting 
the achievable minimum pulse duration to the picosecond regime.  171   ,   199   ,   200   
A variety of experimental and numerical assessments are under way with 
the explicit objective of obtaining devices which overcome these limitations 
while maintaining or even improving beam quality.  201   ,   202     

  9.5     Future trends and applications 

 As highlighted throughout this review, SDLs are low-noise, high-beam-
quality sources of intermediate power whose emission wavelength can be 
designed to suit a particular application through material engineering or 
intracavity non-linear conversion. As such, they have been proposed and 
made commercially available to replace bulky and ineffi cient sources such 
as argon-ion lasers.  203   ,   204   They have also been introduced as compact and 
more cost-effective solutions to frequency-doubled doped-dielectric lasers 
for forensic applications.  205   Frequency down-conversion of SDLs via intrac-
avity-pumped OPOs and Raman lasers are more recent developments, but 
with signifi cant commercial potential especially when targeting the gener-
ation of mid-infrared frequencies.  127   ,   133   Similarly, the proof-of-concept gen-
eration of milliwatt-level continuous-wave terahertz radiation by frequency 
mixing of dual-wavelength SDLs  131   is expected to become an avenue for 
further research with great industrial potential. 

 The above-mentioned features also make SDLs particularly attractive for 
pumping laser systems which require high-brightness pumps. More specif-
ically, SDLs have been successfully used in bulk solid-state lasers with low 
population-inversion effi ciency (low sigma-tau product) such as transition-
metal-based systems (Ti:sapphire;  206   Cr:ZnSe  207   lasers) or up-conversion 
sources.  208   They have also been deployed to power core-pumped fi bre ampli-
fi ers and lasers exploiting rare-earth  209   –   211   or Raman gain.  140   ,   212   ,   213   

 Furthermore, the amenability of these SDLs to generate tuneable sin-
gle-frequency radiation with sub-kHz linewidth (see Section 9.3.1) further 
expands their potential applications to gas spectroscopy and sensing, or in 
the metrology sector where they can be effectively used as sources for atom 
cooling and trapping  214   as required in atomic clock referencing/control, or 
as gyroscopes.  112   
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 When operated in pulsed regime, SDLs are bright sources with direct 
modulation capabilities up to ~100 MHz at fundamental or nonlinearly 
converted frequencies, which makes them useful for projection/display  122   
or sensing applications. Furthermore, and contrary to their doped- dielectric 
counterparts, these devices are inherently suited to the generation of 

  Table 9.7  Further reading list 

Title Lead author Year Description Reference

Design and 

characteristics 

of high-power 

(> 0.5-W CW) diode- 

pumped vertical-

external-cavity 

surface-emitting 

semiconductor 

lasers with circular 

TEM 00  beams

Kuznetsov 1999 The fi rst paper 

to introduce 

SDL design in 

the currently 

recognised 

format

1

Extended cavity 

surface-emitting 

semiconductor 

lasers

Tropper 2006 Review of SDL 

design

3

Passively mode-locked 

surface-emitting 

semiconductor 

lasers

Keller 2006 Review of passive 

mode-locking of 

SDLs

167

Quantum design of 

semiconductor 

active materials: 

laser and amplifi er 

applications

Moloney 2007 Review of 

microscopic 

modelling of 

SDLs

5

High-brightness 

long-wavelength 

semiconductor 

disk lasers

Schulz 2008 Review of the 

design and 

performance of 

midinfrared SDLs

71

Semiconductor 

disk lasers for 

the generation 

of visible and 

ultraviolet 

radiation

Calvez 2009 Review of the design 

and performance 

of visible and 

ultraviolet SDLs 

via frequency-

doubling from 

the infrared

49

Semiconductor Disk 

Lasers: Physics and 

Technology

Okhotnikov 

(Editor)

2010 SDL textbook 222

Vertical External 

Cavity Surface 

Emitting Lasers 

(VECSELs)

Keller (Editor) 2011 Overview of the 

fi eld as presented 

at SPIE Photonics 

West 2011

221
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 (multi)-GHz trains of pico-or femto-second pulses which, in turn, could 
open new fi elds of application such as excitation sources for multi-photon 
biomedical imaging,  215   or for time-domain terahertz radiation spectroscopy 
when used as a trigger for photoconductive emitters/receivers.  216   –   218   Their 
intrinsically-limited capability to generate high-energy pulses can be some-
what compensated by special pulsing schemes including cavity-dumping or 
by using them as seed lasers for (fi bre) master-oscillator power amplifi er 
systems  219   for wavelengths where such amplifi cation technology exists. 

 SDLs have essentially emerged over the past decade as diode-pumped 
solid-state lasers with epitaxially-grown semiconductor gain elements – 
in effect a ‘solid-state dye laser’ technology. Interestingly, the drive for 
high-power and tuneable operation has meant that the development of 
electrical-injected devices as traditionally associated with semiconductor 
lasers has not received as much attention as other aspects. Nevertheless, 
as explained in Section 9.4.3, interest in directly electrically-driven devices 
has recently re-emerged, since they are perceived to offer a more practical 
avenue for high repetition-rate (10 s GHz) pulsed SDLs or as alternative 
green sources for mobile projection/display should GaN-based green laser 
diodes not be mature enough at the time of general release. Another inter-
esting development is the substitution of the semiconductor element by an 
organic-based gain section, providing a more direct route for visible and 
ultraviolet emission with lower manufacturing costs, albeit with compro-
mises in performance.  157   ,   220    

  9.6     Sources of further information and advice 

 This chapter serves as a broad overview of the semiconductor disk laser 
fi eld; however, readers who wish to study the design, performance, and 
application of these lasers in greater depth should consult  Table 9.7  for fur-
ther reading. The fi eld is expanding rapidly with an increasing number of 
contributing research groups, as evidenced by the introduction, in January 
2011, of an annual conference dedicated to these lasers at the international 
meeting SPIE Photonics West.  221       
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  Abstract : Silicon (Si) lasers have long been a goal for semiconductor 
scientists. A number of important breakthroughs in the past decade have 
focused attention on Si as a photonic platform. We fi rst briefl y study 
the fundamentals of carrier transition physics in crystalline Si, followed 
by the most recent progress in the fi elds of achieving lasing in Si or 
materials monolithically grown on Si. The hybrid Si platform, a novel 
III-V-on-Si hybrid integration approach, and the basics of hybrid lasers 
are then discussed in detail. Advanced hybrid Si lasers based on grating 
components and ring resonators are reviewed. Several demonstrated 
photonic integrated circuits on this hybrid Si platform are discussed, 
showing future possibilities for hybrid Si lasers to be high-performance 
light sources for Si photonics. 

  Key words : Si lasers, diode lasers, photonic integrated circuits, hybrid 
integration  

   10.1     Introduction 

 The photonics market today is shared by several material systems, includ-
ing compound semiconductors (i.e., indium phosphide (InP) and gallium 
arsenide (GaAs)), elementary semiconductors (i.e., Si and Ge), silica and 
rare earth-doped glasses (e.g., glass fi ber), and polymers. They target dis-
crete applications or individual components. Today, the volume of silicon 
photonics is dwarfed by electronics made from silicon or compound semi-
conductors. The small size of the silicon photonics market is largely due 
to the problems in making silicon a host material for effi cient light emis-
sion, and subsequently realizing a laser. Fifty years ago, the birth of the 
laser started a scientifi c and technological revolution. Two years later, diode 
lasers were demonstrated in III-V compound semiconductors. Since then, 
many scientists and engineers have researched lasing on silicon substrates 
(Soref and Larenzo,  1986 ). In the past two decades, rapid advances in sil-
icon photonics have been driven by the combination of a need for more 
complex, higher functionality and lower cost photonics integrated circuits, 
and also by pin count and power limits for communications, as summarized 
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in the International Technology Roadmap for Semiconductors (ITRS). 
Electronics giants, such as Intel, IBM, HP, ST Microelectronics, IMEC and 
Alcatel-Thales, have teamed up with research institutes around the world to 
drive progress in silicon photonics. The momentum to make a useful laser in 
or on silicon is signifi cant.  

  10.2     Fundamentals of Si lasers 

 At the time of the demonstration of the fi rst laser 50 years ago, the funda-
mental hurdle to realizing stimulated emission in silicon was understood. 
Optical transitions have to obey the laws of conservation of energy and 
momentum. In  direct  bandgap materials (e.g., GaAs and InP), radiative 
recombination occurs rapidly and effi ciently via a simple two-particle pro-
cess, as shown by the simplifi ed band diagram in  Fig. 10.1 . Direct bandgap 
materials exhibit a structure where the lowest energy points of both con-
duction band and valence band line up vertically in wave vector axis, that 
is, they share the same crystal momentum. This is the biggest reason why 
GaAs-, InP- and GaN-based materials have been the dominant material 
systems for semiconductor diode lasers since their invention in 1962.    

 Silicon, like germanium, is an indirect bandgap material, and is not natu-
rally capable of accomplishing effi cient radiative recombination. Free elec-
trons tend to reside in the  X  valley of the conduction band, which is not 
aligned with free holes in the valence band. Therefore, if a recombination 
is to result in the emission of a photon, a third particle must be involved to 
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 10.1      Energy band diagrams and major carrier transition processes in 

InP and silicon crystals. In a direct band structure (e.g., InP), it is easy for 

direct electron-hole recombination to take place for photon emission, 

while in an indirect band structure (e.g., Si), free carrier absorption (FCA), 

Augar recombination and indirect recombination exist simultaneously, 

resulting in little photon emission (Liang and Bowers,  2010 ).  
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carry away the excess momentum, which leads to slow optical transition 
rates. A major non-radiative process is Auger recombination where an elec-
tron (or hole) is excited to a higher energy level by absorbing the released 
energy from an electron − hole recombination. The Auger recombination 
rate increases with injected free-carrier density and is inversely propor-
tional to the bandgap. Free-carrier absorption (FCA) represents another 
major non-radiative process wherein the free electrons in the conduction 
band can jump to higher energy levels by absorbing photons. In high-level 
carrier injection devices (e.g., lasers and amplifi ers) or heavily-doped layers, 
free-carrier loss in silicon is orders of magnitudes higher than the material 
gain (Soref and Larenzo,  1986 ). For both non-radiative processes, the elec-
trons pumped to higher energy levels release their energy by heat rather 
than photons. They also have much shorter lifetimes   τ   nonrad  than radiative 
processes in Si, resulting in an extremely poor internal quantum effi ciency 
 η   i   of light emission, which is of the order of 10  −   6  and is defi ned in Equation 
[10.1] (Pavesi,  2009 ):

    η
τ

τ τi = +
nonrad

nonrad rad

       [10.1]  

Consequently, the focus of semiconductor laser research for the fi rst 50 
years has been on compound semiconductor substrates, but now there is 
intense interest in lasers on silicon. 

 Despite its fundamental limitations of indirect bandgap and low mobil-
ity, silicon exhibits a number of important properties that make it a good 
substrate, if not necessarily a good gain medium for diode lasers. From a 
materials perspective, silicon wafers are light-weight and robust, and have 
incredible purity and defect density. State-of-the-art 22 nm complementary 
metal–oxide semiconductor (CMOS) technology is suffi ciently good to fab-
ricate virtually all silicon photonic components, which are mostly still in the 
micrometer regime. Both factors allow for silicon waveguides with propa-
gation loss that is typically one order of magnitude lower than that of com-
pound semiconductor waveguides. Silicon has a high thermal conductivity, 
~130 W/m-K, being one of the most thermally conductive semiconductors. 
Its high-quality native oxide, SiO 2 , is one of its major advantages over Ge 
and other semiconductors for electronic integrated circuits due to easiness 
to form, stability and high interface quality between Si and SiO 2 . The oxide 
also serves as a protective layer and a naturally good optical waveguide 
cladding due to its large refractive index difference from silicon ( Δ  n  ~ 2.1). 
Further loss reduction in silicon waveguides by oxidation (Lee  et al .,  2000 ) 
and hosting rare earth doping in SiO 2  bring additional benefi ts to passive 
silicon lightwave circuits. Advantages in purity, waveguide loss, and thermal 
conductivity make Si ideal for wave-guiding media for high-Q resonator 
and high power lasers. From a mass production perspective, Si is the second 
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most abundant element on earth. The solidifi cation of silicon’s role has 
resulted in rational technology development and deployment, drastically 
reducing the uncertainties in investments, critical research directions and 
resource allocations. The past half-century technology  revolution in design 
tools, circuit architecture, substrate manufacturing and epitaxy, device pro-
cessing, packaging, testing and quality control has led to the present Si IC 
industry with about 200 billion USD revenue per year. The annual research 
and development investment in electronic ICs, particularly in device inno-
vation, is about 45 billion USD/year. Thus, leveraging CMOS superpower 
in IC design, fabrication, and testing gives Si photonics incredible potential 
(Liang and Bowers,  2009 ). 

  10.2.1     A brief history of Si light emitters 

 There have been increasing efforts to make Si an effi cient light emitter 
in the past two decades. With the availability of nanotechnology, the tra-
ditional phonon-selection rule in indirect bandgap materials can be relaxed 
by breaking the crystal-symmetry or by phonon localization. The motiva-
tion is to achieve the quantum confi nement of excitons in a nanometer-scale 
crystalline structure (Bisi  et al .,  2000 ). A number of groups have reported 
enhanced light-emitting effi ciency and optical gain in low-dimensional (i.e., 
on the order of the de Broglie wavelength) Si at low temperatures. They 
include porous Si (Canham,  1990 ; Cullis and Canham,  1991 ; G ö sele and 
Lehmann,  1995 ; Hirschman  et al .,  1996 ), Si nanocrystals (Wilson  et al .,  1993 ; 
Minoru  et al .,  1997 ; Pavesi  et al .,  2000 ; Iacona  et al .,  2006 ), Si-on-insulator 
(SOI) superlattices (Lu  et al .,  1995 ) and photonic crystal-like nanopatterns 
(Cloutier  et al .,  2005 ), and Si nano-pillars (Nassiopoulos  et al .,  1996 ; Malinin 
 et al .,  2000 ). However, achieving room-temperature continuous-wave (cw) 
lasing based on these temperature-dominated processes remains a chal-
lenge (Pavesi,  2005 ,  2008 ,  2009 ). 

 The fi rst Si laser realized by amplifi cation in Si itself is the Si Raman laser 
(Rong  et al .,  2005 ). Though amplifi cation is not based on conventional band-to-
band radiative emission but through stimulating Stokes transition, that is, 
stimulated Raman scattering, low Si waveguide loss and high-Q resonator 
enhancement with proper design have enabled low pump power threshold and 
cw operation at room temperature. Unfortunately, the optical pump require-
ment is the biggest hurdle to extending its practical and commercial value. 

 In addition to the attempt of achieving lasing  in  Si, efforts to enable 
diode lasers  on  Si substrate possess even longer research history. Monolithic 
growth of direct bandgap materials on the Si substrate is usually preferred; 
however, large-area, low-defect density compound semiconductors are still 
diffi cult to achieve on Si. Compared to Si, GaAs and InP have a lattice 
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mismatch of 4.1% and 8.1%, respectively and coeffi cient of thermal expan-
sion (CTE) mismatches of 120.4% and 76.9%. These result in a 10 8 –10 10  
cm  −   2  threading or misfi t dislocation density when GaAs or InP is grown 
on Si substrates (Kawanami,  2001 ). Numerous approaches, including special 
surface treatment (Xie  et al .,  1985 ), strained superlattices (Masafumi  et al ., 
 1989 ; Samonji  et al .,  1996 ), low-temperature buffers (Nozawa and Horikoshi, 
 1991 ) and growth on patterned substrates (Yamaichi  et al .,  1994 ), have been 
employed to reduce the dislocation density to around 10 5 –10 6  cm  −   2 , still two 
orders of magnitude higher than the typical number (<10 4  cm  −   2 ) in InP- 
or GaAs-based epitaxial wafers for room-temperature cw lasers. Recent 
advanced epitaxial techniques with SiGe (Groenert  et al .,  2003a ,  2003b ) and 
GaSb (Cerutti  et al .,  2010 ) buffer layers have enabled GaAs-based cw diode 
lasers on Si substrate at room-temperature. Decent performance of InGaAs 
quantum dot lasers on Si has been demonstrated by utilizing GaAs buffer 
layer and quantum dot as dislocation fi lters (Mi  et al .,  2006 ). Lasing in III-V 
nano-structure grown on Si in low temperature indicated a possible differ-
ent growth mechanism to suppress dislocation formation (Chen  et al .,  2010 ). 
An exciting path is epitaxial growth of novel compound semiconductors 
lattice-matched to Si, such as GaNAsP (Kunert  et al .,  2006 ,  2008 ). 

 The room-temperature Ge-on-Si laser is another recent noticeable break-
through in bandgap engineering (Liu  et al .,  2010 ). While Ge has an indirect 
band structure, a moderate tensile strain of 0.2%–0.25% is able to reduce 
the energy difference between the  Γ  and the  L  valley to 115 meV (Liu  et al ., 
 2007 ; Sun  et al .,  2009 ). If the strain can be increased to 2%, Ge becomes a 
direct bandgap material, but there are issues with incorporating that much 
strain. Achieving high electron concentrations via heavy n-doping results in 
free electrons fi lling up the  L  valley to a level equal to that of the  Γ  valley, cre-
ating a much larger probability that those free carriers will begin to occupy 
the  Γ  valley for radiative recombination. These techniques have enabled 
room-temperature direct bandgap electroluminescence (Cheng  et al .,  2009 ; 
Sun  et al .,  2009 ), and cw room-temperature optically pumped operation 
of Ge-on-Si lasers (Liu  et al .,  2010 ). If electrically-pumped Ge lasers can 
be realized, Ge light source with SiGe PIN and avalanche photodetectors 
(Kang  et al .,  2008 ,  2009 ), and modulators (Kuo  et al .,  2005 ; Roth  et al .,  2007 ) 
will make Ge-on-Si photonic integrated circuits (PIC) attractive.  

  10.2.2     Basics of hybrid Si lasers 

 Apart from monolithic integration of gain materials on Si, conventional 
hybrid integration shows better overall system performance and practical 
manufacturability. The traditional approach to hybrid integration is to take 
prefabricated III-V lasers and amplifi ers and die bond (i.e., fl ip chip bond) 
these elements onto a passive planar lightwave circuit (PLC). But serious 
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optical loss at active/passive component joints due to misalignment and 
mode mismatch is inevitable. The production effi ciency and chip yield also 
result in expensive integration cost, preventing it from being adopted by the 
industry widely so far. 

 Very recently two novel and similar hybrid techniques show promise 
to maximize material advantages of both Si and III-V gain medium, and 
simultaneously minimize or even avoid pitfalls that conventional hybrid 
approaches possess. The fi rst one, named  hybrid Si (evanescent) platform , 
was initially developed by a joint effort between Professor John Bowers’ 
group at University of California-Santa Barbara and Intel corporation (Park 
 et al .,  2005  ), and the other one,  heterogeneous integration technology , was 
initially developed through a collaboration between Prof. Roel Baets’ group 
at Ghent University and IMEC (Roelkens  et al .,  2006 ). Both techniques are 
based on epitaxially transfer thin (few  µ m thick) III-V active layers onto 
pre-patterned Si passive waveguide layer in the SOI substrate, and fabricate 
active photonic devices afterwards. In this chapter we focus on the principle 
to achieve lasing on the hybrid Si platform, and discuss a variety of lasers 
demonstrated so far. 

  Figure 10.2  highlights the critical steps to form a hybrid Si platform, 
starting from transferring a III-V epitaxial layer to a Si waveguide layer 
through a low-temperature (300°C), O 2  plasma-assisted wafer bonding 
process ( Fig. 10.2a ) (Pasquariello and Hjort,  2002 ; Liang and Bowers, 
 2008 ). This wafer bonding technique results in extremely strong bonding 
surface energy, void-free and low-strain bonding interface. Improved III-V 
active region quality is also observed after epitaxial transfer by photolu-
minescence measurement (Liang  et al .,  2011a ). Upon removing the thick 
InP substrate selectively, the mesa structure to enable a carrier injection 
scheme similar to vertical-cavity surface-emitting laser (VCSEL) is then 
formed on the III-V region by standard photolithography and etching 

Box

III-V epi

layers

InP substrate

Si substrate

(a) (b) (c)

Box

p-InGaAs
p-InP
i-active region
n-InP

N NH+ H+

P

Si substrate

Box

Si substrate

 10.2      A simplifi ed fabrication process to form a hybrid Si device 

platform starting from (a) transferring III-V epilayers to patterned Si 

substrate, (b) forming III-V mesa and (c) forming current injection path 

and metallization.  
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( Fig. 10.2b ). Typically, the III-V mesa width (>10  µ m) is much larger than 
Si waveguide (1–2  µ m), which results in essentially zero alignment chal-
lenge. Amplifi ers and lasers have a wide III-V mesa (12–14  µ m) for better 
heat conduction and mechanical strength while a narrow III-V mesa (2–4 
 µ m) is chosen for detectors and modulators for high-speed operation with 
a reduced capacitance. H +  proton implantation is used if carrier confi ne-
ment or electrical isolation between integrated devices is necessary ( Fig. 
10.2c ). Detailed fabrication steps can be found in Park  et al . ( 2005 ) and 
Fang  et al . ( 2006 ).    

 The general structure of III-V layers consists of a p-type InGaAs con-
tact layer, a p-type InP cladding, an optional p-type separated confi nement 
heterostructure (SCH) layer, an undoped multiple quantum well (MQW) 
active region, an optional n-type SCH layer, a thin n-type InP contact layer, 
a set of n-type superlattice bonding layers, and a think InP bonding layer. 
An example of an epitaxial structure for electrically-pump lasers (Fang 
 et al .,  2006 ) is shown in  Table 10.1.     

 Owing to similar refractive index of Si and III-V materials, the optical 
mode in this hybrid waveguide lies both in the Si layer and III-V layer, and 
position is determined by the Si waveguide section. This is the most sig-
nifi cant difference from  heterogeneous integration technology  where opti-
cal mode is mostly confi ned in the III-V layers. A unique fi gure of merit 
associated with this platform is the fl exibility to adjust optical confi ne-
ment factors in Si and III-V by designing the Si waveguide dimension and 
III-V layer thickness and composition (i.e., refractive index). As shown in 
 Fig. 10.3  using the beam propagation method (BPM) simulation and cor-
responding measured near-fi eld optical mode images, the manipulation 
of confi nement factors in III-V and Si regions of the hybrid waveguide 
is realized by changing the Si waveguide dimensions. The III-V layers in 
 Fig. 10.3  are listed in  Table 10.1.  The MQW confi nement factor is a critical 
design parameter in order to achieve enough optical gain (absorption) for 

 Table 10.1      The III-V epitaxial layer structure (  Fang   et al  ., 2006)  

Name Composition Doping 

concentration

Thickness

P contact layer p-type In 0.53 Ga 0.47 As 1 × 10     19  cm−3 0.1  µ m

Cladding p-type InP 1 × 10     18  cm−3 1.5  µ m

SCH p-type Al 0.131 Ga 0.34 In 0.653 As 1 × 10     17  cm−3 0.25  µ m

Quantum wells  Al 0.089 Ga 0.461 In 0.45 As (9 × ) 

 Al 0.055 Ga 0.292 In 0.653 As (8 × ) 

 Undoped 

 Undoped 

 10 nm 

 7 nm 

N layer n-type InP 1 × 10     18  cm−3 110 nm

Superlattice  n-type In 0.85 Ga 0.15 As 0.327 P 0.673  (2 × ) 

 n-type InP (2 × ) 

1 × 10     18  cm−3  7.5 nm 

 7.5 nm 

N bonding layer n-type InP 1 × 10     18  cm−3 10 nm
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lasers (detectors) while the Si confi nement factor is an important param-
eter determining coupling effi ciency when the device is integrated with Si 
passive devices. Fundamental TE mode profi les from different waveguide 
widths ( W  = 1 to 5  µ m) in  Fig. 10.3  indicate that a narrow Si waveguide 
pushes the mode up to III-V, resulting in a large III-V confi nement factor, 
while a wide Si waveguide accommodates a larger portion of optical mode. 
Though a large MQW confi nement factor is desired for laser design, the Si 
waveguide cannot be too small. Otherwise (e.g.,  W  = 0.5  µ m in  Fig. 10.2 ), 
the mode center is squeezed into the p-InP cladding, so MQW confi nement 
is reduced and optical loss in highly-doped InGaAs contact layer increases 
quickly. A taller Si waveguide also leads to a larger Si confi nement factor, 
while thicker active region and SCH layer pull the mode up towards III-V 
layers. This unique characteristic therefore allows different confi nement 
factors at different regions of the hybrid waveguide for the same III-V epi-
taxial structure, catering to the requirements of different components on 
the same chip.    

 Typically, the waveguide layers in a III-V diode laser are symmetric in the 
epitaxial direction, leading to QW layers located at the optical mode cen-
ter. It results in a maximum QW confi nement factor. However, offset QW 
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 10.3      (a) Simulated and measured fundamental TE mode profi les with 

different waveguide widths. (b) Optical confi nement factor of Si and 

MQW as a function of Si waveguide width. The III-V layer structure is 

given in Table 10.1 and height of the Si waveguide is fi xed at 0.7  μ m.  
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design is sometimes preferred, for example, the hybrid Si lasers discussed 
here, or employed for certain purpose, for example, increasing gain satura-
tion point, as long as the modal gain is suffi cient to overcome the total cav-
ity loss to reach lasing threshold in Equation [10.2] (Coldren and Corzine, 
 1995 ):

    < > =< > +g g> = a > a+i ma> +th thΓ        [10.2]  

    a
L R Rm =

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

1
2

1

1 2R
ln     [10.3]  

where  <g>  th ,  Γ  g  th ,  <a   i   >  and  <a   m   >  are threshold modal gain, QW the con-
fi nement factor, QW the material gain at threshold carrier density, average 
internal cavity (modal) loss and mirror loss, respectively. Mirror loss can be 
expressed as a function of cavity length  L  and front and back mirror refl ec-
tances  R  1 ,  R  2  in Equation [10.3] (Coldren and Corzine,  1995 ). For a 1 mm 
long hybrid Si Fabry − P é rot (FP) cavity laser with identical coating-free 
front and back mirrors (i.e.,  R  1  =  R  2  ~ 0.3), and with the typical internal loss 
of 15 cm  −   1  and QW material gain 1000 cm  −   1 , 3% QW confi nement factor is 
suffi cient. 

  Figure 10.4a  and  10.4b  demonstrates the cw light-current (LI) charac-
teristic of InAlGaAs-MQW, hybrid Si FP lasers with emission wavelength 
around 1550 nm (Park  et al .,  2008a ) and 1310 nm (Chang  et al .,  2007 ), 
respectively. For 1550 nm devices, it can be seen that the maximum laser 
output power, threshold, and differential effi ciency at 15°C are 32.8 mW, 
70 mA, and 26% (before thermal roll-over), respectively. For 1310 nm 
devices, the corresponding numbers are 31.6 mW (after taking fi ber cou-
pling loss into account and doubling the output), 30 mA and 46%. The bet-
ter performance of 1310 nm devices is due to higher order TE mode lasing 
and different active region design. The higher order mode in 1310 nm lasers 
shows a 10.5% ( Fig. 10.4b  inset) confi nement factor, while 1510 nm devices 
lasing in fundamental TE mode only have 4% MQW confi nement factor. 
Lasing is also observed up to a stage temperature of 105°C for 1310 nm, in 
contrast to 45°C for 1550 nm devices. The higher temperature performance 
is due to a higher confi nement factor and a larger conduction band offset 
than the 1550 nm epitaxial design, as well as the reduced intravalence band 
absorption and Auger scattering (Chang  et al .,  2007  ) at 1310 nm.    

 The fabricated hybrid lasers are usually tested with the III-V junction 
side up on a copper stage actively controlled by a thermal electric control-
ler (TEC). The temperature cited here is the stage temperature, rather 
than chip surface or junction temperature. As mentioned previously, Si is 
one of the most thermally conductive semiconductor materials, which is a 
big advantage for dissipating device joule heating. However, fast thermal 
roll-over ( Fig. 10.4a ) is obvious and typical in most demonstrated hybrid 

�� �� �� �� �� ��



 Hybrid silicon lasers 403

© Woodhead Publishing Limited, 2013

devices. The primary cause of serious device heating and ineffi cient heat dis-
sipation is because of the thick buried oxide layer (BOX), typically 1–3  µ m, 
with a low thermal conductivity around 1.3 W/m-K, 100 times worse than 
Si, and the carrier injection scheme of hybrid Si lasers (Liang  et al .,  2011b ; 
Sysak  et al .,  2007 ,  2011 ). 

 A circuit model, shown in  Fig. 10.5a , has been used to study device heat-
ing in hybrid Si lasers with a typical schematic cross-section shown in  Fig. 
10.5b  (Sysak  et al .,  2007 ,  2011 ). For joule heating, the heat is generated in the 
current path, including the p-InP cladding, n-InP contact layer, SCH layers 
and active region, and p- and n-metal contacts, along with heat generated 
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a 1310 nm hybrid Si FP laser. Inset: simulated higher order TE mode 

(Chang  et al .,  2007 ; Fang  et al .,  2007b ).  
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by the diode drop associated with the active region (Sysak  et al .,  2011 ). It 
is noted that the overall effect of the n-InP contact and superlattice layers 
needs to be halved due to the current fl owing out through both sides of the 
III-V mesa (Sysak  et al .,  2011 ). The dissipated electrical power  P   d   associated 
with resistive heating is expressed in Equation [10.4]:   

    P I R IV Pd iPP d oV PV PI R iI R∑2        [10.4]  

where  I  is injected current,  R   i   is resistance of a specifi c layer,  V   d   is turn-on 
voltage drop at MQW, and  P   o   is optical output power. 

 A detailed description of the dimensions based on  Fig. 10.5b , as well as 
the thermal conductivity of the various layers, is shown in  Table 10.2.  The 

 

p-contact (0.1 Ω)

(a)

Current (I)

Current (I/2) Current (I/2)

p-InGaAs/InP (0.4 Ω)

Active region (0.3 Ω)
n-InGaAsP/InP (9 Ω)n-contact (0.03 Ω)

6.

5.

4.

7.

8. 9.2.

1.

3.n-Inp

Au Au

Active QWs

10.

Si

SiO2

Si

p-InpInP H+ InP H+

Au

(b)
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calculated resistance components are used in a 2D fi nite element method 
(FEM) model to simulate the temperature profi le.  Figure 10.6a  shows the 
simulated temperature profi le under 500 mA injection, corresponding to 
1.54 W dissipated electrical power. It illustrates the hot spot around the 
active region, current channel in p-InP cladding, Si waveguide, and n-InP 
layer under III-V mesa. An obvious temperature gradient from the Si wave-
guide layer to the Si substrate indicates extremely ineffi cient heat dissipa-
tion through the BOX layer.       

 The predicted temperature rise in the laser active region, as a function of 
applied current, is shown in  Fig. 10.6b . Results show that the largest source 
of power dissipation in the laser is the diode drop, followed by the n-InP 
contact layer, and the p-InP cladding/InGaAs layers. If the n-type metal 
contact area is limited by the device architecture, as in hybrid Si microring 
lasers, its resistance contribution increases drastically and becomes another 
major heat source with decrease of device dimension (Liang  et al .,  2011b ). 
For conventional III-V edge emitters, the n-type metal contact is usually 
distributed to the entire chip back-side, minimizing the resistance (i.e., heat 
generation) of the n-type metal contact and III-V layers from the n-metal 
contact to the active region. The large area of back-side contact without a 
thermal barrier also helps heat dissipation to the TEC. For hybrid Si lasers, 
the n-InP contact layer resistance can be reduced by increasing the n-type 
doping, its thickness, and distance from the active region. Unfortunately, this 
leads to higher FCA loss in n-InP contact layer, reduced MQW confi nement 
factor, narrow III-V mesa, and processing challenges. 

 Using the simulated temperature rise and dissipated electrical power, 
the thermal impedance of the laser is 43.5°C/W compared with 18.3°C/W 
if the 1  µ m-thick BOX layer could be replaced by Si (Sysak  et al .,  2011 ). 
However, a BOX layer of 1  µ m thickness is already close to the borderline 

 Table 10.2     Dimensions for fi nite element hybrid laser structure, including thermal 

conductivity of layers (Sysak  et al ., 2011) 

Marker Description Dimension Thermal conductivity (W/m-K)

1 SiO 2 1.0  μ m 1.3

2 n-InP/InGaAsP 100 nm 68

3 P/N metal 1.5  μ m 300

4 p-InP (no implant) 4  μ m 68

5 p-metal width 8  μ m N/A

6 III-V mesa 12  μ m N/A

7 Metal separation 4  μ m N/A

8 p-InP cladding 2  μ m N/A

9 Rib etch depth (Si) 0.5  μ m 156

10 Rib width 8  μ m N/A

N/A Active MQWs N/A 5
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to keep the optical mode from leaking into the Si substrate with the 
present design. 

 The thermal impedance  Z   T   in Equation [10.5] can be experimentally deter-
mined by measuring lasing wavelength shift as a function of active region 
(stage) temperature (d  λ  /d T ) and then as a function of dissipated electri-
cal power. The former measurement is performed under pulsed injection 
mode to minimize device heating other than what is provided by the tem-
perature controlled stage, while the latter is conducted under cw operation 
with a fi xed active region (stage) temperature (Sysak  et al .,  2007 ). Lasing 
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 10.6      (a) 2D profi le of the temperature in the hybrid laser under 1.54 W 

of electrical power. (b) Temperature rise (dashed lines) and electrical 

power dissipation (solid lines) in the various hybrid laser regions 

(Sysak  et al .,  2011 ).  
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wavelength shifts of 0.067 nm/°C and 2.8 nm/W have been determined in 
800  µ m-long hybrid Si FP lasers discussed in  Figs 10.5  and  10.6.  It results in 
a measured thermal impedance of 41.8°C/W, which agrees with FEM simu-
lation well (Sysak  et al .,  2007 ):
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Device thermal performance is also measured by an overall characteristic 
temperature ( T  0 ) and an above threshold characteristic temperature ( T  1 ) 
(Coldren and Corzine,  1995 ).  T  0  indicates threshold dependence on tem-
perature, while  T  1  characterizes the differential quantum effi ciency depen-
dence on temperature after lasing. Due to the exponential temperature 
dependence of transparent carrier density, material gain, internal modal 
loss, carrier leakage and non-radiative recombination such as Auger recom-
bination, temperature-induced threshold increase and power decrease at a 
fi xed injection level above threshold also obey an exponential relationship 
expressed in Equations [10.6] and [10.7], where  T  is junction temperature, 
 I  is injection current above threshold  I  th  in order to reach a certain output 
power level.  I  0  and  I  P0

  are fi tting parameters (Coldren and Corzine,  1995 ):

    I I eT T
thII 0

0TT/        [10.6]  

    I I I eP
T T=IthIII

0PP
1TT/        [10.7]  

 T  0  can be extracted by fi tting measured  I  th  at different stage temperatures 
using Equation [10.6]. Pulsed current injection is required to minimize 
device heating, so that stage temperature can be treated as junction tem-
perature. A similar process can be done for  T  1 . Measured  T  0  and  T  1  are 51 K 
and 100 K, respectively for devices in  Fig. 10.6  (Sysak  et al .,  2007 ). 

 Upon determining  Z   T  ,  T  0  and  T  1 , a temperature-dependent output power 
 vs  injected current relationship can be expressed in Equations [10.8] and 
[10.9] (Sysak  et al .,  2007 ; Srinivasan  et al .,  2011 ):
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where   η    i  ,  h ,  v  are internal quantum effi ciency, Planck’s constant, and las-
ing frequency at vacuum, respectively. Given a typical injection effi ciency 
of 70%, a modal loss of 10 cm  −   1 , and an estimated mirror loss of 11.4 cm  −   1  
(facet refl ectance  R  ~ 38%),  Fig. 10.7  shows the predicted and experimen-
tal single sided laser output power at various stage temperatures (Sysak 
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 et al .,  2007 ). A good agreement between experiment and theory indicates 
that hybrid lasers, small dimension designs in particular (Liang  et al .,  2010 ), 
are subject to device joule heating, which needs to be taken into account in 
advanced hybrid Si laser design.    

 Solutions to minimize or totally eliminate the negative impact from the 
BOX layers have been proposed and demonstrated and will be employed to 
more advanced devices (Liang  et al .,  2011c ; Sysak  et al .,  2011 ).  

  10.2.3     Advanced hybrid Si lasers 

 Both optically pumped (Park  et al .,  2005 ) and electrically driven hybrid Si 
lasers (Fang  et al .,  2006 ; Chang  et al .,  2007 ) based on an FP cavity enable us 
to study the general optical, electrical and material properties of the hybrid 
Si platform, paving the way for advanced device design. To make hybrid Si 
lasers attractive candidates as on-chip light sources of optical interconnect 
systems or other Si PICs, the requirements of a polished (cleaved) facet-free 
resonator, and single longitudinal mode operation need to be met at the fi rst 
place. It motivates the demonstration of grating-based devices and ring res-
onator devices on the hybrid Si platform. 

 Grating-based diode lasers, for example, distributed feedback (DFB) 
and distributed Bragg refl ector (DBR) lasers, are the most popular 
single-wavelength on-chip light sources in conventional III-V PICs. The 
hybrid Si platform provides several design freedom and fabrication 
advantages over III-V counterparts. As shown in  Fig. 10.8 , passive gratings 
( Fig. 10.8a ) can be fabricated by etching a surface corrugation on the top 
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15°C and 45°C (Sysak  et al .,  2007 ).  
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 10.8      Longitudinal cross structure and mode intensity profi le of (a) a 

passive Si grating; (b) a Si hybrid grating and (c) a III-V hybrid grating 

(Fang  et al .,  2009 ; Jones  et al .,  2009 ).  
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surface of the Si waveguide. Hybrid gratings can be formed by patterning 
a surface corrugation at the bonding interface between the III-V regions 
and the Si on either the Si surface ( Fig. 10.8b ), or III-V surface ( Fig. 
10.8c ) (Fang  et al .,  2009 ; Jones  et al .,  2009 ). Gratings etched in Si can use 
advanced high-resolution CMOS lithography, leading to lithographically 
defi ned fi rst order gratings that are spectrally aligned to other Si photonic 
components on the chip (Fang  et al .,  2009 ; Jones  et al .,  2009 ). Gratings pat-
terned on III-V may have increased etch control through the use of spe-
cially designed epitaxial layer structures for etch stop (Park  et al .,  2011 ). 
Similar to III-V DFB/DBR lasers with re-grown upper cladding, a surface 
corrugation close to the optical mode center naturally results in hybrid 
grating ( Fig. 10.8b  and  10.8c ). But wafer bonding can be simpler and more 
straightforward than epitaxial regrowth, and hybrid grating formation 
does not require additional processing since wafer bonding is an inevita-
ble core step to this platform.    

 The airgap in the etched grating segments, plus the strong electrical fi eld 
at the bonding interface, enable stronger grating refl ection per unit length,   κ  , 
in hybrid gratings than do passive Si grating or re-grown III-V grating with 
equal grating dimensions.  Figure 10.9  is a comparison of calculated square 
wave-shape, 50% duty cycle grating strength for the three structures in  Fig. 
10.8  based on Equations [10.10]–[10.13] (Coldren and Corzine,  1995 ):   

    κ =
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where  n  eff1 ( n  eff2 ) is modal index of etched (unetched) grating segment at 
Bragg wavelength   λ   0 , and  Λ  is grating period. Si rib waveguide in the calcu-
lation is 0.7  µ m thick, 1.5  µ m wide with 0.5  µ m etch depth. The III-V struc-
ture is shown in  Table 10.1.  If the grating duty cycle is not 50%, a correction 
factor  sin(m   π   D)  is required in Equation [10.10], where  m  is grating order 
and  D  is duty cycle (Fang,  2008 ). 

 The grating strength is important as it determines both the bandwidth of 
the grating, and hence its ability to select a single laser mode, and in DFB 
lasers the effective laser cavity length, which impacts on its high tempera-
ture performance (Fang  et al .,  2009 ; Jones  et al .,  2009 ). 
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 As shown in  Fig. 10.10 , hybrid Si DFB lasers with a ~25 nm surface corru-
gated grating pattern with a 238 nm grating period and 71% duty cycle (  κ   = 
247 cm  −   1 ) were formed on Si ( Fig. 10.10a ) for a grating stop-band designed 
at around 1600 nm (Fang  et al .,  2008 ,  2009 ). The device consisted of a 14 
 μ m-wide and 200  µ m-long gain region and two 80- µ m long III-V tapers 
with a quarter wavelength shifted region centered at gain section. 50 dB 
side-mode suppression ratio (SMSR), over 100 nm single-mode operation 
span, and 3.5 MHz linewidth, were comparable to III-V DFBs (Fang  et al ., 
 2008 ).  Figure 10.10b  shows the cw LI curves of the device, showing lasing 
up to a stage temperature of 80°C. The output power is measured by the 
integrated hybrid Si photodetectors with a responsivity ~1 A/W (Park  et al ., 
 2007a ). More than 10 mW output power was obtained at 15°C (Park  et al ., 
 2011 ).    

 The hybrid DBR counterpart includes two passive (i.e., Si) Bragg refl ec-
tor mirrors ( Fig. 10.8a ) placed 600  µ m apart to form an optical cavity, and 
two 80  µ m long tapers sandwich the 440  µ m long hybrid gain region as 
shown schematically in  Fig. 10.11  (Fang  et al .,  2008 ). The back and front mir-
ror lengths are 300 and 100  µ m, respectively. The power refl ectivities of the 
back and front mirrors are calculated to be 97% and 44%, respectively. The 
surface corrugated gratings have an etch depth and duty cycle of 25 nm 
and 75%, respectively, with an upper cladding of SU-8, leading to a grating 
strength,   κ   of 80 cm  −   1 .    
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 The front mirror L-I characteristic is shown in  Fig. 10.12 . The device has 
a lasing threshold of 65 mA and a maximum front mirror output power of 
11 mW, leading to a differential effi ciency of 15%. The laser operates up to 
a stage temperature of 45°C. The kinks in the LI are because of longitudinal 
mode hop caused by the laser wavelength red-shifting due to self-heating. 
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 10.10      (a) Experimental spectrum of a Si DFB laser at 90 mA cw injection 

current. Inset: SEM image of longitudinal hybrid grating cross-section. 

(b) LI curves for stage temperatures of 15–80°C (Park  et al .,  2011 ).  
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The lasing spectrum is shown in  Fig. 10.12  inset, with a lasing peak at 1597.5 
nm and 50 dB SMSR when driven at 200 mA (Fang  et al .,  2008 ).    

 Compared to hybrid DFB devices, DBR lasers need to overcome the 
additional taper transmission loss, which partially contributes to a higher 
threshold. The mode conversion in hybrid DBR lasers is done by laterally 
tapering the III-V mesa to a narrow point above the Si waveguide, as shown 
by the SEM image in  Fig. 10.11c.  This tapering adiabatically transforms the 
mode from the hybrid waveguide to the passive Si waveguide. For typical 
70  µ m-long tapers, the measured single taper loss is in the range 0.6–1.2 dB 
with refl ectivity around 6  ×  10  −   4  (Jones  et al .,  2009 ). Enhanced device perfor-
mance is expected with reduced taper transmission loss. 
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 10.11      (a) Hybrid DBR laser schematic topographical structure, (b) 

top-view microscope image of fabricated devices, (c) SEM image of a 

hybrid taper for optical mode conversion (Fang  et al .,  2008 ; Park  et al ., 
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 Another attractive on-chip wavelength selection component is a ring res-
onator. In contrast to FP laser resonators where only a standing wave can 
exist under steady state between front and back mirrors, a ring  resonator 
does not have mirrors and supports traveling waves at specifi c resonance 
frequencies. Optical modes at resonance frequencies travel either in clock-
wise or counter-clockwise direction along a closed loop representing a round 
trip and retrace themselves without reversing direction. The resonance con-
dition of a traveling-wave resonator is the same as that of standing wave 
resonator, and can be expressed in Equation [10.14]:

    v m
c

nL
L m

n
m0

0 0L m 1 2Lm =or
λ00 , ,2 …        [10.14]  

where  v   0  (  λ    0  ) is resonance frequency(wavelength) in vacuum,  n  is modal 
index, and  L  is round-trip distance. Substituting 2  π   into Equation [10.14], 
it is easy to have Equation [10.15] to explain how optical modes reproduce 
themselves after exactly one round trip, which is also a condition for simu-
lated amplifi cation under steady state.

    
2

2
0

π
λ00

β π2
n

L β ππβ        [10.15]  

Unlike FP or DFB/DBR lasers, where lasing emission is achieved through 
partial transmission of the front or back mirror, typical ring resonator lasers 
couple out power using a directional coupler to couple to a bus wave-
guide, close to the resonator, for evanescent power extraction. The power 
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showing a single-mode operation with 50 dB SMSR (Fang  et al .,  2008 ).  
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outcoupling ratio is critical to determining threshold and output power, and 
can be treated as mirror loss using Equation [10.3]. 

 For a high-index-contrast (HIC) platform, for example, SOI, optical 
mode is usually tightly confi ned in the waveguide core. The coupling gap 
between resonator and bus waveguide, therefore, can be very small, in the 
order of 100 nm or so, in order to have suffi cient electrical fi eld overlap 
with the bus waveguide. This increases the fabrication challenge to achieve 
controllable and repeatable coupling. Incorporating a straight section in the 
ring loop results in a straight directional coupler with a longer interaction 
length, subsequently leading to enhanced coupling controllability. It also 
makes a strong coupling to the bus waveguide attainable at the situation 
of relatively wide coupling. The interaction length is easier to accurately 
determine through photolithography than through a narrow gap. This type 
of traveling-wave resonator is called a racetrack ring resonator (R3). 

 For a straight directional coupler with symmetric waveguide structure, 
due to structure symmetry, every two eigenmodes exist as a pair of super-
modes, one even and one odd, with similar intensity profi le but different 
phase velocity. An example of the fundamental TE supermode set (mode 1: 
even, mode 2: odd) of an Si directional coupler is shown in  Fig. 10.13 . Light 
coupling between two waveguides as it propagates along the coupler is the 
consequence of superposition of even and odd modes, and follows a sinu-
soidal relationship. The 100% power coupling from the fi rst waveguide to 
the second occurs when the phase shift of even and odd modes is an odd 
number of  π , and back to the fi rst one when the phase shift is an even mul-
tiple of  π . The waveguide length to realize energy complete coupling back 
and forth to one waveguide is the beat length  L  beat , which can be calculated 
as Equation [10.16] (Fang,  2008 ):   

    L
n nbeat = =

2

1 2

0

2 1n
π

β β−1 −
λ00        [10.16]  

where  β  1 ( n  1 ) and  β  2 ( n  2 ) are the propagation constant (modal index) of 
odd and even supermodes, respectively. The amplitude coupling ratio  k  is 
expressed as Equation [10.17]:
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       [10.17]  

where  L  coupler  is the coupler length. The power coupling ratio  K  is the square 
of the amplitude coupling ratio. 

 Obviously, the larger the phase shift (i.e., modal index difference) 
between odd and even supermodes, the shorter the beat length will be, 
which is desired for compact device design. If the electrical fi eld of one 
mode that is launched into one waveguide has large penetration into the 
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other waveguide, a large phase shift between even and odd supermodes 
is resulted. It is usually accomplished by reducing the coupling gap width 
or effective index discontinuity between waveguide core and gap region. 
Compared with a Si directional coupler, a hybrid III-V-on-Si directional 
coupler consists of a III-V layer stack covering the entire Si directional 
coupler. The continuity of III-V stack reduces effective index discontinuity 
between the hybrid waveguide core and the coupling region, leading to a 
larger phase shift between odd and even hybrid supermodes. Thus, a shorter 
beat length is intrinsic for a hybrid directional coupler with the same sym-
metric Si waveguide (e.g.,  Fig. 10.13 ) dimension and coupling gap, as per the 
example shown in  Fig. 10.14 .    

 R3 lasers with two on-chip photodetectors fabricated on the hybrid Si 
platform are shown in  Fig. 10.15a  schematically. The device has a bending 
radius of 200  µ m, and 700  µ m long straight section, resulting in ~2.66  µ m-long 
cavity. A 12.6% power outcoupling ( L  coupler  = 400  µ m, 600 nm coupling gap) 
is expected based on simulations, and  Fig. 10.15b  shows cw lasing up to 60°C 
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 10.13      Electrical fi eld in x direction of the even (mode 1) and odd 

(mode 2) supermodes. Insets: 2D (x–y direction) electrical fi eld of even 

and odd supermodes.  
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with a minimum threshold of 175 mA and a maximum power of 29 mW at 
15°C for a hybrid R3 laser (Fang  et al .,  2007a ).    

 The relatively high threshold is primarily due to long cavity length. Other 
than a straight section for hybrid directional coupler, a large bending radius 
is required in order to minimize additional bending loss contribution to the 
total internal cavity loss. As indicated in the hybrid directional coupler, III-V 
layers on top of a HIC Si rib waveguide immediately reduce the index con-
trast of core and cladding laterally ( x  direction).  Figure 10.16  inset compares 
the effective refractive indices of core and cladding of hybrid waveguide 
(red) and Si rib waveguide (gray) with dimensions in  Fig. 10.15 . Lateral 
effective index contrast in the hybrid structure is 0.086, much less than  Δ  n  eff  
= 0.59 in the Si counterpart. The simulated bending losses in  Fig. 10.16  (Fang 
 et al .,  2007a ) show drastic loss increase in the hybrid waveguide as the bend-
ing radius becomes less than 150  µ m, while no noticeable bending loss is 
found in the Si waveguide until the radius is less than 10  µ m.    

 A modifi ed hybrid Si structure in  Fig. 10.17a  is then created to realize a 
HIC microring resonator with lateral effective index contrast   Δ   n  eff  = 1.57, 
allowing a much smaller bending radius with negligible bending loss (Liang 
 et al .,  2009b ). Rather than a typical process to pattern Si waveguide prior to 
III-V epitaxial transfer shown in  Fig. 10.2 , the hybrid Si microring resonator 
mesa is patterned and formed from III-V to Si through a self-aligned pro-
cess (Liang  et al .,  2009b ). As shown in  Fig. 10.17a , an anisotropic dry etch is 
employed to etch through the p-contact metal, entire III-V epi-layers and 
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Si, and then a circular opening is created inside where the etch stops at the 
n-InP contact layer of the III-V stack, followed by placing the n-contact 
metal. It results in a III-V ring resonator sitting on top of an Si disk res-
onator perfectly aligned with the same dimensions. The outer edge of the 
hybrid microring resonator is passivated by SiO 2 , allowing the optical 
mode to be squeezed and shifted towards the semiconductor/SiO 2  inter-
face but still well confi ned inside resonator at the sharp bend ( Fig. 10.17a  
inset) (Liang  et al ., 2009a,  2011b ). An Si bus waveguide distances a small 
gap from the hybrid microring resonator laterally to extract a fraction of 
power. Hybrid Si photodetectors are also integrated at the ends of the bus 
waveguide as a fabricated diameter  D  = 50  µ m hybrid microring laser chip 
shown in  Fig. 10.17b .    

 The typical cw LI characteristic of  D  = 50  µ m devices is shown in  Fig. 10.18  
(Liang  et al .,  2009b ). The power outcoupling ratio of this microring resonator 

n-metal

p-
metal

 10.17      (a) Schematic of hybrid microring laser. Inset: cross-sectional 

SEM image of a microring waveguide with metal contacts (left). 

Simulated fundamental TE mode shifting towards waveguide edge 

(right). (b) Top view of a  D  = 50  μ m hybrid microring laser with two 

integrated hybrid photodetectors (Liang  et al .,  2009a ,  2011b ).  
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mainly depends on the coupling gap width  s . The smaller the coupling gap is, 
the higher the outcoupling ratio, and the higher is the mirror loss. Therefore, 
higher (lower) threshold and differential quantum effi ciency result from 
narrower (wider) coupling gap in  Fig. 10.18a  and  10.18b ). Maximum out-
put power of over 3 mW is obtained in an  s  = 50 nm device at a stage tem-
perature of 20°C, while the minimum threshold is 5 mA in an  s  = 250 nm 
device at a stage temperature of 10°C (Liang  et al .,  2009b ). Improved device 
performance after increasing carrier injection effi ciency from 59% to 78% 
is achieved by selectively reducing the active region volume (Liang  et al ., 
 2011b ). In  Fig. 10.18b  inset, devices demonstrate around 4.2 nm free spectra 
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range (FSR), which agrees with calculation based on Equation [10.18] (Liang 
et al .,  2009b ):   

    FSR =
λ
π
0λ
2

n Dπg

       [10.18]  

where   λ   0  and  n   g   are laser vacuum wavelength and group index, respectively. 
π   D  is the round-trip modal length. Owing to the gain profi le of active region, 
laser peaks one FSR apart from the primary laser peak show over 20 dBm 
less power (Liang  et al .,  2009b ). 

 As indicated in  Fig. 10.19a , in addition to a smaller outcoupling ratio 
( R  = 1  −   k  2 ), further scaling down of the laser diameter (i.e., cavity length) 
results in a drastic threshold reduction. The calculation in  Fig. 10.19a  shows 
how the threshold can decrease from the previously demonstrated large 
hybrid Si R3 lasers (blue dot) (Fang  et al .,  2007a ) to recently fabricated 
microring lasers (inset SEM image) (Liang  et al .,  2009b ) and eventually 
to the ultra-compact 4.5  µ m in diameter device with ~400  µ A threshold. A 
sub-mA threshold has been achieved in hybrid micro-disk lasers fabricated 
with heterogeneous integration technology (Van Campenhout  et al ., 2007; 
Spuesens  et al .,  2009 ).    

 The biggest obstacle for compact devices, particularly on the SOI sub-
strate, however, is immediately increased thermal impedance (i.e., device 
heating) in  Fig. 10.19b . Buried oxide has been identifi ed as the primary rea-
son in the previous section, and shown by a FEM simulated  D  = 15  µ m 
hybrid microring laser cross-section in  Fig. 10.19b  inset. Several approaches 
are being investigated to minimize or eliminate the thermal barrier of the 
BOX layer (Liang  et al .,  2011d ; Sysak  et al .,  2011 ). 

 One unique characteristic of a traveling-wave resonator is the possi-
ble co-existence of two counter-propagating modes. Bi-directional lasing in 
a standard traveling-wave resonator is typical in low injection level, while 
uni-directional lasing occurs under high carrier injection (Sorel  et al .,  2002 ). 
Lasing direction switch alternatively can be useful for optical memory appli-
cation (Hill  et al .,  2004 ) but is undesirable for on-chip light source application. 
Since these clockwise and counter-clockwise modes have spatially separated 
outputs, mode competition can be observed as the kinks (i.e., power sudden 
drop or jump) at the LI curves of the individual modes (e.g.,  Fig. 10.20  top) 
although the combined LIs ( Figs 10.15  and  10.18 ) are no different from other 
lasers. Uni-directional lasing can be achieved by seeding one mode over the 
other with an external light source (Dragic,  2004 ; Fang  et al .,  2007a ). In this 
way, the photon density of the propagating mode with external light injection is 
greater than the photon density of the other mode, creating a differential in the 
amount of stimulated emission occurring in these two modes. This ultimately 
leads to controlled uni-directional lasing (Dragic,  2004 ; Fang  et al .,  2007a ).       
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 For hybrid Si ring lasers with integrated hybrid Si photodetectors, one 
photodetector can function as an amplifi ed spontaneous emission (ASE) 
light source with forward biasing. As light is generated from the ASE source 
on the left hand side of a hybrid R3 laser, for example, the photon density 
of the counter-clockwise propagating mode starts to become greater than 
the photon density of the clockwise propagating mode. At low ASE bias 
level ( Fig. 10.20  top), the external power coupled into the R3 laser is not 
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 10.19      (a) Calculated threshold current as a function of device cavity 

length. Inset: top-view SEM image of a 15  μ m in diameter device. 

(b) Calculated active region temperature rise at threshold, and 

experimental and modeling thermal impedance as a function of device 

dimension. Inset: FEM modeling of a  D  = 15  μ m device temperature 

profi le at threshold 9.4 mA (Liang and Bowers,  2010 ; Liang  et al .,  2010 ).  
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suffi cient to break the balance. At 75 mA bias, some kinks disappear until 
stable uni-directional lasing is achieved under 100 mA bias at the left pho-
todetector (Fang  et al .,  2007a ). 

 One advantage of microring lasers is the capability to cascade many of them, 
each with slightly different perimeter and coupling signal, out to the same bus 
waveguide, to realize a multiwavelength light (MWL) source (Van Campenhout 
 et al ., 2008). For a linear-cavity device, for example, DFB/DBR devices, an MWL 
source can be realized by multiplexing several of them with a star coupler, an 
arrayed waveguide grating (AWG), or other wavelength combiners. One intrin-
sic drawback of such a confi guration is that they are complex to operate, as each 
channel has to be aligned to an AWG passband. Another approach is to make 
an AWG laser (Poguntke  et al .,  1993 ; Staring  et al .,  1996 ; Kurczveil  et al .,  2011 ). 
Here, the AWG is used not only as a multiplexer but also as an intracavity grat-
ing to select the lasing wavelength. These devices are easier to operate, as the 
lasing wavelength is determined by the bandpass characteristics of the AWG, so 
no external tuning is required (Kurczveil  et al .,  2011 ). 

 Such a device on the hybrid Si platform has also been demonstrated 
recently (Kurczveil  et al .,  2011 ). Compared with its III-V counterparts, the 
AWG section in hybrid AWG lasers can be much more compact and low 
loss when fabricated with advanced CMOS tools. The schematic diagram, 
mask layout, and fabricated device of a hybrid Si AWG laser are shown in 
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 10.20      The LI curve for the clockwise lasing mode for three forward bias 

currents for the photodiode on the left of a hybrid R3 laser (Fang  et al ., 

 2007a ).  
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 Fig. 10.21 a–10.21c, respectively. The device is 5 mm in length and consists of 
an FP cavity with an AWG. The AWG has eight channels with channel spac-
ing of 360 GHz and footprint of 900  µ m  ×  700  µ m. A III-V die was bonded 
to the SOI die and 1 mm long hybrid silicon semiconductor optical ampli-
fi ers (SOAs) on four of the eight channels were defi ned by a typical process 
in  Fig. 10.2 . Adiabatic tapers on three etch levels are used to transition the 
mode from hybrid to passive regions (Kurczveil  et al .,  2011 ). 

 The transmission characteristics of a reference AWG with randomly 
polarized light input is shown in  Fig. 10.22a . The crosstalk and insertion loss 
were measured to be 9 and 3.5 dB, respectively, in good agreement with sim-
ulations. The crosstalk can be improved by increasing the number of arms, 
but as a laser fi lter 9 dB of cross talk is suffi cient to prevent one channel 
from lasing in another channel, as the material gain does not vary by more 
than 9 dB from one channel to another (Kurczveil  et al .,  2011 ).    

 A peak gain of ~19 dB/mm in hybrid gain SOA section is seen around 
1560 nm at an injection current density of 5 kA/cm 2 . Cw lasing is observed 
in all four channels with threshold between 110 and 150 mA at a stage 
temperature of 17°C. Around 0.3 mW power emits from a single, uncoated, 
polished facet (Kurczveil  et al .,  2011 ). The optical spectrum of all four chan-
nels is shown in  Fig. 10.22b . The currents in the SOAs were tuned to maxi-
mize the SMSR up to 35 dB. Better device performance of lower threshold, 
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 10.21      (a) Schematic diagram of an AWG laser with four channels. 

(b) Schematic diagram of the fabricated chip. The AWG has eight 

channels. Four of the eight channels have hybrid silicon SOAs. (c) Optical 

photograph of the fabricated chip. The sample is covered with thick SU8 

polymer which decreases the contrast of the image (Kurczveil  et al .,  2011 ).  
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higher differential effi ciency and higher SMSR is expected in future chips if 
passive AWG section can be better protected during III-V SOA fabrication 
processing (Kurczveil  et al .,  2011 ).   

  10.3     Hybrid Si laser-based photonic 
integrated circuits 

 Having demonstrated a number of hybrid Si lasers, Si PICs are the next to 
demonstrate their potential. It means that more devices are fabricated and 
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(Kurczveil  et al .,  2011 ).  
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their individual functionality is linked on the same chip. Single crystalline 
Si has shown decent versatility to manipulate and absorb light. High-speed 
Si modulators (Liu  et al .,  2004 ; Xu  et al .,  2005 ; Liao  et al .,  2007 ), optical buf-
fers (Xia  et al .,  2007 ), and photodetectors (Geis  et al .,  2009 ) have been dem-
onstrated recently. Most of them are not intrinsically optical bandwidth 
limited, which means the same material and device design (or with a small 
dimensional tweak) can be duplicated on each signal channel for on-chip 
wavelength division multiplexing (WDM) application. The only optical 
bandwidth limited component is the diode lasers, including hybrid Si lasers 
here, because of limited material gain bandwidth per active region design, 
typically around 60 nm. It restricts how many channels can be integrated 
together from a single III-V epitaxial transfer (Park  et al .,  2011 ), particularly 
for coarse WDM with channel spacing > 200 GHz. 

 The fi rst and most straightforward solution to break gain bandwidth and 
bandgap limits is simultaneously bonding different epi-layer structures to 
the selective area in the same Si chip. Then III-V back-end processing is 
identical for the entire chip.  Figure 10.23a  shows the photo of the laser array 
chip after two different III-V epi-layers are transferred to the Si (Park  et al ., 
 2011 ). The chip consists of four DBR lasers with target wavelengths from 
1290 to 1350 nm, with a wavelength spacing of 20 nm and a 4:1 Si multi-
plexer.  Figure 10.23b  shows the representative lasing spectrum taken at the 
output of the multiplexer with all four channels operating simultaneously. 
The lasing wavelengths from the four channels are measured to be 1289.8, 
1309.5, 1329.7 and 1348.2 nm, respectively. The thresholds are 180 and 125 mA 
from epi-structure1, and 165 and 115 mA from epi-structure2, respectively. 
The ratio of the threshold is 44% between two channels on the same III-V 
die, due to detuning of one channel from gain peak. The total threshold 
difference is 56%, over 7 ×  less than that of the same four hybrid DBR lasers 
fabricated on one epi-structure (Park  et al .,  2011 ). The improved overall 
performance of the four-channel hybrid DBR Si laser array eventually 
enables the demonstration of a 50 Gb/s transmitter when four Si Mach–
Zehnder interferometer (MZI) modulators with 12.5 Gb/s modulator rate 
are integrated on the same chip (Andrew  et al .,  2010 ).    

 Meanwhile, key components with comparable or even better performance 
over Si counterparts have also been fabricated on this hybrid Si platform 
(Park  et al .,  2007a ,  2007b , 2008b; Chen  et al .,  2008 , 2011; Kuo  et al .,  2008 ; Tang 
 et al .,  2011 ). But they all rely on III-V bandgap engineering, which either 
makes integration impossible or has to compromise device performance if 
only one type of III-V epi-layer structure is used. 

 Another demonstrated hybrid Si PIC by multiple III-V die selective-area 
bonding is the hybrid Si integrated triplexer (Chang  et al .,  2010 ). As shown 
in  Fig. 10.24 , it contains a 1310 nm R3 laser for upstream data transmission 
as well as 1310/1500 and 1490/1550 nm wavelength selective splitters and 
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 10.23      (a) Photograph of the laser array chip after bonding two types of 

III-V epi-layers. (b) Representative lasing spectrum of four-channel DBR 

laser array measured from the integrated silicon multiplexer (Park  et al ., 
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photodetectors for downstream digital and video reception (Chang  et al ., 
 2010 ). The 1310 nm R3 laser is based on the same III-V epi-structure used 
in  Fig. 10.4b  (Chang  et al .,  2007  ), while the other is a InGaAs PIN structure 
designed for high-speed photodetectors to detect 1490 and 1550 nm signals. 
The device has a compact size of 1 mm  ×  3.5 mm. The measured upstream 
channel 3 dB bandwidth of the integrated triplexer is ~2.7 GHz. Eye dia-
grams of the upstream channel are also measured at 1 and 1.25 GHz PRBS 
inputs, respectively, which satisfy the data rate requirement of 1.25 GHz 
for the upstream channel of a triplexer under ITU standards (Chang  et al ., 
 2010 ).    

 Multiple III-V die selective-area bonding has its own limitations as well. 
Close integration of two III-V structures is usually very diffi cult, due to 
fi nite size and proximity of bonding two (or more) III-V dies in reality. 
Hybrid tapers are also required at hybrid/pure Si sections, contributing to 
insertion loss and design complexity. One solution to this problem involves 
using a quantum well intermixing technology (QWI) to shift the as-grown 
QW bandgap across the III-V wafer before bonding. 

 The QWI technique used in this work combines the selective removal of an 
InP buffer with implant enhanced intermixing (Skogen,  2003 ). An outline of 
the as-grown III-V QWI base structure, along with details of the intermixing 
process, is shown in  Fig. 10.25  (Sysak  et al .,  2008 ). The QWI process begins 
with a blanket phosphorous implant into the patterned III-V base structure 
as shown in  Fig. 10.25a . The implant is used to generate vacancies, which 
act as a catalyst in the QWI process. The as-grown material bandgap is pre-
served in the region with SiN  x   dielectric protection. Following the implant, 
the vacancies generated in the InP buffer layer are diffused through the 
quantum wells and barriers via a rapid thermal anneal (RTA) ( Fig. 10.25b ). 
The vacancy diffusion causes atomic interdiffusion between the wells and 
barriers, modifying their composition, and hence bandgap. Once a desired 
bandgap has been reached, the InP buffer layer can be selectively etched to 
remove the vacancies from the intermixing process ( Fig. 10.25c ). Additional 
RTA steps are then used to continue shifting the bandgap in regions where 
the InP buffer remains ( Fig. 10.25d ). In the end, the InP buffer layer is 
removed to leave a mirror-like planar III-V surface for epitaxial transfer. It 
is noted that rough alignment is required here in order to position the right 
bandgap to the corresponding Si waveguide section.    

 QWI fi rst largely extends the effective gain bandwidth to make hybrid 
Si laser array with large lasing wavelength spacing possible.  Figure 10.26a  
shows spectra from the hybrid Si FP lasers that utilize four intermixed 
bandgaps across the chip. Their lasing peak wavelengths align well with 
material photoluminescence (PL) peaks at 1540, 1495, 1465, and 1425 nm 
(Park  et al .,  2011 ), respectively.  Figure 10.26b  shows the pulsed threshold 
currents and slope effi ciencies determined from LI curves as a function of 
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the lasing wavelength for a set of 585 µm long lasers. Threshold currents 
are 65 ± 5 mA and single side output slope effi ciencies are 12% ± 2%, indi-
cating consistent material quality after QWI process (Nie  et al .,  2005 ; Park 
 et al .,  2011 ). Recently, 13 CW operational lasers with threshold currents 
between 40 and 70 mA and maximum power of 4 mW at 20°C have also 
been realized on a QWI-resultant gain bandwidth from 1255 to 1345 nm 
(Jain  et al .,  2010 ).    

 Multiple bandgap without material structural discontinuity also 
allows compact integration with small optical loss at bandgap junctions. 
A sample-grating (SG) DBR laser integrated with an electroabsorp-
tion modulator (EAM) has been successfully fabricated using this tech-
nique (Sysak  et al .,  2008 ).  Figure 10.27  schematically shows the integrated 
SGDBR-EAM, where the gain region bandgap is at 1520 nm; the mirror 
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 10.25      Overview of the hybrid laser QWI process. The three bandgaps 

realized are numbered 1, 2, and 3. (a) Implantation of P into InP buffer 

with SiNx mask to preserve the as-grown bandgap. (b) Diffusion of 

vacancies through QWs and barriers for bandgap 2. (c) Removal of InP 

buffer layer to halt intermixing. (d) Diffusion of vacancies via RTA for 

bandgap 3. (e) Removal of InP buffer layer and InGaAsP stop etch layer 

before bonding (Sysak  et al .,  2008 ).  
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bandgap is at 1440 nm; and the EAM bandgap is at 1480 nm (Sysak  et al ., 
 2008 ). SG-DBR laser operation with around 45 mA threshold, 0.5 mW 
output and up to 45°C cw lasing has been demonstrated, and integrated 
EAM shows 2 GHz bandwidth with >5 dB extinction ratio at 6 V reverse 
bias (Sysak  et al .,  2008 ).    

 More recent progress has been to fabricate hybrid Si DFB lasers exter-
nally modulated by on-chip EAMs whose bandgap is shifted 30 nm towards 
shorter wavelength (Jain  et al .,  2010 ). Laser CW operation up to 60°C has 
been achieved with 4 mW single sided output power at 20°C and a threshold 
current of 30 mA. The integrated EAMs in this work showed DC extinc-
tion of 17 dB at  − 5V bias and a modulation bandwidth of 2 GHz (Jain  et al ., 
 2010 ). High-speed EAMs with bandwidths of 42 GHz and 2 V drive have 
been demonstrated (Tang  et al .,  2011 )and can be integrated with hybrid sil-
icon lasers.  

  10.4     Conclusion 

 Silicon photonics is a rapidly evolving research fi eld with a tremendous 
potential. The term, ‘semiconductor lasers’, now includes a broad spectrum 
of approaches to lasers on Si. While exciting advances to convert Si to an 
effi cient light-emitting material and monolithic integrated gain medium 
on the Si substrate continue, lasers realized on the  hybrid Si platform  have 
rapidly evolved to include ring, DFB, DBR, and SGDBR lasers, as well as 
PICs based on these laser elements. A vision for terabit transmitters using 
25 hybrid DFB Si lasers modulated by 40 Gb/s Si modulators and combined 
by a passive multiplexer to achieve 1 Tb/s data transmission ( Fig. 10.28 ) is 
at hand (Fang  et al .,  2008 ). The challenge is to combine this technology with 
CMOS processing on a 200 or 300 mm wafer scale.    

 Lasers on Si are a reality. The recent progress to make lasers on Si, 
regardless of the lasing mechanism, is exciting. New opportunities continue 
to appear. The pin count needed for advanced electronic chips is rapidly 
approaching a practical limit of 2000 balls. Further, the power required to 
drive these interconnects is typically 40% or more of the total power and is 
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Absorber GainPhaseBackmirror TaperFront mirror EAM
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 10.27      Schematic cross-section of a hybrid Si SGDBR-EAM shown with 

four front mirror and back mirror grating bursts (Sysak  et al .,  2008 ).  
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a major contributor to the power density problem limiting advanced elec-
tronics. Silicon photonics is on the verge of being able to compete for lower 
power off-chip and on-chip interconnects (Miller,  2009 ) and thus solve the 
power and pin problems of electronics, provided we can reduce the laser 
size, cost and power, and increase the yield of lasers on Si. 
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  Abstract : Type-I quantum well gallium antimonide (GaSb)-based diode 
lasers are the most suitable for operating within the spectral region of 2 to 
3.5 µm. This chapter reviews the general milestones in the development 
of this technology. Specifi c features of the laser heterostructures, current 
device performance parameters, and prospects for further development 
are discussed. 

  Key words : diode laser, infrared, quantum well, waveguide, optical mode, 
optical loss, threshold current.  

   11.1     Introduction 

 Binary, ternary, quaternary and, recently, quinary alloys with lattice constants 
matching or close to the lattice constant of GaSb have become increasingly 
important materials for mid infrared optoelectronics. Fundamental band 
gaps and band alignment of binary arsenides and antimonides defi ne an 
extraordinarily wide range of energies available for bandgap engineering 
( Fig. 11.1 ) (Vurgaftman  et al.,   2001 ). Large conduction band discontinuity 
between AlSb and InAs can be utilized for the development of intersub-
band and quantum cascade lasers for mid infrared applications (Devenson 
 et al.,  2007a,  2007b ; Cathabard  et al .,  2010 ). Staggered band alignment 
between InAs and GaSb can span the spectral range from mid infrared to 
far infrared, and corresponding optically pumped lasers have been reported 
(Kaspi and Ongstad,  2006 ). Interband cascade lasers have been developed 
using type-II W quantum wells (QW) in the active region (Kim  et al .,  2008 ; 
Vurgaftman  et al .,  2009 ; Caffey  et al .,  2010 ). In this chapter we discuss the 
peculiarities of the design of diode lasers with type-I QWs in the active 
region. Active type-I QW compositions acceptable for pseudomorphic 
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growth on GaSb substrates restrict the optical range for the corresponding 
antimonide structures to below 4  µ m.  Figure 11.2  plots the band-edge posi-
tions of the AlGaAsSb and GaInAsSb quaternary alloys with variable Ga 
composition. The requirement for pseudomorphic growth enforces increased 
As content in alloys where Ga is replaced by Al or In. Compressive strain 
can be introduced into GaInAsSb QWs with AlGaAsSb barriers to improve 
hole confi nement. Adding In into AlGaAsSb would require the inclusion of 
more As, in order to match the lattice of the GaSb substrate, thus improving 
hole confi nement in GaInAsSb QWs even further. The use of quinary alloys 
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and the benefi cial role of compressive strain above 1% in active GaInAsSb 
QWs are discussed in detail.       

 Diode lasers with type-I QW active regions grown by solid-source molec-
ular beam epitaxy on GaSb substrates currently operate at room tempera-
ture in the spectral region from below 2 µm and up to 3.5 µm. The typical 
laser heterostructure utilizes direct-bandgap GaInAsSb alloys for QWs and 
AlGaInAsSb alloys (with either direct or indirect bandgap) for barriers, 
waveguide cores and cladding layers. The laser active region contains sev-
eral compressively strained GaInAsSb QWs where the width of the QW 
layers range from 7 to 16 nm. It has already become typical in modern laser 
designs to have QW compressive strains in excess of 1%. The total thick-
ness of the laser heterostructure, including all auxiliary layers, is about 6 µm. 
Devices operate under a forward bias voltage of 1.5–2 V. The heterostruc-
tures are typically grown onto 2–inches-GaSb substrates doped with tellu-
rium up to 10 17 –10 18  cm  −   3 . Epi-ready GaSb substrates of 3 inches diameter 
have recently become commercially available. 

 The feasibility of room temperature (RT) continuous wave (CW) high 
power operation of diode lasers with emission wavelengths above 2 µm was 
for a long time subject to debate, due to the common belief that the Auger 
recombination in combination with free carrier absorption could lead to 
excessive threshold current density for lasing. As of the year 2011, how-
ever, the RT CW operation of GaSb-based diode lasers was achieved at 
emission wavelengths as high as 3.44 µm. The success of the development 
of long-wavelength antimonide-based diode lasers is mainly attributable to 
a well-established fact: the narrowing of the active QW bandgap leads to a 
reduction of the density of states (DOS). The electron band-edge effective 
mass scales down with the material bandgap, while the in-plane effective 
mass in the upper hole subband decreases with the compressive strain. The 
lower DOS of electrons and holes in lasing states implies that a lower level 
of carrier injection would be required to achieve QW population inver-
sion. Since the optical matrix element does not show pronounced energy 
dependence in the 1–4 µm spectral range, the transparency and threshold 
carrier concentrations can be expected to scale down with the increasing 
wavelength. 

 Mid infrared diode lasers are expected to have much lower transparency 
and, possibly, lower threshold carrier concentrations in comparison to their 
near infrared counterparts. Auger recombination is a three-particle process 
and its net rate is superlinear in carrier concentration. The threshold current 
density of mid infrared diode lasers can therefore be rather low, despite the 
increased probability of an individual Auger event in narrow-bandgap QWs. 

 Detailed calculations of QW optical characteristics show that an increase 
in the emission wavelength from 2 to 3.5 µm can be accompanied by a 
nearly two-fold reduction of the QW transparency carrier concentration, 
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which has a favorable effect on laser performance.  Figure 11.3a  illustrates 
this trend by showing the concentration dependence of the peak QW mate-
rial gain (maximum gain of QW-confi ned carriers divided by the QW width) 
for a set of three 10 nm wide QWs with progressively longer band-edge 
emission wavelengths. All three modeled QW compositions, Ga 0.75 In 0.25 Sb, 
Ga 0.55 In 0.45 As 0.19 Sb 0.81  and Ga 0.40 In 0.60 As 0.32 Sb 0.68 , have the same compressive 
strain of 1.5% and emit near 1.9, 2.8 and 3.5 µm, respectively. The wide-gap 
AlAs 0.08 Sb 0.92  barriers were chosen for clarity of presentation. They provide 
ample confi nement for both electrons (from above 600 meV for 1.9 µm to 
above 1100 meV for 3.5 µm emitting QW) and holes (from above 500 meV 
for 1.9 µm to above 300 meV for 3.5 µm emitting QW), so that the resulting 
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reduction in QW transparency concentration could be attributed solely to 
the decrease in confi ned carrier DOS. To achieve consistency in the calcu-
lations, all the material parameters for binaries were taken from a single 
source (Vurgaftman  et al .,  2001 ). An interpolation scheme for alloy materi-
als was adopted from Donati  et al . ( 2003 ); however, the valence band-edge 
bowing was ignored due to a lack of reliable experimental information. 
Calculations were performed using COMSOL-based simulation software 
developed at Ostendo Technologies for the design of III − V semiconductor 
optoelectronic components (Kisin and El-Ghoroury,  2010 ). Special atten-
tion was paid to creating a detailed microscopic description of carrier con-
fi nement in active QWs. Confi ned states were calculated using a multi-band 
matrix Hamiltonian with strain-induced deformation potentials and valence 
band mixing terms (Bir and Pikus,  1974 ). QW optical characteristics were 
derived from the calculated complex susceptibility of injected carriers, tak-
ing into account thermal carrier redistribution between QW subbands. 
The calculations proved that transparency concentration improvement in 
longer-wavelength QWs is predominantly related to the conduction band 
DOS decrease.  Figure 11.3b  shows the Fermi occupation numbers for 
zone-centered states of the lowest (lasing) QW subbands. The hole state 
occupations can be seen to be lagging behind even at injection levels well 
beyond the QW transparency level. This is an obvious result of the close 
proximity of the next hole subbands in 10 nm wide QWs, which tends to 
obscure the DOS improvement in the uppermost valence band subband, 
and prevents overall DOS balancing in strained QWs. Further QW optimi-
zation might be necessary to improve the differential gain, which remains 
practically unaffected at transparency level in all three QWs. The QW radi-
ative current at a given concentration decreases with the reduction of the 
confi ned carrier DOS, thus enhancing the differential gain characteristics 
with respect to injection current. This effect, however, is more relevant to 
the performance of shorter wavelength emitters, where the radiative cur-
rent constitutes a large part of the threshold (Kisin  et al .,  2009a ,  2009b ). 
In long-wavelength MIR lasers, the radiative component of the threshold 
becomes less important, since the radiative recombination rate scales down 
as a square of the optical transition energy.    

 In order to take full advantage of the lower carrier DOS in narrow-gap 
active QWs, an adequate carrier confi nement should be provided in the 
laser active region. In GaSb-based laser heterostructures, the net band off-
sets between GaInAsSb QWs and Al-containing barriers tend to be distrib-
uted unequally between conduction and valence bands. Small valence band 
discontinuity results in insuffi cient hole confi nement and leads to excessive 
thermal population of the hole states in the adjacent barriers. This keeps the 
quasi-Fermi level away from the QW valence band-edge and increases the 
threshold carrier concentration. 
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 As of the year 2011, GaSb-based type-I QW diode lasers demon-
strate CW output optical power above 1 W in spectral range 1.9–2.5 µm. 
Corresponding linear laser arrays produce more than 10 W of CW or 25 W 
of quasi-CW optical power. These laser diodes demonstrate threshold cur-
rent densities below 100 A/cm 2 ; the same if not better than those typical for 
state-of-the-art GaAs-based diode lasers operating below 1 µm, that is, with 
active QW bandgap above 1.24 eV (Fekete  et al .,  2008 ). More than 350 mW 
of CW output power at a RT has been reported at 3 µm. These achieve-
ments are the result of almost two decades of effort aimed at technological 
development and design refi nement. 

 The double heterostructure (DH) GaSb-based lasers with bulk GaInAsSb 
active regions were developed in 1985. The devices operated at RT under a 
pulsed regime at a wavelength of 2.2 µm, with a threshold current density 
of 6 kA/cm 2  (Bochkarev  et al .,  1985 ) and at 2.3 µm with 20 kA/cm 2  (Caneau 
 et al .,  1985 ). The modifi ed confi nement layers reduced the hetero-barrier 
leakage, which in turn led to a lower threshold current density. The RT CW 
operation of DH structures utilizing GaInAsSb/AlGaAsSb active regions 
has been reported in the spectral range of 2.2–2.4 µm (Bochkarev  et al ., 
 1988 ; Choi and Eglash,  1991 ; Baranov  et al .,  1994 ). Using the QW active 
regions led to improved output in devices operating near 2 µm (Choi and 
Eglash,  1992 ; Choi  et al .,  1994 ). The use of broadened waveguide separate 
confi nement heterostructures (Botez,  1999 ) allowed minimization of inter-
nal optical losses and prompted the next signifi cant improvement in the per-
formance of GaSb-based type-I QW lasers. Lasers emitting at 2 µm with RT 
CW output power about 1.9 W (Garbuzov  et al .,  1997 ) and RT CW thresh-
old current density of 50 A/cm 2  (Turner  et al .,  1998 ) have been fabricated. 
Further improvement of the hole confi nement in the device active region 
produced lasers operating at 2 µm with differential quantum effi ciency of 
74% and  T  0  of 140 K (Newell  et al .,  1999 ). Utilization of heavily strained 
GaInAsSb QWs with improved hole confi nement produced diode lasers 
operating above 2 µm (Choi  et al .,  1998 ; Garbuzov  et al .,  1999 ; Walpole  et al ., 
 1999 ; Mermelstein  et al .,  2000 ; Rouillard  et al .,  2001 ; Kim  et al .,  2002 ,  2003 ; 
Garcia  et al .,  2004 ; Rattunde  et al .,  2006 ; Donetsky  et al .,  2007 ). High power 
CW RT operation was demonstrated with nearly 2 W at 2 µm (Rattunde 
 et al .,  2006 ), and with more than 1 W within a spectral region of 2.3 to 2.5 
µm (Kim  et al .,  2002 ; Donetsky  et al .,  2007 ). Improved beam quality was 
achieved in diode lasers utilizing a fl ared gain section (Choi  et al .,  1998 ; 
Walpole  et al .,  1999 ). 

 Single-frequency lasers are in high demand for spectroscopic appli-
cations. Narrow ridge structures can be used to fabricate single spatial 
mode lasers emitting at 2.1 µm (Choi  et al .,  1993 ) and at 2.3 µm (Yarekha 
 et al .,  2000 ; Wang  et al .,  2000 ). Under certain operating conditions 
these devices demonstrate single spectral mode operation. Distributed 
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feedback (DFB) lasers with stable single spectral mode operation were 
developed in the last decade for a range of emission wavelengths: 2.3 µm 
(Salhi  et al .,  2006 ), 2.4 µm (H ü mmer  et al ., 2004; Gupta  et al .,  2009a ), 
2.6 µm (R ö  β ner  et al ., 2005), 2.84 µm (H ü mmer  et al ., 2006) and 3 µm 
(Lehnhardt  et al .,  2008 ). 

 Electrically pumped vertical cavity surface emitting lasers (VCSEL) are 
especially suitable for a variety of spectroscopy applications, and were suc-
cessfully demonstrated (Baranov  et al .,  1998 ; Cerutti  et al .,  2008 ; Ducanchez 
 et al .,  2008 ; Bachmann  et al .,  2008 ,  2009 ). These single mode devices, which 
emit within a spectral region between 2 and 2.5 µm, are characterized by a 
circular output beam and low energy consumption. The fi rst GaSb-based 
electrically pumped VCSELs operating near 2.2 µm at 296 K in pulsed mode 
were reported by Baranov  et al . ( 1998 ). CW RT operations have only been 
reported since the year 2008 (Cerutti  et al .,  2008 ; Ducanchez  et al .,  2008 ; 
Bachmann  et al .,  2008 ,  2009 ). Low threshold currents to the order of several 
mA were achieved for VCSELs, with the current and optical confi nement 
obtained through the use of buried tunnel junction (Bachmann  et al .,  2008 , 
 2009 ). Optically pumped vertical-external-cavity surface emitting lasers 
have also been reported, which emit in a spectral range of 2 µm to 2.8 µm 
with a nearly diffraction limited output beam and CW power in excess of 
1 W (Roesener  et al .,  2008 ,  2009 ,  2011 ; Paajaste  et al .,  2009 ). 

 Extensive efforts have been dedicated to developing type-I QW 
GaSb-based diode lasers that are able to operate at wavelengths near 
and above 3 µm. AlGaAsSb/GaInAsSb heterostructures have been used 
in devices operating in CW at RT (2.72 µm (Grau  et al .,  2002 ), 2.82 µm 
(Shterengas  et al .,  2004 ), 2.96 µm (Grau  et al .,  2003 ), 3.04 µm (Lin  et al ., 
 2004 ) and 3.1 µm (Shterengas  et al .,  2008 )). The lack of valence band offset 
between the narrow-bandgap GaInAsSb QWs and AlGaAsSb barriers was 
identifi ed as the defi ciency of the laser heterostructure (Shterengas  et al ., 
 2004 ; Raino  et al .,  2008 ; Motyka  et al .,  2009 ; Sek  et al .,  2010 ) that limited the 
available output power of these devices. 

 An important step in the development of long-wavelength type-I QW 
GaSb-based diode lasers was the introduction of quinternary AlGaInAsSb 
barriers (Grau  et al .,  2005 ; Shterengas  et al .,  2009 ; Gupta  et al .,  2009b ,  2010 ; 
Hosoda  et al .,  2010a ,  2010b ). The use of AlGaInAsSb/GaInAsSb hetero-
structure in the device active region led to an improvement in hole con-
fi nement in the GaInAsSb QWs. Under a pulsed regime, laser operation 
at temperatures of up to 50°C was demonstrated at emission wavelengths 
above 3.3 µm (Grau  et al .,  2005 ). High power 3 µm lasers based on an 
AlGaInAsSb/GaInAsSb heterostructure demonstrate 360 mW of CW out-
put power at RT (Belenky  et al .,  2011 ). CW RT operation was achieved 
above 3.4 µm, which is the longest wavelength ever reported for diode lasers 
(Hosoda  et al .,  2010b ). 
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 This chapter illustrates the design and development of GaSb-based type-I 
QW laser heterostructures for operation under a CW regime at RT in spec-
tral regions from 1.9 to 3.5 µm.  

  11.2     Diode lasers operating below 2.5 μm 

 High power diodes emitting in spectral regions between 1.9 and 2.5 µm are 
used for a variety of medical, industrial and military applications. Medical 
applications include surgery, particularly aesthetic surgery, and infrared nerve 
stimulation. Industrial applications include material processing, including 
transparent plastic welding, as well as optical pumping of various laser hosts 
and nonlinear wavelength converters. Resonant or nearly resonant opti-
cal pumping of chromium doped II–VI semiconductors, novel type-II QW 
Sb-based semiconductors, and holmium doped crystals, glasses and fi bers can 
be achieved. High power narrow spectrum lasers are required to seed the 
cavity of high energy lasers for laser detection and ranging. Tunable devices 
fi nd applications for absorption spectroscopy of CO 2 , CO, etc. 

 In order to obtain emissions in the 1.8–2.5 µm spectral region, the com-
position of GaInAsSb QWs ranges from 20% to 40% In and from 0% to 
15% As. Ternary GaInSb QWs with 20–25% of In are used to fabricate 
devices that emit near 2 µm. Operation at near 2.5 µm requires QWs con-
taining 35–40% In and about 15% As to maintain compressive strain below 
1.5%. The broadened waveguide approach is often used to improve laser 
effi ciency (Garbuzov  et al .,  1996 ). In laser heterostructures with broadened 
waveguides, the QW optical confi nement is traded for reduced overlap of 
the optical fi eld with the doped cladding region, in order to reduce internal 
optical loss. 

  Figure 11.4  shows the fl at band diagram of the central part of a broad-
ened waveguide heterostructure of 2.2 µm emitting high power diode lasers 
(Liang  et al .,  2011 ). The laser heterostructure was grown by solid-source 
molecular beam epitaxy (MBE) on Te-doped GaSb substrates in a Veeco 
GEN-930 modular system equipped with valved cracker cells for As and Sb. 
All layers except for the QWs were lattice matched to the substrate.    

 Heavily doped graded bandgap layers were introduced between the 
n(p)-GaSb buffer(cap) layers and the n(p)-Al 0.85 Ga 0.15 As 0.07 Sb 0.93  cladding 
layers. The claddings were 1.5 µm thick and were doped with Te (nominal 
n = 10 18  cm  −   3 ) and Be (nominal p = 10 17  cm  −   3  for the fi rst 500 nm adjacent 
to the waveguide core and 10 18  cm  −   3  for the remaining 1 µm). Lower than 
nominal n-doping levels are expected in quaternary aluminum-containing 
alloys. The waveguide core was composed of a dual-QW active region cen-
tered between 400 nm thick nominally undoped Al 0.3 Ga 0.7 As 0.03 Sb 0.97  lay-
ers. The QWs were 11 nm thick Ga 0.72 In 0.28 As 0.03 Sb 0.97  with a compressive 
strain of 1.5% separated by a 20 nm thick Al 0.3 Ga 0.7 As 0.02 Sb 0.98  barrier. The 
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valence band offset between the QW and barrier materials was estimated 
to be adequate at about 150 meV, while the band offset in the conduction 
band is ample and in excess of 500 meV. Optical fi eld calculations predicted 
the overlap of the laser mode with the p-cladding to be about 6%, resulting 
in low optical losses in these broadened waveguide lasers. 

 The laser wafer was processed into an index-guided ridge waveguide 
structure by wet etching the p-cladding layer outside the 100  µ m wide cur-
rent stripes. For CW characterization, the bars were cleaved and immedi-
ately loaded to vacuum reactor to be coated to refl ect 3% (AR) at the front 
mirror and 95% (HR) at the back mirror. The anti-refl ection (AR) coat-
ing was single quarter wave layer of Al 2 O 3  while the high-refl ection (HR) 
coating was two periods of a Si/Al 2 O 3  Bragg refl ector. Both the individual 
devices and the linear laser arrays were In–soldered epi-side-down with fl ux 
onto gold-coated copper blocks. Top contacts were wire-bonded. CW char-
acterization was performed with mounted devices bolted to a Peltier-cooled 
copper plate. The hot side of the Peltier was water-cooled. The cooling sys-
tem was capable of removing about 100 W of heat. Laser output power was 
measured using a calibrated thermopile sensor with a 2 cm diameter aper-
ture. The sensor was placed about 1 cm away from the laser output mirror 
and no collecting optics were used.  Figure 11.5  shows the measured CW 
output powers and power-conversion effi ciencies of individual lasers at a 
heat sink temperature of 17°C.    

 A CW output power of 1.5 W was reached at 6 A for the 2 mm long 
100 µm wide devices. Lasers with 3 mm long cavities, and hence increased 
thermal footprints, generate 1.6 W at 7A despite reduced overall device 
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effi ciency. High power lasers demonstrate CW threshold current densities 
below 100 A/cm 2 , that is, less than 50 A/cm 2  per QW. The threshold current 
density demonstrates excellent temperature stability as indicated by a  T  0  
parameter above 90 K, as measured in a short pulse regime over a tem-
perature range from 15°C to 60°C for 1 mm long uncoated devices. Device 
power-conversion effi ciency peaked at more than 20% and remained above 
10% at the maximum output power level. CW external effi ciency near the 
threshold was above 50%. The temperature stability of the effi ciency is 
characterized by a parameter  T  1  of about 290 K. The laser spectrum was 
centered near 2.19  µ m at a current of 3 A, with a full-width at half-maximum 
(FWHM) of 12 nm. 

 Optical gain spectra for several under-threshold currents were measured 
using the Hakki − Paoli method (Hakki and Paoli,  1975 ) with a Fourier trans-
form spectrometer and external InSb detector ( Fig. 11.6 ). Amplifi ed spon-
taneous emission collection and beam focusing on the photodetector were 
performed using refl ective optics. A mechanical slit (about 1 mm) in front 
of the refl ective objective (NA = 0.5) was used to fi lter out the higher order 
lateral modes of the laser cavity.    

 A total optical loss of 15–16 cm  −   1  can be estimated from the 
long- wavelength part of the gain spectrum, resulting in an internal optical 
loss of about 4 cm  −   1  (mirror loss of about 12 cm  −   1  can be calculated for 
uncoated 1 mm long lasers). This relatively low internal optical loss was 
achieved through waveguide broadening in combination with reduced dop-
ing of the p-cladding section adjacent to the waveguide core. Transparency 
current density is only about 20 A/cm 2  per QW. The net modal differential 
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gain is above 350 cm  −   1 /A. Threshold is achieved when quasi-Fermi levels 
are separated by about 35 meV above bandgap (see gain width at thresh-
old as measured at total loss level). The threshold is achieved at a current 
density that is only about twice that at transparency. 

 The far fi eld distributions were measured by scanning a single 500 µm 
diameter photodetector at a distance of about 30 cm from the laser front 
mirror ( Fig. 11.7a ). Divergence in the fast axis direction was typical for 
diffraction limited broadened waveguide lasers with a FWHM of about 
63 degrees that is independent of current. The calculated fast axis far fi eld 
distribution (from near fi eld in  Fig. 11.4 ) had a beam divergence of about 
62 degrees, corresponding closely to the experimental value. The multi-
mode beam in the slow axis direction shows a far fi eld divergence of about 
10 degrees that tends to increase somewhat with current. The correspond-
ing near fi eld pattern clearly shows fi lamentation with an average fi lament 
spacing of about 12 µm ( Fig. 11.7b ).    

  11.2.1      2 μm diode lasers with asymmetric waveguide 
and improved beam properties 

 Beam divergence in excess of 60 degrees FWHM complicates fi ber coupling 
and requires expensive optics with numerical apertures above 0.5. In order 
to improve device brightness, the broadened waveguide design approach 
was abandoned. GaSb-based diode lasers with narrow symmetric wave-
guides and increased spot size in the near fi eld have since been developed. 
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High power CW operation with 1.96 W at 17°C from a 150 µm wide aper-
ture (which corresponds to about 1.3 W from a 100 µm wide aperture) and 
fast axis beam divergence of 44 degrees FWHM was reported by Rattunde 
 et al . ( 2006 ). Reduction of the beam divergence below 44 degrees can be 
achieved by further decreasing the waveguide core. However, it leads to 
enhanced interaction of the optical fi eld with p-cladding and possibly even 
p-contact layers. The necessary modifi cations of the laser heterostructure 
are likely to increase the electrical and thermal resistance of the device. 

 Asymmetric waveguide design can be utilized to reduce the fast axis 
beam divergence below 40 degrees FWHM. In laser heterostructures with 
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asymmetric waveguides, the beam quality can be improved by spreading 
the optical mode selectively into n-cladding but not into p-cladding (Ryvkin 
and Avrutin,  2005 ). 

 In this design concept, the p-cladding thickness does not need to be 
increased to accommodate the mode interaction with heavily doped 
p-contact layers, since penetration of the optical fi eld into p-cladding is 
restricted. This is expected to benefi t thermal transport in p-down mounted 
lasers. In our experience, an increased overlap with n-cladding should not 
lead to a substantial internal loss increase in contrast to increased overlap 
with p-cladding, presumably due to the dominant role of inter valence band 
absorption (Chandola  et al .,  2005 ). Details of the conduction band structure 
of the particular cladding material should be taken into account to accu-
rately predict the contribution of the free electron absorption to total loss. 
In the specifi c structures used here, the n-cladding composition resulted 
in material with three valleys in the conduction band that had almost the 
same energy minimum, so no inter valley resonances were expected. Hence, 
no substantial increase in internal loss could be expected in structures 
where the optical fi eld extends selectively into n-cladding of the particular 
composition. 

 Diode lasers with very low output power (below 50 mW) and fast axis 
beam divergence (30 degrees FWHM) were obtained by developing a 
laser heterostructure with an asymmetric waveguide core (Li  et al .,  2009 ). 
Asymmetric penetration of the modal fi eld into p- and n-cladding can be 
achieved using cladding materials with different compositions. The beam 
properties of the high power 2  µ m emitting GaSb-based diode lasers were 
improved by utilization of the waveguide structure with asymmetric clad-
dings. The AlGaAsSb p-cladding contained about 85–90% of Al while 
n-cladding aluminum content was reduced to 45–50%. A corresponding 
increase in refractive index led to modal spreading to the n-cladding layer, 
resulting in reduced fast axis beam divergence. The refractive index step 
between Al 0.9 Ga 0.1 As 0.07 Sb 0.93  claddings and Al 0.25 Ga 0.75 As 0.02 Sb 0.98  core in 
symmetric broadened waveguide laser structure 1 can be estimated as 0.45 
for 2 µm light (Alibert  et al .,  1991 ). Devices with asymmetric claddings and 
variable waveguide core thicknesses ranging from above 800 down to below 
300 nm were designed, fabricated and characterized ( Table 11.1 ).    

 Figure 11.8a plots schematically the calculated band alignment and near 
fi eld distribution in a typical reference symmetric broadened waveguide 
laser heterostructure (Chen  et al .,  2010a ). Changing the composition of 
the n-cladding from Al 0.9 Ga 0.1 As 0.07 Sb 0.93  to Al 0.5 Ga 0.5 As 0.03 Sb 0.97 , reduces 
the refractive index step between n-cladding and waveguide core down 
to about 0.2. The resulting waveguide asymmetry leads to spreading of 
the laser mode into the n-cladding, but keeps overlap with p-cladding low 
( Fig. 11.8b ).       
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 Reducing the waveguide core width in a laser structure with asymmetric 
claddings from 850 nm to 550 (structure 3), then to 350 (structure 4), and 
fi nally down to 250 nm (structure 5), was accompanied by gradual improve-
ment in beam quality. Figure 11.9a shows that the FWHM maximum of the 
far fi eld reduces to below 40 degrees, thanks to progressive expansion of the 
modal fi eld in the n-cladding direction. 

 Favorable reduction of the beam divergence eventually brings unfavor-
able degradation of the laser parameters for structure 5. The threshold cur-
rent increases to 300 mA and  T  0  decreases to 50 K. Lasers with structures 
3 and 4 demonstrate fast axis beam divergences below 50 and 45 degrees, 
respectively, and do not experience other parameter degradation. A two-fold 
increase in threshold current density in lasers with waveguide core widths 
of 250 nm can be explained by: (a) reduction of the coupling between the 

  Table 11.1  Composition and width of the claddings and core layers of the 2  µ m 

emitting laser heterostructures studied 

p-clad core n-clad

% Al nm % Al nm % Al nm

1 90 1500 25 859 90 1500

2 90 1500 25 850 50 2000

3 90 1500 25 550 50 2000

4 90 1500 25 350 50 2000

5 90 1500 25 250 50 2500

850 nm

Core
25% Al

Core
25% Al

p-clad
90% All

n-clad
90% All

p-clad
90% Al

n-clad
50% Al

350 nm 

(a)

(b)

 11.8      Calculated band alignment diagram and transverse near fi eld 

distribution of (a) symmetric broadened waveguide laser structure 1 

and (b) asymmetric narrow waveguide laser structure 4 (Chen  et al ., 

 2010a ).  
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double-QW active region and laser mode; and (b) modal leakage into the 
high-index GaSb substrate. Both (a) and (b) are caused by spreading of the 
optical fi eld in the direction of the n-cladding. The double-QW optical con-
fi nement factor decreases gradually, since mode occupies a bigger volume 
and its maximum shifts from the waveguide core center. Eventually, the 
waveguide core width can be reduced below the cut-off value (estimated to 
be about 150 nm), below which no mode could be supported. A progressive 
increase in fi eld amplitude in the n-cladding would necessitate an increase in 
n-cladding thickness when decreasing core width, in order to prevent modal 
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kHz) for 1 mm long, 100 μm wide uncoated lasers mounted epi-side up 

onto gold-coated copper blocks (Chen  et al .  2010a ).  
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leakage into the substrate. Reduction of the optical confi nement, increase 
of the internal optical loss, and modal leakage into the substrate, were iden-
tifi ed from modal gain spectral measurements. 

 Modal gain spectra were measured for multimode diode lasers using 
the Hakki − Paoli method supplemented by spatial fi ltering optics.  Figure 
11.10  plots selected spectra obtained at several different currents below the 
thresholds for diode lasers with structures 1, 3, 4 and 5.    

 Values for the internal optical losses can be estimated as 5–6 cm  −   1  for 
structures with 850, 550 and 350 nm wide waveguide cores. Indeed, the 
internal optical loss is not expected to increase if the overlap of the optical 
fi eld with p-cladding does not increase in asymmetric narrow waveguide 
laser heterostructures. However, the internal optical loss in structure 5 does 
increase up to 8–10 cm  −   1 . The loss increase is also accompanied by pro-
nounced periodic modulation of the modal gain spectra. The modulation is 
indicative of high modal leakage into the substrate, despite the increase in 
n-cladding thickness up to 2500 nm. A slight hint of modulation can be seen 
in gain spectra for structure 4, implying that the cladding thickness should 
have been increased in lasers with 350 nm cores. 

  Figure 11.11  plots current dependencies of the peak modal gain for struc-
tures 1, 3, 4 and 5. Transparency current is 90–100 mA regardless of laser 
waveguide heterostructure geometry. Indeed, the devices with identical 
double-QW active regions are expected to have very similar transparency 
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currents unless injection effi ciency changes with waveguide core width. 
Differential gain with respect to current is directly proportional to the opti-
cal confi nement factor and thus is expected to decrease together with wave-
guide core width. Marginal (if any) decrease in differential gain is observed 
when the waveguide width is reduced from 850 nm down to 350 nm. Two-fold 
reduction of the differential gain is observed in structure 5 with core width 
of 250 nm. A sharp drop in the optical confi nement factor with reduction of 
the waveguide width in the range of narrow waveguides can account for this 
observation. The estimated ratio of the confi nement factors of structures 1 
and 5 is indeed 2.    

  Figure 11.12a  shows the calculated band alignment and near fi eld distri-
bution for 1.95 µm high power diode lasers with asymmetric waveguides 
and optimized laser heterostructures (Chen  et al .,  2010b ). The active region 
contained three 7 nm wide compressively strained In 0.25 Ga 0.75 Sb QWs 
 separated by 20 nm thick Al 0.3 Ga 0.7 As 0.03 Sb 0.97  barriers. The active region 
was placed into the maximum of the near fi eld distribution. The 360 and 
170 nm thick Al 0.3 Ga 0.7 As 0.03 Sb 0.97  layers separated the active region from 
p- and n-claddings. A 1 µm thick Al 0.85 Ga 0.15 As 0.06 Sb 0.94  p-cladding layer was 
Be-doped to 10 17  cm  −   3  over the 400 nm adjacent to the waveguide core and 
to 10 18  cm  −   3  over the remaining 600 nm. 2500 nm thick Al 0.45 Ga 0.55 As 0.04 Sb 0.96  
n-cladding layer was Te-doped to a nominal 10 18  cm  −   3 . 20 nm thick AlSb and 
5 nm thick AlAs 0.1 Sb 0.9  layers were inserted between the waveguide core 
and n- and p-cladding layers, respectively.    

 Current independent far fi eld patterns with beam divergences of 42 
and 15 degrees FWHM were measured in fast and slow axes, respectively 
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( Fig. 11.12b ). The stable multimode slow axis far fi eld pattern can be 
ascribed to strong index guiding achieved in the lateral deeply etched 
ridge waveguide. Low divergence of only 42 degrees was observed in the 
diffraction limited fast axis direction due to enhanced spot size in the 
corresponding near fi eld. The estimated refractive index step between 
waveguide core and p-cladding is about 0.4, while that between core and 
n-cladding is only 0.1. Reduction of the aluminum content in n-cladding 
from 85% to 45% was accompanied by undesired reduction of the corre-
sponding valence band offset with core alloy by about 200 meV. The hole 
stopper layer was introduced in order to balance the reduced valance 
band offset. The electron stopper layer was added on the p-side to fur-
ther reinforce carrier confi nement in the waveguide core. 

  Figure 11.13  plots the corresponding device power and power-conversion 
characteristics. A maximum CW output power of about 1.45 W was measured 
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for 100  µ m wide, 3 mm long coated lasers at 20°C. Power-conversion effi -
ciency remained above 11% at the maximum output power level.    

 The devices operated at voltages below 1.5 V. Parameters  T  0   ≈  80 K 
and  T  1   ≈  250 K characterized exponential temperature dependence of the 
threshold current and slope effi ciency of 1 mm long uncoated devices in the 
temperature range from 15°C to 50°C. Power scaling to above 10 W CW 
level was demonstrated by fabricating 1.9–2.2 µm linear laser arrays and 
fi ber bundles (Chen  et al .,  2010a ).  

  11.2.2     Role of compressive strain above 1% 

 GaInAsSb/AlGaAsSb heterostructures are characterized by a strong imbal-
ance between conduction and valence band offsets, with the conduction band 
offset usually exceeding the valence band offset. Despite the large difference 
in band gaps between AlGaAsSb and GaInAsSb alloys, which are used as 
barrier and QW materials, hole confi nement in QWs might be poor while 
electron confi nement is more than adequate. As a result type-I GaSb-based 
QW laser heterostructures suffer from insuffi cient hole confi nement. Hole 
confi nement can be improved by using GaInAsSb QWs with lower arsenic 
content, i.e. using heavily compressively strained QWs. Introducing com-
pressive strain to active QWs can also improve the laser differential gain 
by reducing the hole DOS, that is, through balancing the carrier DOS in the 
lasing electron and hole subbands (Yablonovitch and Kane,  1986 ). 

 Detailed experimental and theoretical analysis of the laser threshold in 
type-I mid infrared lasers with compressively strained QWs has been carried 
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out, in order to quantify the importance of hole confi nement for laser per-
formance. Two laser heterostructures were designed and fabricated for this 
purpose. Both structures included strained QW layers of different composi-
tions, which were presumably characterized by different hole confi nements. 
Both structures were emitting at 2.3  µ m at RT and had the same waveguide 
and contact layer designs. The nominally undoped Al 0.25 Ga 0.75 As 0.02 Sb 0.98  
waveguide layer with a total thickness of about 800 nm contained two 
Ga 0.65 In 0.35 As  x  Sb 1   −    x   QWs centered in the waveguide and spaced 20 nm apart. 
The structure referred to as ‘moderately strained’ contained two 10 nm QWs 
with a compressive strain of 1%. The second, heavily strained structure con-
tained two 12 nm QWs with a compressive strain of 1.5%. The difference 
in strain was achieved by changing the QW arsenic content from about 9% 
(heavily strained) to about 17% (moderately strained). In the moderately 
strained structure, the QW width was reduced from 12 nm to 10 nm, caus-
ing both lasers to operate at the same wavelength (near 2.3  µ m) at RT. Both 
wafers were processed into 100  µ m wide oxide confi ned gain guided lasers. 
 Figure 11.14a  shows the light − current characteristics measured at RT (20°C) 
for moderately strained and heavily strained diode lasers (Chen  et al .,  2008 ). 
A threshold current density of about 230 A/cm 2  was measured for moder-
ately strained lasers, but only 120 A/cm 2  for heavily strained devices. Five 
devices from each group were characterized at 20°C and threshold currents 
in the ranges 120–140 mA and 230–260 mA were measured respectively for 
heavily strained and moderately strained lasers. Heavily strained devices also 
tended to have higher slope effi ciency (0.16 W/A per facet) than low strain 
ones (0.14 W/A per facet). At low temperatures ( Fig. 11.14b ) the threshold 
currents for both structures become nearly identical and equal to 40 mA (20 
A/cm 2  per QW) at 150 K. At 200 K the threshold current of heavily strained 
lasers is already slightly larger than that of moderately strained ones, and 
the difference tends to increase with temperature. At RT, the moderately 
strained lasers demonstrate nearly twice the threshold currents of heavily 
strained devices.    

 Hakki − Paoli gain measurements confi rmed that the internal optical loss 
value ~4 cm  −   1  was independent of the active region strain, meaning that the 
nearly two-fold difference in threshold currents between moderately and 
heavily strained lasers could not be attributed to either difference in optical 
losses or internal effi ciencies.  Figure 11.15  plots the current dependences of 
the peak modal gain measured at 200 K and 293 K.    

 RT data (293 K) showed that the differential gain and transparency cur-
rent were highly dependent on the laser active region strain. Heavily strained 
devices demonstrated an increase in differential gain from 120 cm  −   1 /A up to 
250 cm  −   1 /A, and a reduction in transparency current from 120 mA down to 
60 mA, as compared to moderately strained lasers. A two-fold difference 
in the differential gain and transparency current accounts for the two-fold 
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reduction in RT threshold current of the heavily strained devices. At low 
temperatures, the differences in both the differential gain and transparency 
current between moderately and heavily strained lasers tended to decrease. 
At 200 K, the transparency current values for both types of the devices 
were about 30 mA, while the differential gain increased up to 730 cm  −   1 /A 
for heavily strained lasers and up to 390 cm  −   1 /A for moderately strained 
ones. The similar values of the transparency currents and high values of the 
differential gains lead to a small relative difference in threshold currents, 
namely 60 mA for heavily strained and about 80 mA for moderately strain 
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devices. When the temperature decreased below 200 K the difference in 
threshold currents between moderately and heavily strained lasers tended 
to disappear. 

 The effect of strain on laser performance can be illustrated by calculating 
the modal optical gain in structures with moderate (1%) and high (1.5%) 
level of compressive strain in the active QWs. According to our estimation, 
the hole confi nement in the fi rst structure was insuffi cient, with valence 
band QW depth for heavy holes of only 35 meV. In the second structure, 
which was designed for the same lasing wavelength, the arsenic concentra-
tion in QW was lowered, thus increasing the QW compressive strain. Due 
to combined effect of reduced arsenic concentration and increased QW 
strain, the confi ning barriers for the heavy holes in the highly compressed 
QW increased up to 105 meV. Calculations prove that this improvement 
in hole confi nement was primarily responsible for the enhancing the opti-
cal gain, while the additional strain-induced subband DOS balancing was 
only of secondary importance. The Schr ö dinger equation system was solved 
self-consistently with the Poisson equation iteratively. During each itera-
tion, the hole populations and Fermi distribution functions were recalcu-
lated, taking into account the thermal redistribution of holes between QW 
and barrier states. In all the modeled structures, electrons were strongly 
localized in conduction band QWs, predominantly occupying states in the 
lowest electronic subband. 

  Figure 11.16  illustrates the electron and hole DOS distribution in 
GaSb-based QW heterostructures.  Figure 11.16a  shows energy subbands 
(left panel) and subband DOS (right panel) in a reference lattice matched 
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(unstrained) Al 0.50 Ga 0.50 As 0.04 Sb 0.96 /Ga 0.80 In 0.20 As 0.20 Sb 0.80  QW hetero-
structure. Electron and hole subbands have noticeably different DOS in 
unstrained QW due to the anticrossing between second (heavy-hole) and 
third (light-hole) valence subbands, which induces strong subband non-
parabolicity.  Figure 11.16b  demonstrates a much better balance between 
lower electron and upper hole subband DOS in the Al 0.25 Ga 0.75 As 0.02 Sb 0.98 /
Ga 0.65 In 0.35 As 0.09 Sb 0.91  heterostructure (heavily strained laser in section III), 
with highly compressively strained QW (strain 1.5%). All three upper hole 
subbands in this heterostructure are of the heavy-hole type in the Brillouin 
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zone center, and no anticrossing effects are visible in the subband DOS 
structure.    

 Bold lines in the lower part of  Figure 11.16b  represent the valence sub-
bands (left panel) and the subband DOS (right panel) for QW with a higher 
arsenic concentration (17%) and lower strain (1%). This structure is char-
acterized by a heavy-hole QW depth of only 35 meV. It is readily seen, how-
ever, that the DOS at the upper subband edge in this shallow QW does not 
differ noticeably from the DOS of the uppermost states in the deeper QW. 
The main difference between the two structures is the hole confi nement, 
which is signifi cantly lower in structure with lower strain and higher arsenic 
contents. 

 The QW depth for electrons is more than adequate in both structures, 
so that the electrons predominantly occupy the lowest electronic subband 
with negligible thermal redistribution into the higher subbands, even at 
RT. A defi cit in hole confi nement in the moderately strained structure 
( Figure 11.17a ), combined with high valence band DOS in bulk waveguide 
layers, leads to strong thermal hole redistribution and reduces the popula-
tion of the hole lasing states. Since the electrons are strongly localized in 
deep conduction band QWs, the thermal redistribution of holes between 
the shallow valence band QWs and the optical waveguide layers creates 
Coulomb barriers, which can improve hole confi nement to some extent. 
Even in this case, however, the bulk heavy-hole states of the waveguide 
material with high DOS remain energetically close to the lasing states in 
the uppermost hole subband and, therefore, unfavorably affect the popu-
lation of the lasing states.    

 In compressively strained GaInAsSb QWs with low arsenic content, the 
heavy-hole states move upwards, thus making the heavy-hole QW deeper. 
Improved hole confi nement, in turn, reduces the thermally activated hole 
redistribution between the QW subbands and the adjoining bulk barrier 
states and, therefore, increases the occupation of the uppermost hole sub-
band states participating in the lasing transition. Improved hole confi nement 
ultimately enhances the laser differential gain and reduces the threshold 
current density.  Figure 11.17b  shows peak modal gain calculated at 100, 200 
and 300 K as a function of the injected carrier concentration for structures 
with moderate strain (dashed lines) and heavy strain (solid lines). Structures 
with heavily strained QWs, and hence better hole confi nement, demonstrate 
higher differential gain and lower transparency concentration compared to 
moderately strained structures. Reducing the laser threshold concentration 
in structures with heavily strained QWs also minimizes the contribution of 
the Auger processes, though it cannot eliminate them completely. The car-
rier concentration required to reach the lasing threshold increases with tem-
perature. In moderately strained structures with inadequate valence band 
offset, an extra carrier injection is required a set of closely separated hole 
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subbands with inherently large DOS. A corresponding increase in threshold 
carrier concentration triggers Auger processes, which in turn increases the 
laser threshold current density, and worsens the temperature stability of the 
device.   

  11.3     Diode lasers for spectral range above 3 μm 

 Diode lasers operating in the spectral region above 3  µ m are used for a vari-
ety of applications. Many important gases and other chemical agents can 
be remotely detected by tunable laser spectroscopy in this spectral region. 
For instance, methane, ethane, acetylene, methanethiol, dimethyl sulfi de, 
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hydrogen cyanide, etc. absorb strongly between 3 and 4 µm. Analysis of con-
centrations and isotopic composition of these gases provides key information 
on  geochemical processes, atmospheric photochemistry, and hydrothermal 
and biological activity. High power   λ    ≥  3 µm beams are required for medical 
therapy, laser surgery, infrared illumination, countermeasures, etc. Compact, 
effi cient and low cost diode lasers are often desirable components for system 
realization. High power diode lasers can be used either directly or as pumps 
for solid state/fi ber/nonlinear hosts. In many cases, CW operation of diode 
lasers is either necessary or at least preferred. Laser operation at or near RT 
dramatically simplifi es system design. The voltage drop across the diode laser 
heterostructure is about 1.5 V, and is used to achieve population inversion in 
the active region and to send current through auxiliary layers. 

 The GaInAsSb QWs composition in GaSb-based diode lasers emitting 
above 3 µm ranges from 50 to 60% In and from 20 to 30% As. Mid infrared 
diode lasers at wavelengths above 3 µm suffer from temperature sensitivity 
of both threshold current and external effi ciency. Several factors contribute 
to undesirable temperature sensitivity, including free carrier absorption and 
Auger recombination. Besides these fundamental factors, there may also be 
heterostructure defi ciencies. These can cause hetero-barrier carrier leakage 
into the cladding, carrier accumulation in the waveguide core, and thermal 
population of useless energy states inside and close to the active QWs. Such 
defi ciencies can be eliminated by improving material quality and by design-
ing laser heterostructures with strong carrier confi nement. 

 It is easy to arrange for a conduction band offset above 300 meV in 
GaInAsSb QWs with AlGaInAsSb barriers. In 300 meV deep and 10–15 nm 
wide QWs, with the second subband quantized away by more than 100 meV, 
only one electron subband is populated at RT. At the same time, the valence 
band offset can easily become inadequate in a GaSb-based material system. 
The heavy-hole subband separation is also low; about 15 meV between the 
two topmost subbands. Valence band states in the barriers and higher order 
hole subbands can unfavorably increase the number of states available for 
population in the valence band. One critical design task is to minimize the 
number of states in the valence band that are available for population. 

 The in-plane effective mass in the fundamental heavy-hole subband can 
be reduced almost to the level of electron effective mass by compressive 
strain of about 1%. The strain values beyond that range have little effect on 
the band-edge heavy-hole DOS, since at such high strain the heavy-hole and 
light-hole subbands are already well separated in energy. The population 
of the second heavy-hole subband is minimized by use of relatively nar-
row QWs. The barrier state population should be minimized by constructing 
QWs with adequate hole confi nement energies. 

 Performance of the GaSb-based type-I QW diode laser with wavelengths 
above 2.5 µm was improved when the quinternary AlGaInAsSb alloy 
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replaced quaternary AlGaAsSb as a barrier material. An increase in the As 
composition in any Sb-based alloy tends to lower the position of the valence 
band on the absolute energy scale. The requirement for strong hole con-
fi nement can thus be realized by minimizing As composition in GaInAsSb 
QW and maximizing As composition in AlGaInAsSb barrier materials. 
This can be achieved by maximizing the compressive strain in quaternary 
QW and by maximizing In and Al compositions in the quinternary barrier 
materials. QWs under compressive strain require less As and benefi t from 
heavy − light hole splitting. Quinternary AlGaInAsSb alloys with increased 
In and Al compositions require more As to maintain lattice matching to the 
GaSb substrate. 

  Figure 11.18  illustrates the benefi ts of using quinternary AlGaInAsSb bar-
riers in 3.1 µm lasers. Replacement of the quaternary Al 0.35 Ga 0.65 As 0.03 Sb 0.97  
with quinternary Al 0.2 Ga 0.55 In 0.25 As 0.24 Sb 0.76  barrier alloy improves the hole 
confi nement by about 100 meV ( Fig. 11.18a ) and leads to a two-fold reduc-
tion in RT threshold current density ( Fig. 11.18b ). Again, at low tempera-
tures, the difference tends to disappear since the hole confi nement offered 
by both types of barriers becomes equally adequate.    

 It should be noted that neither detailed studies of the optical proper-
ties nor detailed development of the growth procedure of the quinternary 
AlGaInAsSb material have yet been performed. Carrier transport issues were 
identifi ed in the course of optimization of the laser waveguide heterostruc-
ture with the aforementioned quinternary alloy as a waveguide core. Three 
laser heterostructures were grown with Al 0.2 Ga 0.55 In 0.25 As 0.24 Sb 0.76  waveguide 
core widths of 470 nm, 1070 nm and 1470 nm. The lasers emit near 3 µm at 
RT. Laser heterostructure parameters, other than the waveguide core widths, 
were nominally kept the same for all three lasers.  Figure 11.19a  shows pulsed 
(200 ns, 10 kHz) light–current characteristics measured at RT for 1 mm long 
uncoated devices (Hosoda  et al .,  2009 ). The light − current characteristics 
demonstrate the roll-over for all three structures that becomes more severe 
as the waveguide width increases.  Figure 11.19b  shows the threshold current 
densities measured in a wide temperature range for three structures. At 150 K 
all three devices have very low threshold current densities of about 25 A/cm 2 , 
which increases with temperature at rates dependent on waveguide width. 
At 300 K the threshold current density is more than twice as high for devices 
with the widest waveguide than for lasers with the narrowest one.    

 Roll-over of the light–current characteristics in devices with broadened 
waveguides can be accounted for by the carrier transport constraints in the 
waveguide region. Accumulation of the free carriers in waveguide regions 
between claddings and two-QW active can lead to reduction of the slope 
effi ciency due to both free carrier absorption and recombination. 

 Analysis of the effect of waveguide width on the threshold current den-
sity on should take into account the distribution of the optical fi eld in the 
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laser heterostructure. Changing the optical fi eld distribution leads to 
a 1.7 times higher optical confi nement factor in lasers with 470 nm wide 
waveguides compared to devices with 1470 nm wide ones. Enhancing the 
optical confi nement factor should improve differential gain in narrow 
waveguide lasers. 

  Figure 11.20a  shows the experimental dependences of the peak modal 
gain on current for all types of lasers measured by the Hakki − Paoli method. 
In devices with very narrow waveguides, the differential gain is about 2.5 times 
higher than in those with the widest waveguide, that is, the experimental 
rate of the differential gain increase exceeds the growth of the optical 

–0.5

0.0

0.5

1.0

1.5(a)

(b)

λ ~ 3.1 μm

Quinternary

Quaternary

hh1

e1

Ec

Ev

E
ne

rg
y 

(e
V

)

150 200 250 300 350
0

500

1000

1500

2000

Quaternary WG

Quinary WG

200 ns/100 kHz
Stripe 100 μm

T
hr

es
ho

ld
 c

ur
re

nt
 d

en
si

ty
 (

A
/c

m
2 )

Temperature (K)

Al0.35Ga0.65As0.03Sb0.97

Al0.20In0.25Ga0.55As0.24Sb0.76

In0.54Ga0.46As0.24Sb0.76

 11.18      (a) Calculated band alignment for 3.1  µ m emitting lasers. Solid 

line shows the band edges for QW materials and for quinternary 

AlInGaAsSb barriers. The dashed line shows the band-edge position 

for quaternary AlGaAsSb alloys. (b) Temperature dependences of the 

threshold current density for 3.1 μm emitting lasers with AlGaAsSb 

quaternary and AlGaInAsSb quinternary barriers.  

�� �� �� �� �� ��



 GaSb-based type-I quantum well diode lasers 469

© Woodhead Publishing Limited, 2013

confi nement factor. The enhancement in differential gain is facilitated by 
improved device injection effi ciency ( Fig. 11.20b ). Since the diffusion cur-
rent through a narrowed waveguide can be supported by lower carrier 
concentration, the waveguide recombination current is smaller in devices 
with 470 nm wide waveguides than in lasers with 1070 and 1470 nm wide 
waveguides.  Figure 11.20b  shows that, as expected, the broadening of the 
waveguide reduced internal loss. However, the combined effects of carrier 
transport through the waveguide and reduction of the multiple quantum 
well (MQW) optical confi nement factor did not allow the 3  µ m lasers to 
benefi t from associated internal optical loss reduction. This indicates the 
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possibility of further device performance enhancement after detailed mate-
rial development studies are completed, and perhaps the carrier mobility in 
quinternary materials might improve.    

  11.3.1      CW RT operation of 3–3.4 μm multimode 
diode lasers 

 Laser heterostructures with heavily compressively strained QWs with quin-
ternary barriers were developed to produce diode lasers operating at RT in 
a CW regime in spectral regions from 3 to 3.4 µm. The heterostructures were 
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grown by solid-source MBE on tellurium-doped GaSb substrates. The clad-
dings were Al 0.85 Ga 0.15 As 0.07 Sb 0.93  doped with tellurium and beryllium for n– 
(2.5 µm thick) and p-cladding (1.5 µm thick), respectively. The doping level 
of the part of the p-cladding layer adjacent to the waveguide was kept to 
around 10 17  cm  −   3  to reduce internal losses associated with free hole absorp-
tion. Wafers were processed into 100  µ m wide index-guided ridge lasers by 
wet etching the top-cladding layer outside the current stripe. The values 
of the empirical parameters  T  0  and  T  1,  which characterize the exponential 
dependences of the laser threshold current and slope effi ciency on tempera-
ture, were measured in a pulsed regime near 300 K for 1 mm long uncoated 
lasers. For CW characterization, the coated lasers were indium-soldered 
epi-side down. 

  Figure 11.21a  shows the CW RT light–current and power-conversion 
characteristics of 3 µm emitting lasers. The laser active region comprised 
two 11 nm wide, 50 nm spaced GaInAsSb QWs with a nominal indium 
composition of 50% and a compressive strain of 1.7%. The barrier and 
waveguide material was Al 0.20 Ga 0.55 In 0.25 As 0.24 Sb 0.76  quinternary.    

 The total width of the waveguide region (from n-cladding to p-cladding) 
including double-QW active was about 570 nm. Laser mirrors were cleaved 
and coated to obtain mirror refl ectivity of below 5% for AR and above 
90% for high refl ection (HR). The maximum power of 360 mW was 
achieved at the current of 4.6 A at coolant (water) temperature of 17°C. 
The power-conversion effi ciency was better than 4% for the whole range 
of operation, with the maximum value approaching 9% at an output power 
level of about 120 mW. The CW threshold current density was 200 A/cm 2  
(100 A/cm 2  per QW). The voltage drop across the laser heterostructure was 
below 1.4 V at the maximum output power level. Parameters  T  0  and  T  1  are 
50 K and 200 K, respectively. The current dependence of the modal gain 
spectra is shown in  Figure 11.21b . The internal optical loss of 4–5 cm  −   1  was 
estimated from the long-wavelength part of the gain spectrum, assuming 
mirror losses of about 12 cm  −   1 . The transparency current density was below 
100 A/cm 2 . 

  Figure 11.22a  shows the CW RT light − current and power-conversion 
characteristics of 3.1 µm emitting lasers. The laser active region comprised 
three 13 nm wide 1.6% compressively strained InGaAsSb QWs separated 
by 50 nm wide barriers. Quinternary Al 0.20 Ga 0.55 In 0.25 As 0.24 Sb 0.76  was used in 
both the barriers and waveguide. The nominal indium composition of QWs 
was more than 50%. The total undoped waveguide core width was about 
650 nm from p-cladding to n-cladding.    

 A maximum CW output power of 190 mW was achieved using a 3.8 A 
current at a coolant (water) temperature of 17°C. The power-conversion 
effi ciency was better than 2% for the whole range of operation, with a maxi-
mum value of more than 4% at an output power level of about 100 mW. The 
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CW threshold current density was 350 A/cm 2  (about 120 A/cm 2  per QW). 
The internal loss is estimated to be about 8 cm  −   1  ( Fig. 11.22b ). The values of 
the parameters  T  0  and  T  1  are 34 K and 74 K, respectively. 

  Figure 11.23a  shows the CW RT light–current and power-conversion 
characteristics of 3.2 µm emitting lasers. The active layer consists of three 
13 nm wide InGaAsSb compressively strained QWs (1.6%) separated by 
50 nm wide barriers. The nominal indium composition of QWs was near 
55%. The total undoped waveguide core width was about 650 nm from 
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p-cladding to n-cladding. A maximum power of 165 mW was achieved with 
a 4.2 A current at a coolant (water) temperature of 17°C. The CW thresh-
old current density was less than 400 A/cm 2  (about 130 A/cm 2  per QW). The 
voltage drop across the laser heterostructure was below 1.5 V at the maxi-
mum output power level. The internal loss is estimated to be about 9 cm  −   1  
from  Fig. 11.23b .    

 Quinternary Al 0.22 Ga 0.46 In 0.32 As 0.30 Sb 0.70  was used in the barriers and wave-
guide. The increase in indium content in the barriers from 25% to 32% 
raised the valence band offset between QWs and the barriers. The experi-
ment showed that using 32% indium in the AlGaInAsSb barrier improves 
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pulsed regime (200 ns/2 MHz) (Hosoda  et al .,  2010a ).  
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the characteristics of 3.2 µm emitting lasers.  Figure 11.24  plots the current 
dependences of the peak modal gain measured for 3.1 µm emitting laser 
heterostructures ( Fig. 11.22 ) and 3.2 µm emitting lasers heterostructures 
with different barrier compositions, that is, the same as in typical 3.1 µm 
emitters but with increased In and As content. Clearly, an increase in In and 
As improved differential gain and decreased threshold current densities.    

 Diode lasers, emitting in the spectral region between 3.1 and 3.3 µm and 
with adequate hole confi nement, operated in CW up to above 40°C ( Fig. 
11.25 ).  Figure 11.26a  shows the CW RT light − current and power-conversion 
characteristics of 3.4 µm emitting lasers. The active region consisted of three 

0 1 2 3 4 5
0

50

100

150

200(a)

(b)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

165 mW 

P
ow

er
 (

m
W

) 

Current (A)

3.15 3.20 3.25

1.5 A 

λ (μm)

V
ol

ta
ge

 (
V

)

0.37 0.38 0.39 0.40 0.41
–30

–20

–10

0

T = 17°C
Cavity 1 mm
Stripe 100 μm
Uncoated     

80

140

200

260

320

380 mA

M
od

al
 g

ai
n 

(c
m

–1
)

Photon energy (eV)

T = 17°C
CW
Cavity 2 mm
Stripe 100 μm
AR/HR   

 11.23      (a) Light–current and voltage–current characteristics measured in 

CW regime at 17°C for 2 mm long, 100  µ m wide, AR/HR coated diode 

lasers emitting near 3.2  µ m; (b) current dependence of the modal gain 

spectra for corresponding 1 mm long, 100  µ m wide, uncoated lasers 

measured in pulsed regime (200 ns/2 MHz) (Hosoda  et al .,  2010a ).  
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13 nm wide, 1.5% compressively strained In 0.57 Ga 0.43 As 0.29 Sb 0.71  QWs sep-
arated by 50 nm wide Al 0.22 In 0.32 Ga 0.46 As 0.30 Sb 0.70  barrier layers. The wave-
guide core was formed by a 250 nm wide barrier alloy on both sides of 
active region. More than 40 mW of CW output power was obtained at 12°C. 
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Increasing the heatsink temperature to 27°C led to a two-fold increase in 
threshold current. Voltage drop across the laser heterostructure was below 
1.5 V at the maximum output power level. More than 5 mW of CW output 
power was available at 27°C with a wavelength near 3.44 µm. The internal 
loss is estimated to be about 9 cm  −   1  ( Fig. 11.26b ).       

 The increase in laser wavelength from 3 to 3.4 µm was accompanied by a 
three-fold rise in threshold current density and a corresponding reduction 
of the device effi ciency. Increasing individual Auger recombination events 
three-fold is hardly feasible when the bandgap is reduced by only about 10%. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

10

20

30

40

50

27°C

22°C

17°C

12°C 

CW
cavity 2 mm
stripe 100 μm
AR/HRP

ow
er

 (
m

W
)

Current (A)

3.35 3.40 3.45

1.2 A
17°C

λ (μm)

(a)

(b)

V
ol

ta
ge

 (
V

)

0.35 0.36 0.37 0.38 0.39
–30

–20

–10

0
T = 17°C
cavity 1 mm
stripe 100 μm
uncoated

130

230

330
430

530

Photon energy (eV)

630 mA

M
od

al
 g

ai
n 

(c
m

–1
)

 11.26      (a) Temperature dependence of light–current characteristics and 

voltage–current characteristics (17°C) measured in CW regime for 2 mm 

long, 100  µ m wide, AR/HR coated diode lasers emitting near 3.4  µ m; 

(b) current dependence of the modal gain spectra for corresponding 

1 mm long, 100  µ m wide, uncoated lasers measured in pulsed regime 

(200 ns/2 MHz) (Hosoda  et al .,  2010b ).  
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However, to reduce the active region bandgap by 10% the GaInAsSb QWs 
of 3.4 µm lasers were made wider and incorporated more indium than QWs 
of 3 µm lasers. Extra indium requires extra arsenic to maintain pseudomor-
phic growth. Increased As concentration moves the QW valence band edge 
down on the absolute energy scale, thus degrading the hole confi nement. 
 Figure 11.27  illustrates this trend by plotting the compositional dependence 
of the band-edge positions of the GaInAsSb alloy with 1.5% compressive 
strain.    

 Increasing the QW indium contents from about 25% (2.2 µm RT emission 
wavelength in 10–15 nm wide QWs) to about 60% (3.5–4 µm RT emission 
wavelength) lowers the QW valence band edge by about 200 meV. Unless 
the barrier material is correspondingly adjusted, the hole confi nement 
will degrade and can even completely disappear. Poor hole confi nement 
increases the number of states in the valence band available for thermal 
population, thus increasing threshold carrier concentration and triggering 
the Auger, as well as other temperature-activated processes that are detri-
mental to high power RT operation of diode lasers.   

  11.4     Metamorphic GaSb-based diode lasers 

 The poor hole confi nement in QWs made of In-rich GaInAsSb alloys can be 
somewhat improved if QWs are grown on substrates with lattice constants 
greater than those of GaSb.  Figure 11.28a  illustrates this concept by plotting 
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 11.27      Calculated positions of the band edges on absolute energy scale 

for GaInAsSb QW alloy with 1.5% compressive strain with respect to 

GaSb substrate (Belenky  et al .,  2011 ).  
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the band edges for 1.5% strained QW containing 60% indium. Calculations 
predict an increase in the absolute position of the valence band edge in 
about 100 and 200 meV when the reference lattice constant is increased, 
correspondingly, by 1% and 2% from that of GaSb.  Figure 11.28b  plots band 
edges of the quinary AlGaInAsSb barrier material lattice matched to this 
new lattice. Increase of the lattice constant of AlGaInAsSb quinary alloy 
can be achieved by replacing Ga with In while keeping the As composition 
unchanged. Thus, if the reference lattice constant is increased from that of 
GaSb, the QW As composition can be reduced while that of the barrier 
remains unchanged.    
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 11.28      Calculated positions of the band edges on absolute energy scale 

for: (a) Ga 0.4 In 0.6 As  y  Sb 1   −    y   QW alloy with  y  adjusted to have 1.5% of strain 

on the virtual substrate; (b) Al 0.25 Ga  x  In 0.75   −    x  As 0.1 Sb 0.9  barrier alloy with  x  

adjusted to lattice match to the virtual substrate (Belenky  et al .,  2011 ).  
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 The availability of high-quality virtual substrates with lattice constants 
larger than those of GaSb would allow for the development of mid infra-
red laser heterostructures with improved carrier confi nement in the active 
region, which would extend operating wavelengths and enhance output 
power levels for the GaSb-based type-I QW diode lasers. One possible 
way of increasing the reference lattice constant from that of GaSb is to use 
GaInSb or AlGaInSb alloys as substrates (Pease  et al .,  2003 ). The corre-
sponding bulk substrates are not currently available. Metamorphic MBE 
can be used to grow GaInSb or AlGaInSb virtual substrates with designed 
lattice constants on top of GaSb substrates. The lattice constant can be 
adjusted by varying In content. Graded buffers can be used to accommo-
date lattice mismatch between parent and virtual substrates and confi ne the 
corresponding misfi t dislocation network (Tersoff,  1993 ). 

 Linearly graded GaInSb buffers have been developed and Ga 0.84 In 0.16 Sb 
virtual substrates with lattice constants ~0.8% bigger than that of GaSb real-
ized. The virtual substrates were grown on top of 2  µ m thick GaInSb buffer 
layers. The buffer layers had linearly graded native lattice constants.  Figure 
11.29a  shows the (004)   θ  /2 − θ   scan measured for the epi structure containing 
a 500 nm thick Ga 0.84 In 0.16 Sb virtual substrate with a lattice constant 0.8% 
larger than that of GaSb (Kipshidze  et al .,  2011 ).    

 The rightmost intensive peak corresponds to the GaSb substrate. The fl at 
shoulder to the left of the substrate peak corresponds to the graded buffer. 
The refl ex from the Ga 0.84 In 0.16 Sb virtual substrate layer can be clearly seen. 
Intensive photoluminescence was observed at RT from the test structure 
grown directly on top of the virtual substrate ( Fig. 11.29b ). The test struc-
ture consisted of two 10 nm wide compressively strained Ga 0.65 In 0.35 Sb QWs 
separated by 50 nm of Al 0.25 Ga 0.64 In 0.11 Sb alloy.  Figure 11.29c  shows a cross 
sectional transmission electron microscopy micrograph of the test structure 
grown on the virtual substrate. The misfi t  dislocation network is fully con-
fi ned to the bottom 1500 nm of the graded buffer layer. 

 A virtual substrate with an 0.8% bigger lattice constant than that of GaSb 
was used to demonstrate the compatibility of metamorphic growth with 
high power diode laser technology, particularly high power 2.2 µm lasers. 
The laser heterostructures, designed for operation at a wavelength of 2.2  µ m, 
were grown on the Ga 0.84 In 0.16 Sb virtual substrate. The laser active region and 
the waveguide core resembled the test structure described above. The n- and 
p-cladding layers were Te- and Be-doped Al 0.85 Ga 0.07 In 0.08 Sb. To create the 
graded bandgap, heavily doped transition layers were introduced between 
the substrate and the n-cladding and between the p-cladding and the 
p-Ga 0.84 In 0.16 Sb cap layers.  Figure 11.30  plots the power and power-conversion 
characteristics measured for diode lasers with cavity lengths of 2 and 3 mm.    

 The devices demonstrate a CW threshold current density of below 150 
A/cm 2  at 20°C. The maximum CW output power above 1.4 W was obtained 
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 11.29      (a) High resolution x-ray diffraction (HRXRD) (004)     /2 −    scan 

of an unstrained Ga 0.84 In 0.16 Sb virtual substrate grown on a GaInSb 

graded buffer layer; (b) RT PL spectrum of the test structure grown on 

the virtual substrate (PL –  photoluminescence); (c) XTEM of the test 

structure grown on the virtual substrate (Kipshidze  et al .,  2011 ).  
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from 3 mm long lasers at 20°C. The power-conversion effi ciency peaked at 
about 20% and remained above 10% at the maximum output power level. 
Parameters  T  0   ≈  70 K and  T  1   ≈  230 K were measured in the temperature 
range from 20 to 70°C for 1 mm long uncoated lasers under a pulsed regime. 
The voltage drop across the laser heterostructure remained below 2 V at 
the maximum output power level. It should be noted that devices were 
processed using a standard double-side contact diode laser technology, in 
which current fl ows through the virtual substrate and the graded buffer 
layer. Relatively low voltage drops measured across the metamorphic 
laser heterostructures indicate that the strain relaxed section of the graded 
GaInSb buffer does not obstruct the current fl ow.  
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  Abstract : This chapter discusses relevant concepts, material systems, 
quantum well structures, and physical processes involved in interband 
cascade (IC) lasers, reviewing their development from original concept to 
practical devices. Recent progress and new developments are presented. 
Future prospects for IC lasers are also discussed. 

  Key words : mid infrared, quantum wells, diode lasers, antimonide, type-II 
heterostructure.  

   12.1     Introduction 

 At a conference in 1994, the same year when the intersubband quantum 
 cascade (QC) laser  1   was fi rst reported, the concept of the interband cascade 
(IC) laser was initially proposed  2   for realizing an effi cient mid infrared (IR) 
semiconductor laser source. Since then, the development of IC lasers has been 
pursued by a number of groups, and signifi cant progress in device performance 
has been made, particularly in recent years.  3   –50  The achievements include the 
development of thermoelectrically-cooled single-mode distributed feedback 
(DFB) continuous wave (cw) IC lasers  28   ,   29   in hermetically sealed packages, 
and the demonstration of cw IC lasers above room temperature (up to 380 K) 
with low power consumption (e.g., <0.1 W at room temperature).  37   –   44   ,   50   
DFB IC lasers have been used in laboratories and in the fi eld for detec-
tion of important gas molecules such as CH 4 , HCl, H 2 CO, and C 2 H 6 .  24   ,   51   –   55   
This chapter will discuss relevant concepts, material system, quantum well 
structures, and physical processes involved in IC lasers. In Section 12.2, we 
describe the general operating principle of IC lasers. In Section 12.3, we 
review their early development and challenges, from original concept to 
practical devices. In Section 12.4, we present some recent progress and new 
developments. Future prospects for IC lasers and concluding remarks are 
given in Section 12.5.  
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  12.2     Operating principle of interband cascade (IC) 
lasers 

 In contrast to conventional diode lasers, where multiple active quantum 
wells (QW) are connected in parallel for carrier injection, IC lasers have 
their multiple active regions connected in series such that the entire IC 
laser structure, under a forward bias, forms an energy staircase as shown in 
 Fig. 12.1 . Hence, every injected electron is able to emit an additional pho-
ton when it cascades down each stage, leading to high quantum effi ciencies 
(>1, defi ned by the number of photons generated per electron) similar to 
intersubband QC lasers.  1   The idea of utilizing a cascade structure to achieve 
a quantum effi ciency greater than unity is not original in IC (or QC) lasers. 
Rather, it was explicitly pointed out in 1982 by van der Ziel and Tsang  56   
when they studied monolithic integrated GaAs diode lasers with tunnel 
junctions. However, in the confi guration that van der Ziel and Tsang stud-
ied, the diode lasers were separated in different optical waveguides, while 
in IC (and QC) lasers all the active regions are in the same waveguide, and 
the differential gain increases with the number of cascade stages ( N   c  ).    

 In contrast to the conventional parallel confi guration, the threshold volt-
age ( V  th ) of IC lasers is proportional to the number of cascade stages. The 
required forward bias is no less than  N   c   hv/e , where  hv  is the photon energy 
and  e  is the electron charge. Ideally, if the transparency current could be 
ignored, the operating current of an IC laser would be  N   c   times less than 
that in an equivalent parallel diode laser. Hence, IC lasers essentially trade 
higher threshold voltage for lower threshold current. This trade yields an 
electric power consumption from parasitic resistance (e.g., from contact 
and cladding regions) that is  N   c   2  times less compared to the parallel diode 
laser structure,  3   ,   44   suggesting more effi cient operation of cascade lasers 
compared to conventional parallel diode lasers. In practical circumstances, 
a cascade laser may not follow such an exact trade-off between the current 
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 12.1      Illustration of the IC laser under a forward bias.  
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and voltage, due to the fi nite transparency current and other factors. 
Nevertheless, the cascade structure preserves advantages over the conven-
tional parallel confi guration, especially for longer wavelength lasers, where 
the photon energy  hv  is smaller, and both suitable optical confi nement and 
suffi cient gain require larger  N   c  . The voltage drop across the parasitic resis-
tance and, therefore, the electrical power wasted on the parasitic resistance 
of a conventional parallel diode laser becomes a larger percentage of the 
applied voltage and total power dissipation. With the cascade confi gura-
tion, the entire structure is effectively equivalent to a semiconductor with a 
bandgap that is approximately equal to  N   c   hv  in terms of the voltage usage. 
As such, the percentage of applied voltage across the parasitic resistance 
from the contact and cladding regions is reduced signifi cantly, leading to 
a high voltage effi ciency (  η    v    =   N   c   hv/ ( eV  th )) in a cascade laser. Also, with 
more active QWs, the injected carriers cannot be uniformly distributed 
to all photon-emission regions in a conventional parallel laser and the 
band-fi lling effect may be substantial at high current injection. These fac-
tors will signifi cantly lower the performance of conventional parallel lasers 
in the longer wavelengths. However, identical injection of carriers to each 
active region can be ensured by the series connection in the cascade laser 
structure and the carrier concentration required for threshold is lower than 
in conventional parallel diode lasers. Consequently, the band-fi lling effect 
and losses are reduced in cascade laser confi gurations. 

 Although IC and QC lasers both have the advantage of reusing elec-
trons to generate multiple photons with high quantum effi ciencies, there are 
important differences in the nature of the optical transition. In contrast to 
QC lasers, where fast phonon scattering is inherent to intersubband transi-
tions, IC lasers emit photons based on transitions between conduction and 
valence bands with opposite dispersion curvatures, as shown in  Fig. 12.1 . As 
such, IC lasers circumvent the fast phonon scattering, but, like other inter-
band diode lasers, they may encounter signifi cant Auger recombination. 
Nevertheless, Auger recombination is usually slower than the optical pho-
non scattering in the mid IR spectrum (e.g., 3–5  µ m). Consequently, popu-
lation inversion can be well established between two interband transition 
states in IC lasers  3   without using the fast phonon-mediated depletion as in 
QC lasers.  1   Therefore, excess voltage, threshold current density and power 
consumption can be signifi cantly lowered in IC lasers. 

 IC lasers can be constructed from the nearly lattice-matched InAs/
GaSb/AlSb III-V material system. In this material system, the conduc-
tion band-edge of InAs is lower in energy than the valence band-edge of 
GaSb and they form a semimetal-like hetero-interface – a unique feature 
in type-II broken-gap heterostructure, QWs, and superlattices (SLs).  57   –   59   
Such a characteristic band-edge alignment leads to some properties and 
applications that are distinctive from type-I QWs and SLs. An excellent 
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review on the development of type-II InAs/GaSb SLs from historic per-
spectives and their applications in detectors is given by Ting  et   al .  60   As 
pointed out below, this broken-gap alignment facilitates the effi cient 
interband tunneling needed for reusing injected electrons in IC lasers.  2   ,   3   
The schematic energy band-edge diagram of a typical type-II IC laser 
structure under a forward bias is shown in  Fig. 12.2 , where repeated active 
regions are separated by  n -type injection regions consisting of digitally 
graded InAs/Al(In)Sb multilayers. Each active region comprises InAs/
GaInSb type-II QWs, where optical transitions occur between the con-
duction states  E   e   and the valence state  E   h   with their wave-functions resid-
ing mainly in InAs and GaInSb layers, respectively. The InAs QW layer 
is designed to have the ground electron level  E   e   positioned within the 
bandgap of GaInSb as shown in  Fig. 12.2 . As such, the electrons injected 
from an injection region in the left hand side to the level  E   e   are essen-
tially blocked from directly tunneling out by the GaInSb, AlSb and GaSb 
layers, which effectively suppresses the current leakage from the upper 
energy state to the injector of the next stage. Thus, the only likely way for 
electrons to reach the next stage is to make interband transitions to the 
valence state  E   h   that is above the conduction band-edge of InAs. Following 
the transition, electrons go through the valence band GaSb QW and then, 
through interband tunneling, arrive in the conduction band of the injec-
tion region in the next cascade stage, ready to be reused for additional 
photon emissions. In this electron transport recycling process, the type-II 
band alignment between InAs and GaSb plays an important role in facil-
itating the interband tunneling from one stage to the next. One can view 
the type-II hetero-interface as a semimetal source of injecting electrons 
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 12.2      Schematic energy band-edge diagram for an IC laser.  
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and holes  61   ,   62   and consider the GaSb QW (adjacent to the electron injec-
tion region) as the hole injector.  3   ,   44      

 Owing to the type-II broken-gap band alignment in the InAs/GaSb mate-
rial system, the energy separation between states  E   e   and  E   h   can be changed 
from a few meV to 700 meV by manipulating the InAs and GaInSb QW 
layer thickness. Hence, excellent carrier confi nement can be obtained in this 
III-V compound material system and the lasing wavelength of IC lasers can 
be tailored by merely adjusting QW thickness, enabling a wide range of 
spectral coverage that includes the important 3–12 µm region. 

 One possible drawback of using type-II QWs as the active region is the 
reduced wave-function overlap between two interband transition states, lead-
ing to a smaller gain compared to that in type-I QW lasers where the electron 
and hole wave-functions are localized in the same layer. Nevertheless, due 
to the broken-gap band alignment (as circled out in  Fig. 12.2 ) and the small 
electron effective mass of InAs, the electron wave-function penetration into 
the GaInSb layer is suffi cient for obtaining gain for lasing. To enhance the 
wave-function overlap, a ‘W’ shape type-II QW,  63   that is, inserting an extra 
InAs layer adjacent to the right hand side of GaInSb as shown in  Fig. 12.3 , 
can be introduced to increase the gain in IC lasers.  7   –   9   An example of such 
a W-QW IC laser was given in Reference  9  with detailed layer sequence 
(thickness in  Å ) as:

   18 /19/ 32 /13/ 10 / 60 / 15 / 40 / 15 /40/ 15 /70/ 14 /51/ 12 /43/ 12 /35/ 13 /30/ 13 /26/ 14 /23/ 14 /21  

 for one cascade period, where bold numbers represent the thickness of AlSb 
layers, underlined numbers are for Ga 0.7 In 0.3 As layers, one italic number is 
for the GaSb layer, and the other numbers denote the thickness of InAs 
layers. Both conventional type-II SL and W-shape QW active regions have 
been explored in optically-pumped and electrically-pumped non-cascade 
diode lasers in mid IR spectrum with impressive device performance.  64   –   85   It 
should be noted that the type-I QW active regions can also be incorporated 
into IC laser confi gurations  3   ,   10   ,   61   ,   62   although they are less explored in the mid 
IR wavelength spectrum. Here, we focus our discussion on IC lasers with 
type-II QW active regions, which are capable of being tailored to cover a 
wide wavelength range from mid IR to far IR spectrum.    
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 12.3      A schematic IC laser with W-shape QW active regions.  
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  12.3     Early development and challenges 

 Following the proposal of IC lasers and being stimulated by the demonstra-
tion of QC lasers, experimental efforts in developing type-II IC lasers started 
in early 1995 at the University of Houston, where a Riber-32 molecular beam 
epitaxy (MBE) system was available for the growth of Sb-containing com-
pound semiconductor QWs. These early IC lasers, grown on unintention-
ally doped  p -type GaSb (001) substrates, were typically composed of many 
(>15) cascade stages sandwiched between the bottom and top optical wave-
guide cladding layers as shown in  Fig. 12.4 . The cascade regions are com-
posed of multi-QW layers made from the semiconductor materials InAs, 
Ga(In)Sb, and Al(In)Sb with the overall periodicity of roughly 680–860  Å  
depending on the desired lasing wavelength. The cladding layers are made 
of short-period (~5 nm) InAs/AlSb SLs with typical thickness of 1.5–3  µ m. 
Digitally graded multi-QW regions are inserted as transitional/connecting 
bridges for smoothing carrier transport between the cascade stages and the 
cladding layers, and between the cladding and the contact (or the buffer) 
layers. In these IC laser structures on GaSb substrates, the InAs layer is 
slightly tensile strained (~0.6%), while the GaInSb and Al(In)Sb layers 
are compressive strained. Every region is designed to be strain-balanced as 
accurately as possible with minimal residual strain. The entire IC laser struc-
ture consists of thousands of thin layers with a total thickness that could be 
as high as 5  µ m (or thicker depending on the wavelength), which presents 
challenges for the MBE growth.    

 In early 1997, the University of Houston and Sandia National Laboratories 
jointly demonstrated pulsed lasing near 3.8  µ m from a 20-stage IC laser at 
temperatures up to 170 K. 4  Although this fi rst IC laser burned out shortly 
after lasing with high threshold current densities (4.17 kA/cm 2  at 80 K) and 
did not exhibit the features expected from the cascade process, it established 
the feasibility of growing complicated IC laser structures by MBE on a GaSb 
substrate. Shortly thereafter, direct evidence of the cascade process, that is, 

Top SL cladding

Bottom SL cladding

GaSb buffer/substrate

n+ Contact

Cascade regionTransition
bridge

 12.4      Schematic layer structure of an IC laser on a GaSb substrate.  
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a differential quantum effi ciency exceeding the conventional limit of unity, 
was obtained from IC lasers emitting at wavelengths of ~4  µ m (with sim-
ple type-II QW active regions)  5   ,   6   and ~3  µ m (with W-QW active regions).  7   ,   8   
These IC lasers had relatively low threshold current densities (100–200 A/
cm 2  at 80 K) and were operated in pulsed mode at temperatures up to 225 K. 
Later, an IC laser near 3.6  µ m could be operated with short current pulses at 
temperatures up to 286 K 9  despite the fact that its threshold current density 
at low temperatures (<180 K) was even higher than the earlier W-QW IC 
lasers.  7   –   9   In this pioneering development period, IC laser performance was 
far below the theoretical projections  10   –   12   and cw operation was not achieved. 
More details were discussed in an early review article.  13   

 In this period, an IC light emitting diode (LED) was developed for 
electroluminescence at wavelengths as long as 15  µ m at room temper-
ature,  86   demonstrating the unique capability of these Sb-family type-II 
QW structures to be tailored over a wide spectral range. Also, some issues 
were encountered during the investigations. These include (1) substantial 
variations in crystal growth conditions and thus poor reproducibility, (2) 
inadequately-controlled material quality with various defects and interface 
roughness due to the intermixing of atoms such as Sb and As, leading to 
large leakage currents, (3) and long growth times (>15 h) with high shut-
ter moving frequencies, resulting in high rates of failure. There were other 
problems related to device fabrication and operation. In contrast to a con-
ventional ridge waveguide diode laser, where the ridge is formed by etching 
from the top to a position above the active region, an IC laser should be 
etched from the top through the entire active region of cascade stages to 
ensure identical carrier injection over every stage. This is because current 
spreading along the transverse plane is very signifi cant in such a cascade 
structure with thousands of thin layers (that magnify resistance anisotropy) 
if there is no means (e.g., etching) to confi ne the current along the vertical 
injection. These early IC lasers with deep etched mesa structures tended 
to become damaged at high injection levels before saturation, which lim-
ited the output power and operating temperature. W-active-region IC lasers, 
although lasing at higher temperatures, could be operated only with short 
pulses (~100 ns) at low repetition rates (5–200 Hz). 

 In early 1999, IC laser development began at Army Research Laboratory 
(ARL) where a Varian Gen-II MBE system was available. With improved 
understanding and material quality, signifi cant progress was quickly achieved 
at ARL in terms of cw operation, higher quantum effi ciency (>600%), peak 
power (~6 W/facet), power conversion effi ciency (>14%) and reproduc-
ibility.  14   –   19   Room temperature pulsed operation was achieved in 2001 from 
an IC laser near 3.5  µ m with reduced threshold current density (13 A/cm 2  
at 80 K).  19   Subsequent progress was made at ARL facilities by Maxion 
Technologies in terms of higher cw operation temperature (214 K) and 

�� �� �� �� �� ��



494 Semiconductor lasers

© Woodhead Publishing Limited, 2013

power effi ciency (23%).  20   In this period, it was recognized that the strain 
balance in IC lasers needed to be designed more appropriately by consider-
ing variations of the elastic stiffness constants for different semiconductor 
materials (e.g., InAs, GaInSb, AlSb). The commonly used average lattice 
(matched to the substrate) method may not always be adequate for design-
ing device structures such as IC lasers with many different strained layers 
and with the total thickness of ~5  µ m or more. This is because even the slight-
est strain could be accumulated to become signifi cant in the MBE growth of 
a thick structure. This consideration has been discussed with examples and 
calculations for other device structures.  87   ,   88   

 In 2002, a new Gen-III MBE system was set up at the Jet Propulsion 
Laboratory (JPL). In the following years, fast progress was made there.  21   –   26   
Some outstanding performance features included low threshold current 
densities (8 A/cm 2  at 80 K and 630 A/cm 2  at 300 K),  24   ,   26   above room tem-
perature pulsed operation (350 K limited by cryostat setup),  26   cw operation 
up to 237 K, and extension of lasing wavelength in the 5.1–5.6  µ m region 
with cw operation up to 165 K.  25   The primary effort at JPL was focused on 
the spectral range from 3 to 4  µ m where many molecules, particularly those 
with a C − H stretch such as methane and ethane, have strong absorptions. 
Cryogen-cooled single-mode cw distributed feedback (DFB) IC lasers were 
developed at JPL (and Maxion) in that spectral range and used to profi le 
atmospheric methane and HCl from airborne platforms as well as to make 
laboratory measurements of ethane and formaldehyde.  24   ,   51   –   54   In early 2006, 
an important milestone was reached at JPL – demonstration of cw oper-
ation of a mid IR IC laser at temperatures up to 264 K with power con-
sumption <1.1 W.  27   This made it feasible to operate IC lasers in cw mode 
with a simple one-stage thermoelectric (TE) cooler at room temperature. In 
addition, no degradation was observed after continuous operation of nearly 
2000 h, indicative of good reliability for practical applications. Subsequently, 
single-mode DFB IC lasers were developed with cw operating temperature 
up to 261 K and a tuning range to cover absorption lines of CH 4  near 3.27 
 µ m.  28   ,   29   These lasers were packaged with TE coolers and delivered in the 
2007 NASA fl ight project for the Mars Science Laboratory (MSL) mission’s 
Tunable Laser Spectrometer instrument for methane and methane isotope 
measurements.  89   

 In the development of TE-cooled single-mode DFB IC lasers for the 
NASA MSL mission, a major technical challenge was to match the las-
ing wavelength with the desired absorption line of methane, with an ade-
quate tuning range (a few wavenumbers, done by altering current) within 
the narrow operating temperature window (250–260 K) of IC lasers. This 
required very precise control of active QW layer thickness and DFB grat-
ing period,  28   as well as minimization of losses introduced by the DFB 
grating considering that the maximum cw operating temperature of 
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Febry − Perot IC lasers had just been lifted to 264 K.  27   Intensive efforts 
in MBE growth, device fabrication and characterization, along with care-
ful device design considerations and facility use priority, were devoted to 
accomplishing the then seemingly impossible task. The IC lasers ultimately 
produced were able to lase under cw operation in stable single-mode with 
high side-mode-suppression ratio (>20 dB) at temperatures up to 261 K, 
as shown in inset in  Fig. 12.5 . The output power of the laser in  Fig. 12.5  was 
higher than 1 mW, suffi cient for  in situ  gas sensing. The threshold current 
and voltage were lower than 140 mA and 6 V, respectively, through the 
entire operating temperature range. Hence, the total electric power con-
sumption of the IC laser is less than 1.1 W over the entire operating range 
of this device, which enables cw operation at temperatures achievable with 
simple one-stage TE coolers. Furthermore, the wavelength of this DFB 
laser can be tuned with current at a rate of ~0.057 nm/mA over 3 nm and 
hit the targeted narrow wavelength band (at 3.27  µ m) at both 250 and 255 K 
as shown in  Fig. 12.6 , which is critically important for sensitive detection of 
CH 4  and its isotopes. The laser has been under 24-hours burn-in at 140 mA 
at room temperature. Also shown in  Fig. 12.6 , the wavelengths measured 
after the burn-in nearly overlap with the initial measured data within the 
instrument precision and temperature uncertainty, indicative of reliable 
operation of the DFB IC laser. In these TE-cooled IC lasers, a fewer num-
ber of cascade stages (11 or 12) were used compared to earlier IC lasers 
and typical QC lasers, because of a high gain per unit current density in 
IC lasers as verifi ed later by experimental investigations.  30   ,   31   With fewer 
stages, the threshold voltage is lowered, resulting in reduced power con-
sumption and thus benefi ting portable instrument applications. A fully 
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packaged single-mode DFB IC laser was later used successfully for fi eld 
measurements of methane and water.  55         

 Despite the similar cascade architecture, there are important differences 
between IC and QC lasers. For example, the non-radiative relaxation pro-
cesses of the interband transitions are over an order of magnitude slower than 
the corresponding intersubband transitions. Additionally, electric current in IC 
lasers is carried by both conduction band and valence band states, making it a 
bipolar device. Thus, there can be signifi cant variations in the design consider-
ations for optimizing the carrier transport and population inversion to achieve 
lasing. Even so, the early device design and implementation of IC lasers were 
infl uenced by the parallel research into QC lasers, which progressed very rap-
idly and had many outstanding accomplishments. For example, to ensure a 
smooth and fast transport as required in QC lasers to establish population 
inversion, the AlSb layer at the type-II hetero-interface between the hole and 
electron injectors was kept very thin (10 or 12  Å ) in typical IC lasers  13   ,   19   as 
suggested by early theoretical work.  11   However, the AlSb barrier should also 
be kept thick enough to suppress optical interband absorption loss across the 
semimetal-like interface. This type of optical loss might be partially respon-
sible for the signifi cant internal loss (36–62 cm  −   1  at temperatures from 80 to 
200 K  90  ) that was observed from early IC lasers. Later at JPL, several design 
modifi cations were implemented, which included the use of thicker AlSb 
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barrier layers (16–32  Å ) at the type-II hetero-interfaces in the cascade stages 
and transitional/connecting bridges, and between the electron injector and the 
active region. The relatively thick AlSb barrier at the type-II hetero-interfaces 
reduces the optical interband absorption loss across the semimetal-like inter-
face. While the thicker AlSb barrier between the other end of the electron 
injector and active region suppresses the wave-function extension of the con-
duction band transition state in the active region into the adjacent injection 
region. As such, the electron state for optical transition is more confi ned in the 
active region, which enhances the wave-function overlap between two inter-
band transition states, and consequently increases the gain. Devices with these 
design changes were able to achieve higher operating temperatures (e.g., 350 K 
in pulsed mode) with fewer stages and lower optical internal losses (17 cm  −   1  at 
80 K to 35 cm  −   1  at 270 K  30  ) compared to earlier IC lasers. However, it should 
be noted that the design improvements did not always produce the expected 
advances in device performance. Due to the complexity of the IC laser and 
the wide variability of material quality and fabrication for devices based on 
Sb materials, it is diffi cult to predict what infl uence certain design modifi ca-
tions will have on device performance purely through theoretical modeling. 
Progress often must be made using a combination of suggestions from theory 
coupled with empirical trial and error. 

 The early IC lasers mentioned above employed the simple regular 
three-layer-waveguide structure, consisting of the bottom cladding region, 
cascade region, and the top cladding region. The cladding region is com-
posed of short-period InAs/AlSb SL and has a refractive index (~3.37) that 
is slightly smaller than that (~3.43–3.47) of the cascade region, which leads to 
substantial optical wave penetration deep into cladding regions as shown in 
 Fig. 12.7 . If the bottom cladding layer is not thick enough, there is signifi cant 
optical waveguide mode leakage into the high index (~3.8) GaSb substrate 
and interference with the substrate modes. This leads to gain/loss modula-
tion at a period inversely proportional to the substrate thickness.  91   –   93   This 
was the reason for the observation of mode grouping with multiple peaks 
and inter-grouping hopping from early IC lasers,  19   –   23   which complicated the 
mode selection and wavelength tuning for DFB lasers.  23   This problem can be 
remedied by increasing the bottom SL cladding layer thickness at the cost 
of a longer growth time and poorer thermal conductivity. The more optimal 
solution is to incorporate separate confi nement layers (SCL) with adequate 
cladding layers in IC lasers, which are discussed in the next section.      

  12.4     Recent progress and new developments 

 This section reviews recent progress and deveopments in IC lasers with 
GaSb separate confi nement layers, and plasmon waveguide IC lasers on 
InAs substrates. 
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  12.4.1     IC lasers with GaSb separate confi nement layers 

 Although SCL laser structures were well known and established for diode 
lasers, SCLs were not implemented into early IC lasers with many stages. 
It was realized later that fewer cascade stages could be used in IC lasers 
because of their higher differential gain per unit current density. Reducing 
the number of stages resulted in a lowered operating voltage and possibly 
higher cw operating temperature with reduced power consumption. This 
consideration, combined with the insertion of two GaSb SCLs between 
the cascade and the cladding regions for IC lasers, would make better 
devices with other benefi ts as elaborated below. Because the two GaSb 
layers have a higher refractive index (~3.8) than the cascade stage active 
region, the average refractive index for the waveguide core region (cas-
cade region plus SCLs) is raised, which increases the contrast of refractive 
index between the cladding and core regions. Consequently, the optical 
wave attenuates at a much faster rate into the cladding regions as shown 
in  Fig. 12.7 , and the SL cladding regions can be thinner with reduced ther-
mal resistance. Furthermore, higher optical intensity and a more uniform 
optical fi eld over the cascade stages can be achieved with SCLs as shown 
in  Fig. 12.7 . Therefore, IC lasers with SCLs were expected to have signifi -
cantly improved cw performance over regular waveguide IC lasers. Some 
initial efforts (from 2005 to 2006 at JPL) on IC lasers with GaSb SCLs 
and few stages (6 – 10) did not produce devices with performance bet-
ter than the regular three-layer waveguide IC lasers.  33   In those early IC 
lasers with SCLs, each GaSb layer (~100–200 nm thick) was either slightly 
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 p -type doped, for smooth transport with negligible resistance, or undoped. 
These lasers may have had signifi cant free carrier absorption loss caused 
by the substantial hole concentrations (around 2  ×  10 17  cm  −   3  or somewhat 
higher) due to inherent  p -type background on GaSb layers. The later IC 
lasers grown at JPL explored Te-doped  n -type GaSb SCLs for reducing 
the optical loss. Nevertheless, due to variations of background doping and 
 diffi culties in precise control of Te doping concentration, as well as other 
factors, device performance from these IC laser wafers with Te-doped 
SCLs showed only slight improvements (e.g., somewhat above 31% power 
effi ciency at 80 K and maximum cw operating temperature of 266 K) over 
regular waveguide IC lasers.  33   

 In 2005, the Naval Research Laboratory (NRL) began the growth of 
IC laser structures using a Riber MBE system. With their expertise in 
Sb-based devices and previous extensive experience including work on 
optically-pumped and electrically-pumped type-II QW mid IR lasers,  76   –   78   ,   84   ,   85   
NRL quickly made signifi cant progress (e.g., cw output power exceeding 
1 W,  34   cw operation at temperatures up to 269 K  35   and 288 K  36  ). Finally in 
2008, with the use of two  n -type GaSb SCLs in the waveguide, the NRL 
group demonstrated cw operation of IC lasers up to 319 K near 3.7  µ m  37   as 
shown in  Fig. 12.8 , exceeding the particularly important milestone of room 
temperature cw operation. This IC laser had an output power more than 10 
mW at 300 K and exhibited a superior performance in terms of low power 
consumption at the threshold (<0.6 W at 300 K). Subsequently, the NRL 
group was able to extend the superior device performance of IC lasers to the 
wavelength range from 2.9 to 4.2  µ m with higher cw operating temperature 
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(345 K), single-mode operation with DFB grating and external cavity con-
fi gurations.  38   –   44   These high-performance IC lasers are typically composed of 
fi ve (5) stages with low threshold voltages (2.1–2.5 V at 300 K) and showed 
very low threshold current densities (1.7 A/cm 2  at 78 K, 360 A/cm 2  at 300 K), 
resulting in reduced power consumption (0.9–2.5 kW/cm 2 ).  44   These IC lasers 
were based on the waveguide structures with  n -type GaSb SCLs and were 
grew on Te-doped  n -type GaSb substrates, in which the optical absorption 
loss is signifi cantly reduced compared to  p -type GaSb SCLs and substrates. 
Other IC laser design considerations such as the shortened electron injec-
tion region are discussed in detail in Reference  44 .    

 The shortened injector IC lasers were discussed in a paper published in 
2010 by a group at University of Wurzburg  49   in Germany. It was showed 
with calculations and experimental results that the optical mode intensity 
in the active region could be increased in the shortened injector IC laser 
to improve the device performance.  49   This group has worked on Sb-based 
type-I QW lasers for many years and recently began efforts in the develop-
ment of IC lasers on  n -type GaSb substrates using an Eiko EV100S solid 
source MBE chamber. The group reported their initial work in IC lasers in 
2009.  48   Nevertheless, in about two years the group has developed IC lasers 
(near 3.5  µ m) that are capable of operating in cw mode at temperatures up 
to 303 K.  94   The improved device performance with the shortened injector 
demonstrates a high-quality of material and device fabrication, and allevi-
ates early concerns  13   about the possible dielectric breakdown of materials 
due to high electric fi eld on the shortened injector. 

 More recently, the NRL group developed a new generation of IC lasers 
that are capable of cw operation at temperatures up to 109°C (382 K) at 
wavelengths near 3.9  µ m.  50   ,   95   In this new generation of IC lasers, high  n -type 
doping (5  ×  10  18   cm  −   3 ) is employed in the electron injector to rebalance 
excessive holes in the active region as revealed by theoretical calculations.  95   
As such, the optical internal loss in IC lasers is reduced to values as low as 
6.5 cm  −   1  at 300 K, leading to further lowered threshold current density (e.g., 
170 A/cm 2  at 300 K). At 25°C, these newly developed narrow ridge IC lasers 
can deliver cw output power as high as 158 mW and have power effi ciency 
up to 13.5%. Compared to early IC lasers and the best QC lasers, these new 
IC lasers consume signifi cantly less power (<0.1 W) to operate. The lowest 
power required to operate an IC laser is about 30 mW at 25°C. The low 
power consumption feature of new IC lasers is important and desirable for 
many practical applications with portable and battery-powered instruments. 
These low power consumption IC lasers are being extended to the longer 
wavelength spectrum beyond 4.2  µ m as the NRL group has just demon-
strated cw operation of IC lasers at temperatures up to 60°C and 45°C at 
wavelengths of 4.9  µ m and 5.7  µ m, respectively.  96    
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  12.4.2     Plasmon waveguide IC lasers on InAs substrates 

 All the IC lasers mentioned above were grown on GaSb substrates with 
thick (several micron) InAs/AlSb SL cladding layers that typically have 
more than 2000 interfaces. Besides the challenges in the MBE growth to 
achieve high-quality strain-balanced material for such complicated IC laser 
structures with so many shutter movements, an outstanding issue is the low 
thermal conductivity (  κ   ~0.03 W/cm · K  97  ) of the InAs/AlSb SL material. As 
with all lasers, thermal management is an important issue, and thick SL lay-
ers cause signifi cant heating, which may lead to reliability concerns. This 
situation will become worse if SL cladding layers are still used in IC lasers 
for longer wavelengths because of the requirement of thicker cladding lay-
ers to compensate the longer optical wave decay length. The problem can 
be circumvented by using a plasmon waveguide, which was explored early 
in QC lasers,  98   –   102   but not in interband diode lasers until the recent demon-
stration of InAs-based 6  µ m  45   and 7.4  µ m  46   IC lasers by researchers at the 
University of Oklahoma (OU). 

 The plasmon waveguide IC laser approach is to employ relatively 
highly-doped  n   +  -type InAs cladding layers instead of thick InAs/AlSb SL lay-
ers, resulting in easier and less demanding MBE growth on InAs substrates 
with far fewer shutter movements and signifi cantly reduced strain built-up 
in the structure. Because the thermal conductivity of InAs is approximately 
ten times larger than that of InAs/AlSb SL materials, replacing the SL clad-
ding layer with an InAs plasmon layer signifi cantly improves the thermal 
dissipation. The thermal modeling of plasmon- and SL-waveguide IC lasers 
(20  µ m narrow ridge devices, with the same cladding layer thickness, and no 
thick gold layer on the top) suggested a ~42% reduction of the specifi c ther-
mal resistance  R  sth  (from 12.5 Kcm 2 /kW for the SL-waveguide IC lasers to 
7.2 Kcm 2 /kW for the plasmon waveguide IC lasers).  47   The actual reduction 
is expected to be even greater because for longer wavelengths the required 
SL cladding layer is considerably thicker than the plasmon cladding layer. 

 An important advantage of using the InAs plasmon waveguide structure 
is signifi cant suppression of the wave penetration into the cladding region, 
thus potentially reducing optical waveguide loss primarily from the cladding 
region. The refractive index of a highly-doped  n   +  -InAs plasmon layer can 
be less than 3.0, which is substantially lower than that for the cascade core 
region in IC lasers. Hence, with the use of InAs plasmon layers in the cladding 
regions and InAs (refractive index near 3.5) SCLs, the light is more confi ned 
to the center of the waveguide and extends less into the cladding layers and 
substrate, as shown in  Fig. 12.9  for an example of a 10-stage two-sided plas-
mon waveguide IC laser at 4.6  µ m. Compared to the 20-stage regular (with-
out SCLs) SL cladding waveguide ( Fig. 12.9a ) and the 10-stage SL cladding 
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SCL (with two GaSb SCLs) waveguide ( Fig. 12.9b ), the optical mode pene-
tration ( Γ  clad ) into the cladding regions is reduced for the plasmon waveguide 
where it is only about 4%. In this way, optical loss could be suppressed since 
only a very small portion of the optical wave is in the relatively highly-doped 
 n   +  -InAs cladding regions where the loss may be signifi cantly higher. This is 
supported by observations of low optical losses (e.g., 6–8 cm  −   1 ) in InAs-based 
QC lasers at 4.5 and 10  µ m  101   ,   102   with similar plasmon waveguide structures. 
Another benefi t of using the InAs plasmon waveguide structure is the fl exi-
bility and freedom to manipulate the number of cascade stages for optimiz-
ing device performance without being concerned about wave penetration 
into the cladding and substrate regions.    

 Preliminary efforts on the two initial IC laser wafers grown on InAs sub-
strates in a MBE system at OU have demonstrated the expected advan-
tage of plasmon waveguide IC lasers in terms of reduced thermal resistance 
(~50%) compared to early SL-waveguide IC lasers.  45   –   47   Although the initial 
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attempts are far from optimal in terms of material quality and device design, 
these plasmon waveguide IC lasers (without a thick gold layer on the top) 
could lase in cw mode up to 184 K near 6  µ m and 141 K near 7.5  µ m. Some 
of their lasing spectra are shown in  Fig. 12.10 , which holds the longest lasing 
wavelength achieved among all mid IR III-V interband diode lasers. With a 
thick gold layer, a plasmon waveguide IC laser lased in cw up to 152 K near 
7  µ m, which was mainly limited by the intrinsic device properties, rather than 
thermal dissipation, as evidenced by the fact that its pulse operation was 
only possible up to 168 K. Their threshold current densities (49 A/cm 2  for 
~6- µ m laser at 82 K and 72 A/cm 2  for 7- µ m laser at 84 K) are low compared 
with all mid IR semiconductor lasers in the wavelength region beyond 5.5 
 µ m. Also, high voltage effi ciencies (e.g., 93%) were obtained in these initial 
plasmon waveguide IC lasers. The latest efforts at OU have reduced their 
threshold current densities (e.g.,  ≤ 10 A/cm 2  at 80 K) and pushed cw operat-
ing temperature of plasmon waveguide IC lasers up to 253 K near 5.3  µ m, 
to 189 K at 7.4  µ m, and to 166 K at 10.3  µ m, although these devices were not 
capped with a thick gold layer on the top.  103   –   106   Signifi cant improvements in 
these plasmon waveguide IC lasers are expected with further efforts and 
development, as well as the implementation of the recent carrier rebalance 
innovation.  95        

  12.5     Future trends and conclusion 

 After about 16 years of exploration and development, IC lasers have now 
proven to be capable of cw operation at room temperature and above for 
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wavelength range from 2.9 to 5.7  µ m. A summary of these results is partially 
shown in  Fig. 12.11 , along with those from other types of III-V interband 
diode lasers reported in the literature. It is likely that cw operation of IC 
lasers at room temperature will be extended beyond 6  µ m, considering there 
is signifi cant room for further improvements. It is still unclear where the 
boundaries for cw operating temperatures and lasing wavelengths are for 
IC lasers, and it may depend on the extent to which Auger recombination 
can be suppressed. In type-II QWs, Auger recombination is decreased, due 
to the reduced wave-function overlap, and can be in principle suppressed 
further by quantum engineering.  107   –   109   Such quantum engineering is chal-
lenging in design and realistic implementation because it involves excited 
states and its effectiveness has not been proved with experimental evidence. 
Nevertheless, recent studies  110   ,   111   found that Auger coeffi cients for type-II 
QWs in ICLs were much lower than had been anticipated and their depen-
dence on wavelength is much weaker than was implied by earlier work. 
However, another recent study on IC lasers suggested that non-radiative 
current loss is still signifi cant in threshold current and dominant at high tem-
peratures (e.g., >90% at 300 K),  112   implying intimate involvement of Auger 
recombination. Although questions remain on what role Auger recombina-
tion and other non-radiative mechanisms play in IC laser performance and 
optimization, it is clear now that IC lasers have emerged as the only con-
fi rmed semiconductor interband diode laser technology covering a wide mid 
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IR wavelength spectrum with needed device performance in terms of output 
powers and operating temperatures. Compared to another semiconductor 
laser technology – QC lasers, that are also capable of covering wide mid IR 
spectrum  −  IC lasers have signifi cantly lower threshold current density (e.g., 
200 A/cm 2  at 300 K) and voltage (e.g., 2.3 V), which translates to much lower 
power consumption density (e.g., 460 W/cm 2 ). Another difference is in their 
polarizations of emitted photons. Like all interband diode lasers, IC lasers 
have the transverse electric polarization, in contrast to transverse mag-
netic (TM) polarization for QC lasers. Hence, electrically-pumped mid IR 
Vertical Cavity Surface Emitting Lasers (VCSELs) are feasible based on IC 
laser structures. Considering that optically-pumped mid IR VCSELs have 
been demonstrated based on Sb-based type-II QWs  113   and the remarkable 
progress made recently in edge-emitting IC lasers, mid IR IC VCSELs are 
expected to be developed in the future with more desirable beam quality and 
with versatile formats in two-dimensional arrays. Currently, edge-emitting 
IC lasers still need advancement to attain higher cw output powers (>1 W) 
at room temperature for certain applications such as remote sensing and IR 
countermeasures. This is possible with improvements in thermal manage-
ment (e.g., epilayer side-down mounting) and device design combined with 
device fabrication and material quality.     

  12.6     Acknowledgments 

 The author would like to thank A. Bauer for updating his new results and 
J. R. Meyer for communicating his group’s latest results and sending their 
papers prior to the publication. The author is also grateful to his colleagues, 
collaborators, and group members L. E. Christensen, M. E. Curtis, C. J. Hill, 
R. T. Hinkey, Y. Jiang, M. B. Johnson, J. C. Keay, J. F. Klem, L. Li, K. Mansour, 
T. D. Mishima, Y. Qiu, M. B. Santos, Z. Shi, J. Sluss, A. Soibel, Z. Tian, H. 
Ye, Z. Yin, M. Zaman, F. Zhao for their support, helps, and contributions 
to the development of IC lasers at OU. This work at OU was partially sup-
ported by NSF (ECCS-1002202), and by C-SPIN, the Oklahoma/Arkansas 
MRSEC (DMR-050550).  

    12.7     References 
  1.    J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y. Cho, 

‘ Quantum cascade lasers’ ,  Science   264 ,  553–556  ( 1994 ). 
  2.    R. Q. Yang, ‘ Infrared laser based on   intersubband transitions in   quantum wells’,  at 

 7th Inter. Conf. on   Superlattices, Microstructures and   Microdevices , Banff, Canada, 
Aug. 22–26, 1994; Superlattices and Microstructures  17 (1),  77–83  ( 1995 ). 

  3.    R. Q. Yang, ‘ Novel concepts and structures for   infrared lasers’ , chapter 2 in 
 Long Wavelength   Infrared Emitters Based on   Quantum Wells and   Superlattices , 
   M.   Helm   , editor, pp. 13–64,  Gordon and Breach ,  Singapore  ( 2000 ); R. Q. Yang 

�� �� �� �� �� ��



506 Semiconductor lasers

© Woodhead Publishing Limited, 2013

and S. S. Pei, ‘Novel type-II quantum cascade lasers’,  J. Appl. Phys.   79 , 8197–
8203 (1996). 

  4.    C.-H. Lin, R. Q. Yang, D. Zhang, S. J. Murry, S. S. Pei, A. A. Allerma, and 
S. R. Kurtz, ‘ Type-  II   interband   quantum cascade laser at 3.8  µ m’ ,  Electron.   Lett ., 
 33 (7),  598–599  ( 1997 ). 

  5.    R. Q. Yang, B. H. Yang, D. Zhang, C.-H. Lin, S. J. Murry, H. Wu, and S. S. Pei, 
‘ High power   mid-  IR   interband cascade lasers based on   type-  II   quantum wells’,  
 Appl. Phys.   Lett .  71 (17),  2409–2411  ( 1997 ). 

  6.    B. H. Yang, D. Zhang, R. Q. Yang, C.-H. Lin, S. J. Murry, and S. S. Pei, ‘ Mid-  infrared  
 interband cascade lasers with quantum effi ciencies > 200%’ ,  Appl. Phys.   Lett . 
 72 (18),  2220–2222  ( 1998 ). 

  7.    C. L. Felix, W. W. Bewley, I. Vurgaftman, J. R. Meyer, D. Zhang, C.-H. Lin, 
R. Q. Yang, and S. S. Pei, ‘ Interband cascade laser emitting > 1 photon per 
injected electron’ ,  IEEE Photonics Technol.   Lett .  9 (11),  1433–1435  ( 1997 ). 

  8.    C. L. Felix, W. W. Bewley, I E. H. Aifer, Vurgaftman, J. R. Meyer, C.-H. Lin, D. 
Zhang, S. J. Murry, R. Q. Yang, and S. S. Pei, ‘ Low threshold 3  µ m   Interband 
Cascade  “ W ”  Laser’ ,  J. Electronic Materials   27 (2),  77–80  ( 1998 ). 

  9.    L. J. Olafsen, E. H. Aifer, I. Vurgaftman, W. W. Bewley, C. L. Felix, J. R. Meyer, 
D. Zhang, C.-H. Lin, and S. S. Pei, ‘ Near-room-temperature   mid-  infrared   inter-
band cascade laser’ ,  Appl. Phys.   Lett .  72 ,  2370  ( 1998 ). 

  10.    J. R. Meyer, I. Vurgaftman, R. Q. Yang, and L. R. Ram-Mohan, ‘ Type-  II and  
 type-I   interband cascade lasers’ ,  Electron.   Lett. ,  32 (1),  45–46  ( 1996 ). 

  11.    I. Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, ‘ High-power/  low-threshold  
 type-  II   interband cascade   mid-  IR laser  d esign and modeling’ ,  IEEE Photo. 
Tech.   Lett .  9 ,  170–172  ( 1997 ). 

  12.    Y.-M. Mu and R. Q. Yang, ‘ Theoretical investigation of   mid-  IR   interband cas-
cade lasers based on   type-  II   quantum wells’ ,  J. App. Phys .  84 (9),  5357–5359  
( 1998 ). 

  13.    R. Q. Yang, ‘ Mid-  infrared   interband cascade lasers based on   type-  II   hetero-
structures’ ,  Microelectronics J .  30 ,  1043–1056  ( 1999 ); and references therein. 

  14.    R. Q. Yang, J. D. Bruno, J. L. Bradshaw, J. T. Pham, and D. E. Wortman, 
“ High-power   interband cascade lasers with quantum effi ciency > 450%’ , 
 Electron.   Lett.,   35 (15),  1254–1255  ( 1999 ). 

  15.    J. L. Bradshaw, R. Q. Yang, J. D. Bruno, J. T. Pham, D. E. Wortman, ‘ High-effi ciency  
 interband cascade lasers with peak power exceeding 4W/facet’ ,  Appl. Phys.  
 Lett .  75 (16),  2362–2364  ( 1999 ). 

  16.    J. L. Bradshaw, J. D. Bruno, J. T. Pham, D. E. Wortman, and R. Q. Yang, 
‘ Continuous wave operation of   type-  II   interband cascade lasers’ ,  IEE 
Proceedings- Optoelectronics   147 (3),  177–180  ( 2000 ). 

  17.    J. D. Bruno, J. L. Bradshaw, R. Q. Yang, J. T. Pham, and D. E. Wortman, 
‘ Low-threshold   interband cascade lasers with power effi ciency exceeding 9%’ , 
 Appl. Phys.   Lett .  76 (22),  3167–3169  ( 2000 ). 

  18.    J. L. Bradshaw, J. T. Pham, R. Q. Yang, J. D. Bruno, and D. E. Wortman, ‘ Enhanced  
 CW performance of   interband cascade laser using improved device fabrica-
tion’ ,  IEEE J. Sel. Top. Quantum Electron .  7 (2),  102–105  ( 2001 ). 

  19.    R. Q. Yang, J. L. Bradshaw, J. D. Bruno, J. T. Pham, and D. E. Wortman, ‘ Mid-  IR  
 type-  II   interband cascade lasers’,   IEEE J. Quantum Electron .  38 (6),  559–568  
( 2002 ); and references therein. 

�� �� �� �� �� ��



 Interband cascade (IC) lasers 507

© Woodhead Publishing Limited, 2013

  20.    J. L. Bradshaw, N. P. Breznay, J. D. Bruno, J. M. Gomes, J. T. Phama, F. J. Towner, 
D. E. Wortman, R. L. Tober, C. J. Monroy, and K. A. Olver, ‘ Recent progress in the 
development of   type   II   interband cascade lasers’ ,  Physica E   20 ,  479–485  ( 2004 ). 

  21.    C. J. Hill, B. Yang, and R. Q. Yang, ‘ Low threshold   interband cascade lasers 
operating above   room temperature’ ,  Physica E   20 ,  486–490  ( 2004 ). 

  22.    R. Q. Yang, C. J. Hill, B. Yang, and J. K. Liu, ‘ Room-temperature   type-  II  
 interband cascade lasers near 4.1  µ m’ ,  Appl. Phys.   Lett .  83 (11),  2109–2111  
( 2003 ). 

  23.    R. Q. Yang, C. J. Hill, B. Yang, C. M. Wong, R. Muller and P. Echternach, 
‘ Continuous-operation of   distributed feedback   interband cascade lasers’ ,  Appl. 
Phys.   Lett .  84 (18),  3699–3701  ( 2004 ). 

  24.    R. Q. Yang, C. J. Hill, L. E. Christensen, and C. R. Webster, ‘ Mid-  IR   type-  II   inter-
band cascade lasers and their applications’ ,  Proc.   SPIE   5624 ,  413–422  ( 2005 ). 

  25.    C. J. Hill and R. Q. Yang, ‘ MBE growth optimization of   Sb-based   interband 
cascade lasers’ ,  J. Crystal Growth   278 ,  167–172  ( 2005 ). 

  26.    R. Q. Yang, C. J. Hill, and B. Yang, ‘ High-temperature and   low-threshold  
 mid-  infrared   interband cascade lasers’ ,  Appl. Phys.   Lett .  87 (15),  151109  ( 2005 ). 

  27.    K. Mansour, Y. Qiu, C. J. Hill, A. Soibel, and R. Q. Yang, ‘ Mid-  IR   interband 
cascade lasers at thermoelectric cooler temperatures’ ,  Electron.   Lett .,  42 (18), 
 1034–1035  ( 2006 ). 

  28.    R. Q. Yang, C. J. Hill, K. Mansour, Y. Qiu, A. Soibel, R. E. Muller, P. M. 
Echternach, ‘ Distributed feedback   mid-  IR   interband cascade lasers at ther-
moelectric cooler temperatures’,   IEEE J. Sel. Top. Quantum Electron.,   13 (5), 
 1074–1078  ( 2007 ). 

  29.    R. Q. Yang, C. J. Hill, K. Mansour, Y. Qiu, A. Soibel, R. E. Muller, and P. M. 
Echternach, ‘Development of thermoelectric cooled single-mode distributed 
feedback mid-IR interband cascade lasers for chemical sensing’, paper 2007–
01–3151 in the Proceedings of 37th International Conference on Environmental 
Systems (ICES), Chicago, IL, July 9–12 ( 2007 ). 

  30.    A. Soibel, K. Mansour, Y. Qiu, C. J. Hill, and R. Q. Yang, ‘ Optical gain, loss and 
transparency current in   high performance   mid-  IR   interband cascade lasers’ ,  J. 
Appl. Phys .  101 (9),  093104  ( 2007 ). 

  31.    W. W. Bewley, J. R. Lindle, C. L. Canedy, M. Kim, C. S. Kim, D. C. Larrabee, I. 
Vurgaftman, and J. R. Meyer, ‘ Gain, loss, and internal effi ciency in   interband 
cascade lasers emitting at   λ   = 3.6–4.1  µ m’ ,  J. Appl. Phys ,  103 (1),  013114  ( 2008 ). 

  32.    K. Mansour, C. J. Hill, Y. Qiu, and R. Q. Yang, ‘Dual-wavelength interband cas-
cade lasers in mid-infrared spectral region’, paper CTuZ4 at The Conference 
on Lasers and Electro-Optics (CLEO) and the Quantum Electronics and Laser 
Science Conference (QELS), San Jose, CA, May 4–9,  2008 . 

  33.    R. Q. Yang, Z. Tian, R. Hinkey, F. Zhao, K. Mansour, C. J. Hill, and Y. Qiu, 
‘ Recent progress in   interband cascade lasers with   separate-confi nement lay-
ers’ ,  Proc.   SPIE   7230 , paper  72300S  ( 2009 ). 

  34.    C. L. Canedy, W. W. Bewley, J. R. Lindle, C. S. Kim, M. Kim, I. Vurgaftman, 
and J. R. Meyer, ‘ High-power and   high-effi ciency   midwave-  infrared   interband 
 cascade lasers’,   Appl. Phys.   Lett .  88 ,  161103  ( 2006 ). 

  35.    W. W. Bewley, C.L. Canedy, M. Kim, C.S. Kim, J.A. Nolde, J.R. Linda, I. 
Vurgaftman, and J. R. Meyer, ‘ Interband cascade laser operating to 269 K at 
  λ   = 4.05  µ m’ ,  Electron.   Lett. ,  43  (5),  283  ( 2007 ). 

�� �� �� �� �� ��



508 Semiconductor lasers

© Woodhead Publishing Limited, 2013

  36.    C. L. Canedy, C. S. Kim, M. Kim, D. C. Larrabee, J. A. Nolde, W. W. Bewley, 
I. Vurgaftman, and J. R. Meyer, ‘ High-power,   narrow-ridge,   mid-  infrared   inter-
band cascade lasers’,   J. Vac. Sci. Technol. B   26 ,  1160  ( 2008 ). 

  37.    M. Kim, C. Canedy, W. Bewley, C. Kim, J. Lindle, J. Abell, I. Vurgaftman, and 
J. R. Meyer, ‘ Interband cascade laser emitting at   λ   = 3.75  µ m in   continuous 
wave above   room temperature’,   Appl. Phys.   Lett .  92 (19),  191110  ( 2008 ). 

  38.    C. L. Canedy, W. W. Bewley, M. Kim, C. S. Kim, J. A. Nolde, D. C. Larrabee, 
J. R. Lindle, I. Vurgaftman, and J. R. Meyer, ‘ Interband cascade lasers with 
wavelengths spanning 3.2–4.2 µm’ ,  J. Electron. Materials   38 ,  1948  ( 2009 ), where 
there was a typo in the label for the vertical axis  j  th  in Fig. 2, which should be A/
cm 2  instead of kA/cm 2 . 

  39.    I. Vurgaftman, C. L. Canedy, C. S. Kim, M. Kim, W. W. Bewley, J. R. Lindle, 
J. Abell, and J. R. Meyer, ‘ Mid-  infrared   interband cascade lasers operating at 
ambient temperatures’,   New J. Phys .  11 (12),  125015  ( 2009 ). 

  40.    C. S. Kim, M. Kim, W. W. Bewley, J. R. Lindle, C. L. Canedy, J. Abell, I. Vurgaftman, 
and J. R. Meyer, ‘ Corrugated-sidewall   interband cascade lasers with   single-mode  
 midwave-  infrared emission at   room temperature’,   Appl. Phys.   Lett .  95 ,  231103  
( 2009 ). 

  41.    C. L. Canedy, J. Abell, W. W. Bewley, E. H. Aifer, C. S. Kim, J. A. Nolde, 
M. Kim, J. G. Tischler, J. R. Lindle, E. M. Jackson, I. Vurgaftman, and J. R. Meyer, 
‘ Molecular beam epitaxial growth effects on   type-  II   antimonide lasers and 
photodiodes’ ,  J. Vac. Sci. Technol . B  28 ,  C3G8  ( 2010 ). 

  42.    D. Caffey, T. Day, C. S. Kim, M. Kim, I. Vurgaftman, W. W. Bewley, J. R. Lindle, 
C. L. Canedy, J. Abell, and J. R. Meyer, ‘ Performance characteristics of a   con-
tinuous wave compact widely tunable external cavity   interband cascade lasers’ , 
 Opt. Exp. ,  18 ,  15693  ( 2010 ). 

  43.    W. W. Bewley, C. L. Canedy, C. S. Kim, M. Kim, J. R. Lindle, J. Abell, I. Vurgaftman, 
and J. R. Meyer, ‘ Ridge-width dependence of   mid  infrared interband cascade 
laser characteristics’ ,  Opt. Eng .,  49 (11),  111116 , (2010). 

  44.    I. Vurgaftman, W. W. Bewley, C. L. Canedy, C. S. Kim, M. Kim, J. R. Lindle, 
C. D. Merritt, J. Abell, and J. R. Meyer, ‘ Mid-  IR   type-  II   interband cascade 
lasers’ ,  IEEE J. Sel. Top. Quantum Electron .  17 (5),  1435  ( 2011 ). 

  45.    Z. Tian, R. Q. Yang, T. D. Mishima, M. B. Santos, R. T. Hinkey, M. E. Curtis, and 
M. B. Johnson, ‘ InAs-based   interband cascade lasers near 6  µ m’ ,  Electron.   Lett. , 
 45 (1),  48–49  ( 2009 ). 

  46.    Z. Tian, R. Q. Yang, T. D. Mishima, M. B. Santos, and M. B. Johnson, 
‘ Plasmon-waveguide   interband cascade lasers near 7.5  µ m’ ,  Photon. Technol.   Lett . 
 21 (21),  1588–1590  ( 2009 ). 

  47.    Z. Tian, C. Chen, R. Q. Yang, T. D. Mishima, M. B. Santos, J. C. Keay, M. B. 
Johnson, and J. F. Klem, ‘ InAs-based   plasmon waveguide   interband cascade 
lasers’ ,  Proc.   SPIE   7616 , paper 7616–47 ( 2010 ); and at MIOMD-10, Shanghai, 
Sept. 6,  2010 . 

  48.    A. Bauer, F. Langer, M. Dallner, M. Kamp, M. Motyka, G. Sek, K. Ryczko, J. 
Misiewicz, S. Hofl ing, and A. Forchel, ‘ Emission wavelength tuning of   inter-
band cascade lasers in the 3–4  µ m spectral range’,   Appl. Phys.   Lett .  95 ,  251103  
( 2009 ). 

  49.    A. Bauer, M. Dallner, M. Kamp, S. Hofl ing, L. Worschech, and A. Forchel, 
‘ Shortened injector   interband cascade lasers for 3.3- to 3.6- µ m emission’ ,  Optic. 
Eng. ,  49 ,  111117  ( 2010 ). 

�� �� �� �� �� ��



 Interband cascade (IC) lasers 509

© Woodhead Publishing Limited, 2013

  50.    J. R. Meyer, private communications (2011); W. W. Bewley, C. S. Kim, M. Kim, C. 
D. Merritt, C. L. Canedy, I. Vurgaftman, J. Abell, and J. R. Meyer, ‘ A new gener-
ation of   interband cascade lasers’ ,  AIP Conf. Proc .  1416 ,  46  ( 2011 ). 

  51.    M. Horstjann, Y. A. Bakhirkin, A. A. Kosterev, R. F. Curl, F. K. Tittel, C. M. 
Wong, C. J. Hill, and R. Q. Yang, ‘ Formaldehyde sensor using   interband cas-
cade laser based   quartz-enhanced   photoacoustic spectroscopy’ ,  Appl. Phys. B  
 79 ,  799–803  ( 2004 ). 

  52.    G. Wysocki, Y. Bakhirkin, S. So, F. K. Tittel, C. J. Hill, R. Q. Yang, and M. P. 
Fraser, ‘ Dual   interband cascade laser based   trace-gas sensor for environmental 
monitoring’,   Appl. Opt .  46 (33),  8202–8210  ( 2007 ). 

  53.    L. E. Christensen, C. R. Webster, and R. Q. Yang, ‘Aircraft and balloon in situ 
 measurements of m  ethane and   hydrochloric acid using   interband cascade 
lasers’,   Appl. Opt .  46 (7),  1132–1138  ( 2007 ). 

  54.    K. R. Parameswaran, D. I. Rosen, M. G. Allen, A. M. Ganz, and T. H. Risby, 
‘ Off-axis integrated cavity output spectroscopy with a   mid-  infrared   interband 
cascade laser for   real-time   breath-  ethane measurements’,   Appl. Opt .  48 (4), 
 B73-B79  ( 2009 ). 

  55.    L. E. Christensen, K. Mansour, and R. Q. Yang, ‘ Thermoelectrically cooled   inter-
band cascade laser for fi eld measurements’ ,  Optic. Eng. ,  49 ,  111119  ( 2010 ). 

  56.    J. P. van der Ziel and W. T. Tsang, ‘ Integrated multilayer   GaAs lasers separated 
by tunnel junctions’ ,  Appl. Phys.   Lett .  41 ,  499  ( 1982 ). 

  57.    G. A. Sai-Halasz, R. Tsu, and L. Esaki, ‘ A new semiconductor   superlattice’,  
 Appl. Phys.   Lett .  30  (12),  651–653  ( 1977 ). 

  58.    W. R. Frensley and H. Kroemer, ‘ Theory of the   energy-hand lineup at an abrupt 
semiconductor   heterojunction’ ,  Phys. Rev. B .  16 ,  2642  ( 1977 ). 

  59.    G. A. Sai-Halasz, L. Esaki, and W. A. Harrison, ‘ InAs-  GaSb   superlattice energy 
structure and its   semiconductor-semimetal transition’ ,  Phys. Rev. B   18 ,  2812  
( 1978 ). 

  60.    D. Z.-Y. Ting, A. Soibel, L. Hoglund, J. Nguyen, C. J. Hill, A. Khoshakhlagh, 
and S. D. Gunapala, ‘Type-II superlattice infrared detectors’, Chapter 1 in 
Semiconductors and Semimetals, vol. 84, Academic Press, 2011. 

  61.    A. A. Allerman, R. M. Biefeld, and S. R. Kurtz, ‘ InAsSb - based mid   - infrared 
lasers  ( 3.8–3.9  µ m )  and light - emitting diodes with   AlAsSb claddings and semi-
metal electron injection, grown by   metalorganic chemical vapor deposition’ , 
 Appl. Phys.   Lett .  69 ,  465  ( 1996 ). 

  62.    S. R. Kurtz, A. A. Allerman, R. M. Biefeld, and K.C. Baucom, ‘ High slope effi -
ciency,  “ cascaded ”  mid  infrared lasers with   type I   InAsSb   quantum wells’,   Appl. 
Phys.   Lett .  72 ,  2093  ( 1998 ). 

  63.    J. R. Meyer, C. A. Hoffman, F. J. Bartoli, and L. R. Ram-Mohan, ‘ Type-  II   quan-
tum well lasers for the mid wavelength   infrared’,   Appl. Phys.   Lett .,  67 (6),  757–
759  ( 1995) . 

  64.    D. H. Chow, R. H. Miles, T. C. Hasenberg, A. R. Kost, Y. H. Zhang, H. L. Dunlap, 
and L. West, ‘ Mid-wave   infrared diode lasers based on   GaInSb/  InAs and  
 InAs/  AlSb   superlattices’,   Appl. Phys.   Lett .  67 ,  3700  ( 1995 ). 

  65.    T. C. Hasenberg, R. H. Miles, A. R. Kost, and L. West, ‘ Recent advances in  
 Sb-based   midwave-  infrared lasers’,   IEEE J. Quantum Electron.   33 ,  1403  ( 1997 ). 

  66.    A. N. Baranov, N. Bertru, Y. Cuminal, G. Boissier, C. Alibert, and A. Joulli é , 
‘ Observation of   room-temperature laser emission from type   III   InAs/  GaSb 
multiple   quantum well structures’,   Appl. Phys.   Lett .  71 ,  735  ( 1997 ). 

�� �� �� �� �� ��



510 Semiconductor lasers

© Woodhead Publishing Limited, 2013

  67.    W. W. Bewley, E. H. Aifer, C. L. Felix, I. Vurgaftman, J. R. Meyer, C.-H. Lin, 
S. J. Murry, D. Zhang, and S. S. Pei, ‘ High-temperature   type-  II   superlattice diode 
laser at  λ  = 2.9  µ m’,   Appl. Phys.   Lett.   71 ,  3607  ( 1997 ). 

  68.    A. Wilk, M. El Gazouli, M. El Skouri, P. Christol, P. Grech, A. N. Baranov, and 
A. Joulli é , ‘ Type-  II   InAsSb/  InAs strained   quantum-well laser diodes emitting 
at 3.5  µ m’,   Appl. Phys.   Lett .  77 ,  2298  ( 2000 ). 

  69.    N. Deguffroy, V. Tasco, A. Gassenq, L. Cerutti, A. Trampert, A.N. Baranov, and 
E. Tournie, ‘ InAs/  GaSb   short-period   superlattice injection lasers operating in 
the 2.5  µ m to 3.5  µ m   mid-  infrared wavelength range’ ,  Electron.   Lett .,  43 ,  1285  
 (2007) . 

  70.    A. Gassenq, G. Boissier, P. Grech, G. Narcy, A.N. Baranov, and E. Tournie, 
‘ InAs/  GaSb/  InSb   short-period   super-lattice diode lasers emitting near 3.3  µ m 
at   room-temperature’ ,  Electron.   Lett .,  45 , no. 3,  165–167   (2009) . 

  71.    J. I. Malin, J. R. Meyer, C. I. Felix, J. R. Lindle, L. Goldberg, C. A. Hoffman, 
F. J. Bartoli, C.-H. Lin, P. C. Chang, S. Murry, R. Q. Yang, and S. S. Pei, ‘Type-II 
mid-IR quantum well lasers’,  Appl. Phys.   Lett.   68 , 2976 ( 1996 ). 

  72.    J. I. Malin,C. L. Felix, J. R. Meyer,C.A. Hoffman, J. F. Pinto,C.-H. Lin, P.C. Chang, 
S. J. Murry, and S.-S. Pei, ‘ Type   II   mid-  IR lasers operating above   room temper-
ature’,   Electron.   Lett .  32 ,  1593  ( 1996 ). 

  73.    C.-H. Lin, R. Q. Yang, S. J. Murry, S. S. Pei, C. Yan, D. L. McDaniel Jr., and 
M. Falcon, ‘ Room-temperature   low-threshold   type-  II   quantum well lasers at 
4.5  µ m’,   IEEE   Phot. Tech.   Lett .  9 ,  1573  ( 1997 ). 

  74.    W. W. Bewley, C. L. Felix, E. H. Aifer, I. Vurgaftman, L. J. Olafsen, J. R. Meyer, 
H. Lee, R. U. Martinelli, J. C. Connolly, A. R. Sugg, G. H. Olsen, M. J. Yang, 
B. R. Bennett, and B. V. Shanabrook, ‘ Above-room-temperature   optically 
pumped   mid  infrared W lasers’,   Appl. Phys.   Lett .  73 ,  3833  ( 1998 ). 

  75.    M. E. Flatt é , T. C. Hasenberg, J.T. Olesberg, S. A. Anson, T. F. Boggess, C. Yan, 
and D. L. McDaniel Jr., ‘ III–V   interband 5.2  µ m laser operating at 185 K’,   Appl. 
Phys.   Lett .  71 ,  3764  ( 1997 ). 

  76.    E. H. Aifer, W.W. Bewley, C. L. Felix, I. Vurgaftman, L. J. Olafsen, J. R. Meyer, 
H. Lee, R. U. Martinelli, and J. C. Connolly, ‘ Cw operation of 3.4  µ m   optically 
pumped   type-  II W laser to 220 K’,   Electron.   Lett .  34 ,  1587  ( 1998 ). 

  77.    W. W. Bewley, C. L. Felix, I. Vurgaftman, D. W. Stokes, E. H. Aifer, L. J. Olafsen, 
J. R. Meyer, M. J. Yang, B. V. Shanabrook, H. Lee, R.U. Martinelli, and A. R. Sugg, 
‘ High-temperature   continuous-wave 3–6.1  µ m  ‘ W ’  lasers with   diamond-pressure 
bond heat sinking’,   Appl. Phys.   Lett .  74 ,  1075  ( 1999 ). 

  78.    C. L. Felix, W.W. Bewley, L. J. Olafsen, D.W. Stokes, E. H. Aifer, I. Vurgaftman, 
J. R. Meyer, and M. J. Yang, ‘ Continuous-wave   type-  II  ‘ W ’  lasers emitting at  λ  = 
5.4–7.1  µ m’,   IEEE Photon. Technol.   Lett .  11 ,  964  ( 1999 ). 

  79.    R. Kaspi, A. P. Ongstad, G. C. Dente, J. R. Chavez, M. L. Tilton, and D. M. 
Gianardi, ‘ High performance   optically pumped   antimonide lasers operating in 
the 2.4–9.3  µ m wavelength range’,   Appl. Phys.   Lett .,  88 ,  041122  ( 2006) . 

  80.    A. P. Ongstad, G. C. Dente, M. L. Tilton, J. R. Chavez, R. Kaspi, and D. M. 
Gianardi, ‘ High brightness from unstable resonator   mid-  IR semiconductor 
lasers’ ,  J. Appl. Phys .  107 ,  123113  ( 2010 ). 

  81.    H. Lee, L. J. Olafsen, R. J. Menna,W.W. Bewley, R. U. Martinelli, I. Vurgaftman, 
D. Z. Garbuzov, C. L. Felix, M. Maiorov, J. R. Meyer, J. C. Connolly, A. R. Sugg, 
and G. H. Olsen, ‘ Room-temperature   type-  II W   quantum well diode laser 

�� �� �� �� �� ��



 Interband cascade (IC) lasers 511

© Woodhead Publishing Limited, 2013

with   broadened waveguide emitting at  λ  ɪ = 3.30  µ m’,   Electron.   Lett .  35 ,  1743  
( 1999 ). 

  82.    W. W. Bewley, H. Lee, I. Vurgaftman, R. J. Menna, C. L. Felix, R. U. Martinelli, 
D. W. Stokes, D. Z. Garbuzov, J. R. Meyer, M. Maiorov, J. C. Connolly, A. R. Sugg, 
G. H. Olsen, ‘ Continuous-wave operation of  λ =3.25  µ m   broadened-waveguide 
W   quantum well diode lasers up to T=195K’ ,  Appl. Phys.   Lett .  76 ,  256  ( 2000 ). 

  83.    A. Joulli é , E. M. Skouri, M. Garcia, P. Grech, A. Wilk, P. Christol, A. N. Baranov, 
A. Behres, J. Kluth, A. Stein, K. Heime, M. Heuken, S. Rushworth, E. Hulicius, 
and T. Simecek, ‘ InAs(  PSb)-based  ‘ W ’  quantum well laser diodes emitting near 
3.3  µ m’,   Appl. Phys.   Lett .  76 ,  2499  ( 2000 ). 

  84.    C.L. Canedy, W.W. Bewley, J.R., Lindle, I. Vurgaftman, C.S. Kim, M. Kim, and 
J.R. Meyer, ‘ High-power   continuous-wave   mid-  infrared   type-  II  ‘‘ W ’’  diode 
lasers’ ,  Appl. Phys.   Lett.,   86 ,  211105  ( 2005 ). 

  85.    C.L. Canedy, W.W. Bewley, C.S. Kim, M. Kim, J.R. Lindle, I. Vurgaftman, and 
J.R. Meyer, ‘ CW   mid-  infrared  ‘‘ W ’’  diode and   interband cascade lasers’ ,  J. Vac. 
Sci. Technol. B ,  24 ,  1613  ( 2006 ). 

  86.    D Zhang, E. Dupont, R. Q. Yang, H. C. Liu, C.-H. Lin, M. Buchanan, and 
S. S. Pei, ‘ Long-wavelength   infrared (~10–15  µ m) electroluminescence from  
 Sb-based   interband cascade devices’ ,  Opt. Exp. ,  1 ,  97  ( 1997 ). 

  87.    N. J. Ekins-Daukes, K. Kawaguchi, and J. Zhang, ‘ Strain-balanced criteria for 
multiple   quantum well structures and its signature in   X-ray rocking curves’ , 
 Cryst. Growth Des. ,  2  (4),  287–292  ( 2002 ). 

  88.    V. D. Jovanovic, Chapter 7 in  Quantum Wells, Wires and Dots , 2nd edition, 
P. Harrison, Wiley Interscience ( 2005 ). 

  89.    C.R. Webster and P. R. Mahaffy, ‘ Determining the local abundance of   martian 
m  ethane and Its  13 C/ 12 C and D/H isotopic ratios for comparison with related 
gas and soil analysis on the 2011   Mars Science Laboratory (  MSL) Mission’,  
 Planet. Space Sci. ,  59 ,  271  ( 2011 ). 

  90.    S. Suchalkin, J. Bruno, R. Tober, D. Westerfeld, M. Kisin, and G. Belenky, 
‘ Experimental study of the optical gain and loss in   InAs/  GaInSb interband 
 cascade lasers’,   Appl. Phys.   Lett .  83 ,  1500  ( 2003 ). 

  91.    E. V. Arzhanov, A. P. Bogatov, V. P. Konuaev, O. M. Nikitina, and V. I. Shveikin, 
‘ Waveguiding properties of   heterolasers based on   InGaAs/  GaAs strained  
 quantum-well structures and characteristics of their gain spectra’ ,  Quantum 
Electron. ,  24 ,  581  ( 1994 ). 

  92.    E. P. O’Reilly, A. I. Onischenko, E. A. Avrutin, D. Bhattacharyya, and J. H. 
Marsh, ‘ Longitudinal mode grouping in   InGaAs/  GaAs/  AlGaAs quantum dot 
lasers: origin and means of control’ ,  Electron.   Lett .  34 ,  2035  ( 1998 ). 

  93.    D. Westerfeld, S. Suchalkin, M. Kisin, G. Belenky, J. Bruno and R. Tober, 
‘ Experimental study of optical gain and loss in 3.4–3.6  µ m   interband cascade 
lasers’ ,  IEE Proc.-  Optoelectron .,  150 (4),  293  ( 2003 ). 

  94.    A. Bauer, private communications (2011); S. H ö fl ing, R. Weih, A. Bauer, M. 
Kamp and A. Forchel, ‘ Room temperature   continuous wave   interband cascade 
lasers for gas sensing’ ,  Proc.   SPIE   8432 , paper  84320N ,  2012 . 

  95.    I. Vurgaftman, W. W. Bewley, C. L. Canedy, C. S. Kim, M. Kim, C. D. Merritt, 
J. Abell, J. R. Lindle, and J. R. Meyer, ‘ Rebalancing of internally generated  
 carriers for   mid-  infrared   interband cascade lasers with very low power con-
sumption’ ,  Nature Communications ,  2 ,  585  ( 2011 ). 

�� �� �� �� �� ��



512 Semiconductor lasers

© Woodhead Publishing Limited, 2013

  96.    W. W. Bewley, C. L. Canedy, C. S. Kim, M. Kim, C. D. Merritt, J. Abell, I. Vurgaftman, 
and J. R. Meyer, ‘ Continuous-wave   interband cascade lasers operating above  
 room temperature at  λ  = 4.7–5.6  µ m’,   Opt. Express   20 ,  3235  ( 2012 ). 

  97.    T. Borca-Tasciuc, D. Achimov, W. L. Liu, G. Chen, H.-W. Ren, C.-H. Lin, 
and S. S. Pei, ‘ Thermal conductivity of   InAs/  AlSb   superlattices’ ,  Microscale 
Thermophys. Eng .  5 ,  225  ( 2001 ); T. Borca-Tasciuc, D. W. Song, J. R. Meyer, I. 
Vurgaftman, M.-J. Yang, B. Z. Nosho, L. J. Whitman, H. Lee, R. U. Martinelli, 
G. W. Turner, M. J. Manfra, and G. Chen, ‘Thermal conductivity of AlAs 0.07 Sb 0.93  
and Al 0.9 Ga 0.1 As 0.07 Sb 0.93  alloys and (AlAs) 1 /(AlSb) 11  digital-alloy superlattices’, 
 J. Appl. Phys.   92 , 4994 ( 2002 ). 

  98.    C. Sirtori, J. Faist, F. Capasso, D. L. Sivco, A. L. Hutchinson, and A. Y. Cho, 
‘ Continuous wave operation of   mid  infrared (7.4–8.6 µm)   quantum cascade 
lasers up to 110 K temperature’ ,  Appl. Phys.   Lett .  68 ,  1745  ( 1996 ). 

  99.    K. Ohtani, and H. Ohno, ‘ An   InAs-based   intersubband   quantum cascade laser’ , 
 Jpn. J. Appl. Phys .  41 ,  L1279  ( 2002 ); ‘InAs/AlSb quantum cascade lasers oper-
ating at 10  µ m’,  Appl. Phys.   Lett.   82 , 1003 ( 2003 ). 

  100.    R. Teissier, D. Barate, A. Vicet, D. A. Yarekha, C. Alibert, A. N. Baranov, 
X. Marcadet, M. Garcia, and C. Sirtori, ‘ InAs/  AISb   quantum cascade lasers 
 operating at 6.7  µ m’ ,  Electron.   Lett .  39 ,  1252  ( 2003 ). 

  101.    R. Teissier, D. Barate, A. Vicet, C. Alibert, A. N. Baranov, X. Marcadet, C. Renard, 
M. Garcia, C. Sirtori, D. Revin, and J. Cockburn, ‘ Room temperature operation 
of   InAs/  AlSb   quantum cascade lasers’ ,  Appl. Phys.   Lett .  85 ,  167  ( 2004 ). 

  102.    K. Ohtani, K. Fujita, and H. Ohno, ‘ Mid-  infrared   InAs/  AlGaSb   superlattice  
 quantum-cascade lasers’ ,  Appl. Phys.   Lett .  87 ,  211113  ( 2005 ). 

  103.    Z. Tian, L. Li, Y. Hao, R. Q. Yang, T. D. Mishima, M. B. Santos, and M. B. Johnson, 
‘ InAs-based   interband cascade lasers with emission wavelength at 10.4 µm’,  
 Electronics   Lett .  48 ,  113  ( 2012 ); and OU unpublished results (2011). 

  104.    Z. Tian, Y. Jiang, L. Li, R. T. Hinkey, Z. Yin, R. Q. Yang, T. D. Mishima, M. B. Santos, 
and M. B. Johnson, ‘ InAs-based   interband cascade lasers near 5.3  µ m’ ,  IEEE J. 
Quantum Electron. ,  48 ,  915  ( 2012 ). 

  105.    Y. Jiang, L. Li, Z. Tian, R. T. Hinkey, R. Q. Yang, T. D. Mishima, M. B. Santos, 
M. B. Johnson, and K. Mansour, ‘Room-temperature InAs-based interband 
cascade lasers’, paper CF3K.1 at The Conference on Lasers and Electro-Optics 
(CLEO) and the Quantum Electronics and Laser Science Conference (QELS), 
San Jose, CA, May 6–11, 2012. 

  106.    L. Li, Z. Tian, Y. Jiang, H. Ye, R. Q. Yang, T. D. Mishima, M. B. Santos, and 
M. B. Johnson, ‘Interband cascade lasers at long wavelengths’, paper CF3K.2 
at The Conference on Lasers and Electro-Optics (CLEO) and the Quantum 
Electronics and Laser Science Conference (QELS), San Jose, CA, May 6–11, 
 2012 . 

  107.    H. P. Hjalmarson and S. R. Kurtz, ‘ Electron Auger processes in   mid-  infrared  
 InAsSb/  InGaAs heterostructures’,   Appl. Phys.   Lett .,  69 ,  949  ( 1996) . 

  108.    C. H. Grein, M. E. Flatte, J. T. Olesberg, S. A. Anson, L. Zhang, and T. F. Boggess, 
‘ Auger recombination in   narrow-gap semiconductor   superlattices incorporat-
ing antimony’,   J. Appl. Phys .,  92 ,  7311  ( 2002) . 

  109.    M. E. Flatte, C. H. Grein, and H. Ehrenreich, ‘ Sensitivity of optimization of  
 mid-  infrared   InAs/  GaInSb laser active regions to temperature and composition 
variations’,   Appl. Phys.   Lett .  72 ,  1424  ( 1998 ). 

�� �� �� �� �� ��



 Interband cascade (IC) lasers 513

© Woodhead Publishing Limited, 2013

  110.    W. W. Bewley, J. R. Lindle, C. S. Kim, M. Kim, C. L. Canedy, I. Vurgaftman, and 
J. R. Meyer, ‘ Lifetimes and Auger coeffi cients in   type-  II W   interband cascade 
lasers’,   Appl. Phys.   Lett .  93 ,  041118  ( 2008 ). 

  111.    I. Vurgaftman, M. Kim, C. S. Kim, W. W. Bewley, C. L. Canedy, J. R. Lindle, and 
J. R. Meyer, ‘ Auger recombination, internal loss, and other processes in   inter-
band cascade lasers’ ,  Proc.   SPIE ,  7211 ,  721111  ( 2009 ). 

  112.    B. A. Ikyo, I. P. Marko, A. R. Adams, S. J. Sweeney, C. L. Canedy, I. Vurgaftman, 
C. S. Kim, M. Kim, W. W. Bewley, and J. R. Meyer, ‘ Temperature dependence of 
4.1  µ m   mid-  infrared   type   II  “ W ”  interband cascade lasers’ ,  Appl. Phys.   Lett .  99 , 
 021102  ( 2011 ). 

  113.    W. W. Bewley, C. L. Felix, I. Vurgaftman, E. H. Aifer, J. R. Meyer, L. Goldberg, 
J. R. Lindle, D. H. Chow, and E. Selvig, ‘ Continuous-wave   mid-  infrared   VCSELs’,  
 IEEE Photo. Technol.   Lett .  10 ,  660  ( 1998 ). 

    

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

514

     13 
 Terahertz (THz) quantum cascade lasers   

    S.   BARBIERI ,    University of Paris Diderot 
and CNRS, France     and     S.   KUMAR ,    Lehigh 

University, USA    

   DOI : 10.1533/9780857096401.3.514 

  Abstract : This chapter is dedicated to terahertz (THz) quantum cascade 
laser technology. After a brief introduction that contains a description 
of the current state of the art in terms of performance, the following 
important technological aspects are reviewed in more detail: waveguide 
and photonic structures, frequency and phase stabilisation, and active 
mode-locking. 

  Key words : semiconductor lasers, terahertz (THz), quantum cascade 
lasers, distributed-feedback lasers, photonic crystals, microwave 
modulation, active mode-locking, phase locking, frequency locking, 
optical sampling, frequency combs, frequency stabilisation.  

   13.1     Terahertz quantum cascade laser technology 

 This section introduces the terahertz (THz) frequency range of the electromag-
netic spectrum, some common THz applications, and the existing technology 
that is being developed to address those applications. THz quantum-cascade 
lasers (QCLs) are then introduced as one of the most promising sources of THz 
radiation. State-of-the-art developments related to THz QCLs are described 
briefl y in a variety of areas such as materials, performance characteristics, and 
developments targeted to make QCLs ready for specifi c applications. 

  13.1.1     State of the art 

 The terahertz (THz) region of the electromagnetic spectrum has remained 
underdeveloped, in large part due to lack of suitable techniques to gener-
ate coherent high-power radiation. Many molecules and solids have strong 
and distinct spectral signatures at THz frequencies, which makes THz tech-
nology important for both science and commercial applications related to 
spectroscopy and imaging.  1   Some potentially important applications include 
remote- sensing of earth’s atmosphere and, in astronomy, understanding 
the formation of planets, stars, and galaxies.  2   This is because THz optical 
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transitions are readily thermally excited due to their low-energies making 
them ideal for passive emission-spectroscopy. For imaging applications,  3   
THz radiation is useful for security-related detection of weapons, drugs, and 
explosives since many materials such as paper, plastics, and ceramics, which 
are opaque to visible frequencies, are transmissive at longer wavelengths. 

 In comparison to microwaves, THz radiation provides a better spatial 
resolution, due to its shorter wavelength. When compared to imaging with 
high energy X-rays, THz imaging is non-invasive and can provide much 
better contrast in terms of identifi cation of different materials, due to their 
largely different absorption and refraction indices across the THz spectrum. 
For similar reasons, THz imaging can fi nd potential application in biology 
and medicine,  4   in areas as diverse as cancer research, label-free DNA sens-
ing, and non-destructive evaluation of pharmaceutical products. All of the 
aforementioned applications would benefi t from compact high-power (tens 
of milliwatts) coherent sources of radiation to enable imaging in real-time, 
and sensing with array detectors operating at room temperature. In compar-
ison to narrow-band sources such as lasers, broadband sources of THz radi-
ation are more widely available; however, such sources are inherently low 
power (average power is of the order of few microwatts). They are useful, 
nevertheless, because of room-temperature operation and for their ability 
to be detected coherently. Techniques such as generation of THz bandwidth 
time-domain pulses in high-resistivity semiconductors,  5   non-linear genera-
tion by electro-optical rectifi cation in crystals such as ZnTe,  6   or non-linear 
generation by optical parametric conversion in materials such as LiNbO 3  7  or 
by difference-frequency generation in semiconductors,  8   have been used for 
various raster-scanned imaging and broadband spectroscopic applications. 

 There has been a spur of research activities in terms of technology devel-
opment to advance the fi eld of THz science,  9   ,   10   of which the advent of a THz 
quantum cascade laser (QCL)  11   carries particular importance. THz QCLs 
are arguably the only solid-state THz sources that can deliver average opti-
cal power levels much greater than the milliwatts essential for imaging 
applications, and also continuous-wave (CW) operation for the frequency 
stability desired in high-resolution spectroscopy techniques. THz QCLs are 
semiconductor lasers in which radiation is due to electronic intersubband 
transitions in semiconductor superlattices that have been demonstrated in 
GaAs/AlGaAs,  11   InGaAs/InAlAs,  12   and InGaAs/GaAsSb  13   heterostruc-
tures. These devices now provide CW spectral coverage in the frequency 
range of 1.2 THz (and even < 1 THz with magnetic-fi eld assisted operation) 
through THz with optical power output in the tens of milliwatts range.  14   ,   15   In 
terms of optical power output, frequency linewidth, and frequency stability 
they are arguably on par with the much bigger and more expensive molec-
ular gas lasers. Additionally, their emission frequency could be artifi cially 
adjusted by band structure engineering, which makes them attractive for a 
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variety of applications. A wide variety of active-region designs have been 
published.  14   The initial demonstration of THz QCLs was done with the aid 
of a single-plasmon waveguiding scheme,  11   and threshold densities as low 
as 100 A/cm 2  were soon demonstrated in both pulsed and CW operation.  16   
The subsequent development of double-plasmon metal-metal waveguides  17   
has led to higher operating temperatures in both pulsed (200 K)  18   and CW 
(117 K)  19   operation. 

 Unique distributed-feedback (DFB) techniques have been recently dem-
onstrated to achieve single-mode operation of THz QCLs with narrow beam 
patterns.  20   –24  Techniques for continuous frequency tuneability in the range 
of >300 GHz  25   have been demonstrated. Owing to the ultrafast intersub-
band transitions, unique time-domain techniques have been employed for 
THz QCLs, such as time-resolved measurement of its stimulated emission.  26   
THz QCLs have been frequency and phase-stabilised using the compact 
fi bre technology  27   which is promising for applications in high-resolution 
sensing. Also, unique methods of generation and measurement of mode-
locked THz QCL pulses have been realised.  28   With recent demonstrations 
of real-time imaging  29   and heterodyne spectroscopy  30   using THz QCLs, THz 
QCLs have come a long way to meeting some of important characteristics 
required from such narrow-band THz sources for targeted application in 
spectroscopy, imaging, and remote-sensing.   

  13.2     Waveguides and photonic structures 

 This section reviews different types of sub-wavelength waveguides that 
are commonly used for THz QCLs, namely metal−metal (MM) and semi-
insulating single-plasmon (SISP) waveguides. The long-wavelength range 
associated with such schemes introduces unique emission properties in THz 
QCLs, and hence novel techniques have been devised to improve their spec-
tral and modal characteristics for practical applications. Periodic photonic 
structures are discussed that improve the beam-profi le for THz QCLs while 
obtaining robust single-frequency spectral behaviour. 

  13.2.1      Metal − metal versus semi-insulating 
single-plasmon waveguides 

 The following expressions can be written for a laser operating above 
threshold:  
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 Equation [13.1] is the well known condition that the gain must be equal to 
the loss during laser operation. In this expression,  Γ  is the fraction of the 
mode that propagates in the active medium (also known as the mode con-
fi nement factor) and  g  is the material gain of the active medium, therefore, 
 Γ  g  becomes the modal gain. Also,   α    w   is the modal propagation loss in the 
waveguide cavity used for mode confi nement, and   α    m   is the out-coupling 
(mirror) loss in the cavity. For a Fabry − P é rot ridge cavity of length  L , with 
R  f/r  being the refl ectivity of mode from the front/rear facet respectively, 
α   m,f/r  is the mirror loss due to the corresponding facet. For the output power 
P out  collected from the front facet and a current I fl owing in the device, the 
slope effi ciency  dP  out / dI  can be written as in Equation [13.2], where   ћ  ω   is the 
 photon energy for the lasing mode. 

 Conventional dielectric waveguiding is impractical at THz frequencies 
due the long wavelengths involved. Waveguides for THz QCLs therefore 
utilise surface-plasmons propagating at a metal − semiconductor interface 
that allows mode confi nement within sub-wavelength dimensions. 

 Two types of surface-plasmon waveguides have been demonstrated for 
THz QCLs: the semi-insulating surface-plasmon (SISP) waveguides  11   and 
the metal − metal (MM) waveguides.  17    Figure 13.1  shows the schematics, and 
typical fi nite-element electromagnetic mode calculations for both types of 
waveguides for a comparison. Note that the active region is assumed to be 
lossless in these calculations for an accurate comparison of the contribution 
due to the waveguide itself. A more comprehensive treatment of the electro-
magnetic modelling of such waveguides can be found in Reference 33.    

 The MM waveguides confi ne the mode in sub-wavelength dimensions in 
the vertical direction, by virtue of a  double-  plasmon  mode that is bound to 
both the bottom and the top metal cladding. This leads to a large mismatch 
in the mode shapes of a mode that can propagate in free-space and the mode 
inside the waveguide. Consequently, the mirror refl ectivity in MM wave-
guides becomes very high ( R  ~ 0.7 − 0.9  33  ), as opposed to that expected for 
plane wave refl ection at a normal air/GaAs boundary (Rnorm = [(nGaAs − 1)/
(nGaAs + 1)]2 ∼ 0.32). In contrast, even though the mode in a SISP waveguide 
is also a double-plasmon mode, which is bound to the top metal and the 
thin  n  +  GaAs layer at the bottom, it is not confi ned within sub-wavelength 
dimensions. Hence, the mirror refl ectivity in SISP waveguides is approxi-
mately 0.32.  33   
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 As can be noticed from the calculated values in  Fig. 13.1 , MM waveguides 
have a smaller value of the waveguide losses  α  w /Γ in comparison to the 
SISP waveguides. It may be noted that the semi-insulating GaAs substrate 
is likely to contribute additional losses for SISP waveguides that have not 
been included in  Fig. 13.1 . These losses can occur due to impurity absorp-
tion at THz frequencies caused by shallow donors and acceptors in the nomi-
nally semi-insulating substrate. Also,   α    m  /Γ∼ 0.5 − 2 cm –1  per facet for a 1 mm 
long cavity in MM waveguides (calculated for  R  ~ 0.9 − 0.7), as compared 
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αw = 5.4 cm–1 (5.4 cm–1)
αw/Γ = 5.6 cm–1 (5.4 cm–1)
neff  =  3.47 (3.60)

Γ = 0.34 (0.36)
αw = 4.2 cm–1(3.3 cm–1)
αw/Γ = 12 cm–1 (9 cm–1)
neff = 3.61 (3.61)

 13.1      (a) Schematics of the MM and the SISP waveguides, and (b) two-

dimensional electromagnetic mode calculations for the fundamental 

lateral modes. The calculations are done within a Drude model at 

 v  = 4.4 THz (  λ   air ~ 68 μm,   λ   GaAs ~ 19 μm). For SISP waveguides, the 

 n  +  GaAs layer is 0.4 μm thick and is doped to 3  ×  10 18  cm  − 3 . The total 

energy density across the cross-section of the waveguide for a mode 

propagating perpendicular to the plane of the fi gure is plotted. A Drude 

scattering time of   τ   = 50 fs and a doping density of 5 9 1022 3× −cm  is 

used for metal (Au),  31   and a   τ   = 0.1 ps is used for the  n  +  GaAs layer.  17   

The refractive index of GaAs is taken to be  n  GaAs  = 3.6.  n  eff  is the 

effective index of the propagating mode. The values in parentheses are 

the results for infi nitely wide waveguides. For these calculations the 

active region is taken to be lossless, and so is the semi-insulating GaAs 

substrate for the SISP waveguides. These calculations are performed 

using a fi nite-element solver.  32    
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to   α    m  /Γ  ~ 15 − 30 cm−1 per facet for a 1 mm long cavity in SISP waveguides 
( calculated for Γ ~ 0.4 − 0.2). Hence, even for relatively long cavity lengths, 
the mirror losses in SISP waveguides are an order of magnitude greater than 
those in MM waveguides. 

 The aforementioned arguments indubitably suggest that the overall 
losses in SISP waveguides are higher compared to those in MM waveguides. 
Hence, QCLs realised in MM waveguides show much improved temper-
ature performance. In contrast, the factor  α  m,f /( α  w + α  m,f + α  m,r )<∼0.1 for MM 
waveguides as compared to the values of  α  m,f /( α  w + α  m,f + α  m,r )>0.2–0.3 that 
are possible for SISP waveguides. This suggests that the slope effi ciency for 
MM QCLs is expected to be considerably smaller than that for SISP QCLs. 
This has indeed been observed experimentally. Where THz QCLs with 
SISP waveguides have shown optical power output as high as 250 mW,  34   the 
power output with MM waveguides remains in the range of 10 − 60 mW for 
the best reported results.  18   ,   35   ,   36   

 Apart from their lower optical loss and the resulting higher-tempera-
ture operation, MM waveguides for THz QCLs offer several advantages 
owing to their ability to confi ne radiation in sub-wavelength scales even in 
the lateral dimensions. CW operation above liquid-nitrogen temperature 
has been demonstrated by improving the fl ip-chip wafer bonding process 
required for fabricating such structures and by making the ridge devices 
narrow for effi cient heat removal through the substrate.  19   Ultra-low thresh-
old microcavity lasers with sub-wavelength optical volumes have also been 
realised.  37   –   39   However, from a usability perspective the primary requirement 
has been improvement of their emission characteristics to obtain narrow 
output-beams with single-mode operation.  

60
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pattern of a MM THz QC laser.40 Optical emission is highly divergent 

with distorted ring-like wavefronts.  
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  13.2.2      Poor emission characteristics of THz QC 
lasers with metal − metal microcavities 

 The best performing THz QC lasers utilise MM microcavities as shown in 
 Fig. 13.2a ,  41   for the reasons explained above. However, the emission proper-
ties of such ridge cavity lasers are very poor. First, such lasers easily excite 
several lateral and longitudinal order modes simultaneously, invariably 
leading to multi-mode lasing across the gain bandwidth, typically up to 
0.5 THz around the designed frequency. Also, the lasing modes often switch 
unpredictably as a function of applied bias. An example of a multi-mode 
optical spectrum of such a laser is also shown in  Fig. 13.2a .         

 For high-resolution sensing and spectroscopy applications, multi-mode 
lasing is undesirable and in some cases strictly unacceptable. Second, 
THz QC lasers have very poor beam patterns, an example of which is shown 
in  Fig. 13.2b .  40   Such a beam pattern results due to the highly diffracted beam 
from a sub-wavelength aperture, which shows a ring-like beam pattern due to 
the microcavity laser acting like a radiating antenna at such long wavelengths. 
Such beam patterns make such a laser less attractive for coherent detection 
since the phase of the electromagnetic fi eld shows a rapid variation spatially 
and also because the optical power is no longer concentrated in a small area, 
and hence only a small fraction of the output power could be utilised.  

  13.2.3      Single-mode THz QCLs with periodic photonic 
cavities 

 THz QC lasers with highest operating temperatures are typically realised in 
a Fabry − P é rot ridge cavity confi guration as illustrated in  Fig. 13.2a  with peak 
optical power output in the range of 10 − 50 mW at 10 K for the best reported 
results.  18   ,   36   However, as argued in Section 13.2.1, the emission characteristics 
(multimoded spectral behaviour, divergent beam patterns, and low output 
power) for such lasers are poor owing to the sub-wavelength dimensions of 
the cavities at THz frequencies. Two of those three problems have more-or-
less been rectifi ed by implementation of various DFB schemes in the past fi ve 
years by several research groups. DFB in the form of one-dimensional gratings 
or two-dimensional photonic-crystal-like structures allow robust  single-mode 
operation and show improved beam properties, thereby improving both the 
spectral and modal properties of the lasers simultaneously. However, the poor 
out-coupling from THz microcavity resonators still remains a considerable 
challenge, and hence the overall output power from single-mode THz QC 
lasers remains in the range of 10 mW at 10 K, which reduces to approximately 
1 mW at 77 K for the best reported results.  20   ,   42   

  Figure 13.3  is an illustration for a semiconductor laser cavity with an 
embedded periodic grating, which we will use to describe some of the 
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 present DFB schemes (Sections 13.2.4 and 13.2.5). Any aspect of a cavity 
that periodically perturbs the propagating electromagnetic mode leads to 
Bragg diffraction of the wave both inside and outside the cavity. For a wave 
propagating from left to right with a wavevector  k  wg  ( k  wg  = 2π n  r  / λ 0  for a 
plane wave, where  n  r   is the refractive index of the semiconductor and λ 0  is 
the free-space wavelength), a wave is diffracted inside the cavity for which 
we can write the Bragg condition:     

    k nk kwg nkΛ wg wgsin( )θ     [13.4]   

 where  k   Λ   = 2 π /Λ is the grating wavevector,  n  is an integer ( n  = 1, 2, 3, …) that 
specifi es the diffraction order, and   θ   wg  is the angle of diffraction. Similarly, 
for a wave diffracted outside the cavity, we can write:  

    k nk kwg nkΛ air airsin( )θ        [13.5]   

 where  k  air  is the free-space wavevector. Equations [13.4] and [13.5] will now 
be used to some of the subsequent discussions to describe the operation of 
single-mode THz QC lasers.   

  13.2.4      Surface-emitting second-order DFB THz 
QC lasers in metal − metal cavities 

  Figure 13.4  shows the schematic, operating principle and experimental 
results from the fi rst single-mode THz QC laser in a MM microcavity that 
lased in CW operation with a single-lobed beam pattern.  20   This design is 
among the best performing single-mode THz QC lasers in terms of oper-
ating temperature (although, similar operating temperatures have also 
recently been realised but only in pulsed mode in Reference 43), and is one 

kair

kwg

kwg

θair

Λ

θwg

 13.3      Schematics of a distributed Bragg grating implemented in 

a semiconductor gain medium to improve spectral and modal 

characteristics of laser cavities.  
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of the two reported results (the other one being Reference 42) of single-
mode THz QC lasers with narrow beam output, which operate in CW mode 
at the temperature of liquid nitrogen (77 K). 

 The periodic grating in  Fig. 13.4a  provides DFB due to second-order Bragg 
diffraction, that is,  n  = 2 in Equation [13.4] for θ wg  = π/2, which leads to  k  wg  =  k  Λ . 
Hence, a mode which is exactly periodic with the grating is one that is excited 
due to its lowest loss. Note that the DFB structure could also be considered 
a one-dimensional photonic crystal in which the above mode is the one at 
the top of the lower band-edge of the eigenmode dispersion profi le of the 
photonic crystal (as shown in  Fig. 13.4b ). The periodicity of the electric fi eld 
along the grating could also be seen from the fi eld diagram in  Fig. 13.4a . As 
a result of this, emission from each successive grating aperture leads to con-
structive interference in the far-fi eld on top of the surface (i.e., for = 0). 

 The surface-emitting DFB laser of  Fig. 13.4  achieves robust single-mode 
operation as determined from the periodicity of the grating, as opposed to the 
unpredictable multi-mode lasing behaviour of the Fabry − P é rot cavity of  Fig. 
13.2 . Also, it obtains a much improved beam pattern profi le with a divergence 
of 5 °  in the longitudinal direction (even though the lateral emission is still 
broad due to the sub-wavelength width of the cavity). However, the design 

0.2

0.4

0.6

Along z

Along x

0.8

14

1

0
–45 –35 –25 –15 –5 5

Angle (degrees)

In
te

ns
ity

 (
a.

u.
)

15 25 35 45

Calculated eigenmodes

Freq (THz) Frequency (THz)

147K

19.7GHz

5K

Far-field beam pattern

S
ur

fa
ce

 lo
ss

 (
cm

–1
) 50

x y

z

40

30

20

10

0
2.6

E

y

z

k

Metal

10 μm

10 μm

Λ

Λ

+ +

2.72.82.9 3 3.13.23.33.4

6
0

0.2

5
4
3
2
1
0 O

pt
ic

al
 p

ow
er

 (
m

W
)

O
pt

ic
al

 p
ow

er
 (

a.
u.

)

12

B
ia

s 
(V

) 10
8
6
4
2
0

0 0.1

100 200 300 400 500 600 700 800 900

Current density (A/cm2)

(a) (b) (c)

0

0.2

5 K

0.3
Current (A)

0.4 0.5
78K

75K

61K

43K

7K

146K
135K

96K

68K

0.45 0.550.5
Current (A)

Pulsed

2.85 2.952.9

51K
146K

147K
148K
149K

5K

CW

0.4

0.6

0.8

 13.4      Surface-emitting single-mode THz QC lasers with second-order DFB. 

(a) Illustration of a MM THz microcavity with embedded second-order 

grating in the top metallic layer. The electric-fi eld lines for the lowest loss 

resonant cavity mode are drawn from a side-view of the microcavity. (b) 

Calculated eigenmode spectrum of the grating microcavity, where the 

surface loss (units are cm −  1 ) is plotted for each resonant-mode. The lowest 

loss eigenmode (circled) is the one that eventually lases. Experimentally 

measured far-fi eld beam pattern of the optical power emitted from the 

surface is also plotted for the lasing mode. (c) Light-current characteristics 

of the single-mode THz QC laser in both pulsed and CW operation. The 

lasing mode tunes with temperature due to a change in the refractive 

index of the semiconductor. The maximum operating temperature of 149 K 

for this laser is the highest reported for any single-mode THz QCL to date.  
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still does not solve the problem of effi cient out-coupling. In fact, it is the  E  z  
fi eld that causes emission in the surface normal direction, which has nulls pre-
cisely at the grating apertures. Therefore, the surface loss of the lasing mode 
is close to zero (0.1 cm  − 1  for the lasing mode in  Fig. 13.4b ), which translates to 
negligible out-coupling of radiation, and hence very low output power.  

  13.2.5      Improved beam-profi le in both dimensions 
for single-mode THz QC lasers 

 The surface-emitting DFB laser with second-order Bragg grating as shown 
in  Fig. 13.4  obtained narrow beam pattern only in the longitudinal direc-
tion, whereas the emission is broad in the lateral direction, as is evident 
from  Fig. 13.4b . This is an inherent characteristic of surface-emitting DFB 
lasers in rectangular ridge geometry,  20   ,   44   ,   45   especially at THz frequencies 
where the ridge width could be less than the wavelength. Although wider 
ridges could be made to circumvent this problem, higher current fl ow leads 
to higher heat dissipation, which prevents operation in CW mode.  44   ,   45   

 Several groups have pursued periodic photonic geometries of differ-
ent types to obtain symmetric beam pattern in both dimensions, such as 
surface-emitting micro-disk,  22   and micro-ring  46   THz QC lasers. However, 
the best results in terms of the narrow beam patterns are obtained from 
two-dimensional photonic crystal  21   and one-dimensional third-order DFB  42   
lasers, as shown in  Fig. 13.5a  and  Fig. 13.5b  respectively. The photonic-crystal 
structure in  Fig. 13.5a  is similar to the infrared photonic-crystal lasers that 
excited the delocalised band-edge resonant modes. The third-order DFB in 
 Fig. 13.5b , on the other hand, works on a clever idea in that the third-order 
Bragg condition wg( )2 3/ k kwg = Λ , as obtained from Equation [13.4] for  n  = 3, 
makes it possible for the mode leaked outside the waveguide to combine 
coherently in the end-fi re direction, since 2 ⋀  = 3 λ  wg  ≈  λ  0  for GaAs that has 
 n  r  ≈ 3.6. In other words, two grating periods, leading to same phase in the 
grating apertures for a third-order DFB, are approximately equivalent in 
length to the free-space wavelength  λ  0 . Hence, any mode leaked outside 
the cavity combines coherently in the longitudinal direction to give a tight-
beam spot in the plane perpendicular to the ridge.    

 While the results shown in  Fig. 13.5  have managed to improve the beam 
patterns for single-mode THz QC lasers in both dimensions, the best 
reported CW output power still remains in the range of 1 mW at 77 K for 
either of the schemes in  Fig. 13.4  and  Fig. 13.5b  respectively. This is inher-
ently a problem of the distributed-feedback scheme for MM cavities, in 
which case the lowest loss mode is the one that has in-plane fi eld nulls in 
the metal apertures from where light is radiated, which leads to negligi-
ble out-coupling and hence very low output power. The present research 
focus is, therefore, primarily concentrated on improving the optical out-
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coupling from THz microcavities to increase the optical power output of 
THz QCLs. 

 Together with the output power and the beam quality, other crucial char-
acteristics of a laser source are its frequency stability and spectral linewidth. 
In fact these are important parameters that will determine whether or not a 
given laser source is suitable to perform high-resolution spectroscopy, which, 
especially in the THz range, is particularly important for astronomical and 
atmospheric research. In the following chapter different techniques that allow 
active stabilisation of the frequency of THz QCLs will be discussed. Particular 
emphasis will be given to techniques that allow locking their frequency to 
the repetition rate of femtosecond (fs) mode-locked lasers. As we shall see, 
besides reaching extremely narrow linewidths, these techniques enable the 
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 13.5      Single-mode THz QC lasers with narrow beam patterns in two 

dimensions. (a) A surface-emitting two-dimensional photonic-crystal 

THz QC laser using a trigonal lattice of etched holes in the top metallic 

cladding. An optical image of cavity and the measured beam pattern are 

shown (from Reference 21). (b) An edge-emitting THz QC laser with a 

third-order Bragg grating embedded in the semiconductor gain medium 

using laterally etched corrugations in the ridge. An electron image of the 

cavity and the measured beam pattern are shown (from Reference 42).  
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coherent sampling of the THz wave amplitude emitted by the QCL using the 
optical pulses from the fs-laser. In the last part of the chapter we shall see how 
this coherent sampling has been used to demonstrate that THz QCLs can be 
operated in active mode-locking regime by modulating their drive current.  

  13.3     Stabilisation, microwave modulation and active 
mode-locking of terahertz quantum cascade 
lasers 

 This section reviews frequency, phase-locking and microwave modulation 
of THz QCLs.  Future, general perspectives on THz QCL technology are 
discussed at the end. 

  13.3.1     Frequency and phase locking 

  Linewidth characteristics 

 QCLs are intrinsically narrow-linewidth sources, owing to a small lin-
ewidth enhancement factor (LEF) as a result of their symmetric, or almost 
symmetric, gain curve.  47   –   50   LEFs between ~0 and ~2 have been measured 
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 13.6      Difference-frequency spectrum between two Fabry − P é rot modes 

from two free-running, multi-mode QCLs operating at 3.4 THz. The 

trace was recorded in a single shot using a spectrum analyser RBW 

of 30 kHz, and a sweep rate of 8.3 MHz/s. The spectrum comprises 

several single lines resulting from a slow drift of ~1 MHz/s of the QCLs 

frequencies due to electrical and thermal instabilities. Inset: spectrum 

collected with the same parameters used for the main part of the fi gure 

showing a RBW linewidth of 30 kHz. Figure taken from Reference 53.  
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for QCLs operating in the mid-IR range using different techniques.  48   –   50   
In the THz range, owing to the lower available power and the less sen-
sitive detection, only one measurement has been reported so far, by R. 
P. Green  et   al .,  51   who obtained an LEF of ~0.5 by applying a self mixing 
technique to a 2.6 THz QCL. This is approximately a factor of 10 lower 
than typical interband diode lasers LEFs, and should lead to intrinsic 
linewidth limits in sub-kHz range. Although an accurate measurement 
of the intrinsic linewidth is still lacking for THz QCLs, a few hetero-
dyne mixing experiments using Schottky diodes as non-linear detectors 
have revealed the free-running frequency stability of these sources.  52   ,   53   
A representative spectrum is reported in  Fig. 13.6 , showing the differ-
ence frequency between two Fabry − P é rot modes of two free-running, 
multi-mode QCLs operating at 3.4 THz. The trace was recorded in a sin-
gle shot using a spectrum analyser with a resolution bandwidth (RBW) of 
30 kHz, and a sweep rate of 8.3 MHz/s. The spectrum comprises several 
 single lines resulting from a slow drift of ~1 MHz/s of the QCL frequencies 
due to electrical and thermal instabilities. Each line has a resolution limited 
linewidth of 30 kHz.  53   These well-behaved spectral characteristics render 
THz QCLs ideal sources for spectroscopic applications.  54   Besides, as we 
shall see in the following section, they allow effi cient stabilisation of their 
emission frequency using frequency and phase-locking techniques. This 
enables the use of THz QCLs for high-resolution spectroscopy experiments 
or as stable local oscillators for high sensitivity heterodyne receivers.  55   ,   56       

  Frequency locking 

 In frequency locking the emission frequency of a laser is compared to the fre-
quency of a more stable reference, that is, another laser or the absorption line 
of a gas, generating an error signal proportional to the difference between 
the two frequencies. By using an appropriate servo-circuit, this error signal 
is then used to correct the laser frequency and lock it to the  reference. 57  The 
fi rst demonstration of frequency locking of a THz QCL was reported by Betz 
 et al.  in 2005.  58   In this experiment a 3 THz QCL was stabilised on the line of a 
FIR gas laser corresponding to the 3105.9368 GHz methanol transition. The 
schematic of the experimental set-up is shown in  Fig. 13.7a . The beams from 
the two lasers were mixed on a GaAs Schottky mixer, generating a beat-note 
at 48 GHz, that, in turn, beat with the second harmonic, at 49.2 GHz, of a 24.6 
GHz YIG oscillator, producing an intermediate frequency (IF) output at 1.2 
GHz. This signal was directed on a source-locking counter that fed back on 
the QCL to control its drive current. The loop bandwidth was 10 kHz, which 
was suffi cient for frequency stabilisation. In  Fig. 13.7b  the spectrum of the 
stabilised beat-note with a linewidth of 65 kHz is displayed on a spectrum 
analyser with a spectral  resolution of 100 kHz.    
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 An alternative frequency locking technique has been recently exploited 
by Richter  et al. , based on a molecular resonance serving as frequency ref-
erence for a 2.55 THz QCL.  59   This technique presents the advantage of not 
requiring a bulky THz gas laser. In the work by Richter  et al.  the frequency of 
the QCL was fi rst fi ne-tuned by temperature and current in proximity to the 
2.55025 THz absorption line of methanol gas maintained at a pressure of 1–2 
hPa inside a sealed, 52 cm long absorption cell. The black line in  Fig. 13.8a  
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 13.7      (a) Schematic of the experimental set-up for the frequency locking 

of a 3 THz QCL to a far-IR gas laser. See text for a detailed description. 

(b) Spectrum of the frequency-locked beat-note with a linewidth of 65 

kHz as measured on a spectrum analyser with a spectral resolution of 

100 kHz. Figures taken from Reference 58.  
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shows the QCL power transmitted through the cell and detected with a liquid 
helium cooled Ge/Ga photoconductor. Here the QCL was driven in CW at a 
temperature of 46 K, with an emitted power of a few mW. Changing the drive 
current of the laser allowed scanning the methanol absorption line (the mea-
sured tuning coeffi cient was of a few MHz/mA), producing the deep at ~710 
mA indicating the centre of the transition. The light gray curve shows instead 
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 13.8      (a) Absorption line of methanol at 2.55 THz at a pressure of 1.7 hPa. 

The transmission signal (black line) is measured in direct detection; 

the error signal (gray line) is measured with a lock-in amplifi er and the 

frequency of the QCL current modulation as reference (see text). The QCL 

is locked to the centre of the derivative-like error signal.  The locking range 

is indicated by the rectangular box. (b) Number of counts in 34-kHz-wide 

intervals with the QCL in a frequency-locked state. The solid line is a 

Gaussian fi t to the measurement. Figures taken from Reference 59.  
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the transmitted signal as a function of current obtained by adding a weak 
(<1 mA) current modulation to the QCL at a frequency of a few kHz. In this 
case the signal was recorded with a lock-in amplifi er using the modulation 
frequency as a reference, therefore the light gray curve is proportional to the 
fi rst derivative of the absorption line. Close to the centre of the absorption 
line the derivative is linear, and by compensating the  dc  offset caused by the 
positive slope of the absorption, an error signal with a zero-value at the line 
centre was generated. This was fi nally fed back into the QCL drive current 
using a PID control loop that locked the QCL frequency on the absorption 
minimum.  Figure 13.8b  shows the measured frequency-locked line over a 
time >10 s, obtained by dividing the frequency scale into 34-kHz-wide inter-
vals, and by counting, using the error signal, the number of frequency values 
falling in each interval. The obtained linewidth was 300 kHz.     

  Phase locking 

 Contrary to frequency locking, in phase locking the phase of the laser source 
is locked to the phase of a reference source so that the integrated phase-noise 
outside the control bandwidth is << 1 rad  2  . First attempts to phase-lock THz 
QCLs were carried out using multiplied electronic oscillators as reference 
sources, and hot-electron-bolometer (HEB) mixers as phase-detectors.  60   ,   61   The 
latter provided the necessary sensitivity to detect the usually low power level 
from the multiplied source, typically in the pW range.  61   A schematic of the 
set-up used in Reference 60 is shown in  Fig. 13.9a . The THz QCL and the mul-
tiplied oscillator were simultaneously focused on the HEB mixer, generating 
a beat-note in the 1–2 GHz range that oscillated at the difference frequency 
between the two sources. The beat-note was fi ltered, amplifi ed and fi nally 
down-converted, using a radio-frequency (RF) mixer, into the ~100 MHz 
range. At this stage it could be phase-compared, through a second mixer, to 
the frequency of a stable RF oscillator, generating an error signal that was used 
to control the QCL current thanks to PID control electronics.  Figure 13.9b  
shows the RF beat-note obtained by locking a 1.5 THz QCL emitting ~300  µ W 
of power, to a multiplied YIG source oscillating at 1499.3 GHz.  60   A signal-to-
noise (SNR) ratio of ~45 dB was obtained with a 100 Hz RBW of the spectrum 
analyser. With the 1.5 THz QCL phase-locked, the emitted power level was 
adjusted to the optimum operating point of the HEB, yielding a measured 
receiver noise temperature of 1740 K. This value was found to be comparable 
to the noise temperature obtained by pumping the same HEB with a multi-
plied oscillator.  60      

 Phase-locking techniques such as those briefl y described above are 
bound by the necessity of multiplying the original RF oscillator by a factor 
of 100–200. The use of such extreme multiplication orders has two main 
inconveniences: (i) it limits the spectral tuning at the end of the chain to 
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 13.9      (a) Schematic of the experimental set-up used to phase-lock a QCL 

emitting at 1.5 THz to a solid-state multiplier chain (labelled VDI LO in the 

fi gure), driven by YIG oscillator. See the text for a detailed description. 

(b) RF beat-note spectrum of the phase-locked QCL obtained with the 

set-up of panel (a) and a RBW of 10kHz. (c) RF beat-note spectrum of the 

phase-locked QCL obtained with the set-up of panel (a) and a RBW of 

10Hz. Figures taken from Reference 60.  
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 13.10      (a) Schematic of the electro-optical detection set-up. Shown 

from left to right are the ZnTe crystal, the   λ  /4 and   λ  /2 wave plates, 

the PBS and the two photodiodes. The QCL beam (shaded dark) was 

focused on the ZnTe crystal with an  f /1, gold-coated parabolic mirror. 

The horizontal arrow represents the frequency-doubled fs-laser beam at 

  λ   = 387 THz (  λ   = 775 nm). (b) Top. Schematic of the spectral envelope of 

the amplitude-modulated optical beams at the output of the PBS. Dark 

and light gray curves represent the optical carrier and the sidebands, 

respectively, at +/ −    ν   QCL . Bottom. Enlargement of the left panel showing 

the individual comb teeth of the optical carrier and of the upper THz 

sideband. Here,   ν   +  and   ν    −   are the optical carrier comb teeth that lie 

closest to the generic comb tooth from the upper sideband, labelled 

  ν   side,  and m and n are integer numbers.  f  0  is the fs-laser frequency 

offset.   δ f   −   is the low-frequency beat-note signal used for phase locking 

(see text). The fi gure is adapted from Reference 27.  
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~10% of the centre frequency, and (ii) it generates low power levels that 
restrict the choice of the mixer element to superconducting receivers. An 
alternative approach, based on the use of a mode-locked fi bre laser, was 
demonstrated by Barbieri  et   al .  27   This technique replaces the multiplier 
chain with a mode-locked fi bre laser as a reference source, and exploits a 
room-temperature-operated detector for beat-note detection. Moreover, 
as we shall see below, it is inherently broadband, that is, it allows the phase 
locking of any THz QCL, regardless of its emission frequency. The oper-
ating principle is schematically described in  Fig. 13.10a , and is based on a 
ZnTe crystal electro-optic modulator. The THz QCL and the beam from a 
frequency-doubled 1550 nm fs-laser beam are focused onto a 2 mm thick 
(110) ZnTe electro-optic crystal. Both beams are linearly polarised along 
the [1,–1,0] axis. The THz electric fi eld induces an a.c. birefringence, thus 
modulating the polarisation of the fs-laser beam. A quarter-wave plate 
placed after the crystal compensates the ZnTe static birefringence, so that 
the polarisation of the fs-laser remains linear in the absence of THz radia-
tion. Next the fs-laser beam passes through a half-wave plate followed by 
a polarising beam splitter (PBS) rotated at 45deg with respect to the wave-
plate axis. This transforms the polarisation modulation driven by the THz 
a.c. fi eld into an amplitude modulation of the two orthogonal polarisation 
components. The intensities of the two orthogonally polarised beams at the 
output of the PBS are fi nally detected with a balanced detection unit com-
prising two silicon photodiodes connected to a transimpedance amplifi er, 
with a bandwidth of ~100 MHz.    

 The effect of the amplitude modulation on the fs-laser spectrum is shown 
in  Fig. 13.10b . Two sidebands (black) centred at +/ −   ν   QCL , where   ν   QCL  is the 
frequency of the QCL, are generated on both sides of the carrier (light gray) 
at frequency   ν   C . Both the carrier and the sidebands spectra are represented 
by a broadband curve of full width at half maximum  Δ  BW . Therefore, if  Δ  BW  
is larger than   ν   QCL , the sidebands and carrier spectra will overlap, as shown 
schematically in the fi gure. A typical mode-locked fs-fi bre laser generates 
~100 fs long pulses at a repetition rate  f  rep  ~ 100 MHz, therefore its spec-
trum is composed of an ensemble of narrow lines separated by ~100 MHz 
and spanning a spectral range of ~5 THz. The frequency of the nth line is 
given by ν n  = n × f rep  + f 0  , where n is an integer and f 0  is the fs-laser frequency 
offset. This means that the condition  Δ  BW  >   ν   QCL  is satisfi ed for virtually any 
THz QCL demonstrated to date.  14   As a result, focusing of the modulated 
fs-laser beam on a silicon photodiode gives rise, on the photocurrent spec-
trum, to a number of beat notes oscillating at   δ f  -  = (  ν   QCL   −   n   ×   f  rep ) and   δ f  +  = 
( n +  1)  ×   f  rep  –   ν   QCL  =  f  rep  –   δ f  -  (see  Fig. 13.10b ), where  n  is an integer. For  n  
such that  n   ×   f  rep  is the closest harmonic to   ν   QCL , then   δ f  - ,   δ f  +  <  f  rep  ~100 MHz, 
and a direct link from the THz to ~10 MHz range is obtained, allowing, with-
out any further down-conversion stage, the phase-lock of   ν   QCL  to  f  rep .  27   To 
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this end it is important to note that in this beat-note generation process the 
carrier frequency   ν   C  of the fs-laser (or the frequency offset  f  o ) is subtracted, 
hence   δ f  - ,   δ f  +  depend  only  on   ν   QCL  and  f  rep .  62    Figure 13.11  reports the result 
obtained using the detection technique of  Fig. 13.10a  to phase-lock a 2.7 
THz QCL to the  n  th  harmonic of a fs-fi bre. In  Fig. 13.11a  the spectrum of 
  δ f  -  is shown without feedback control, that is, with the QCL in free-running 
mode: the linewidth is limited by the 1 MHz RBW of the spectrum analy-
ser. The beat-note spectra when the feedback loop is closed are reported 
in  Fig. 13.11b ,  13.11c  and  13.11d  with RBWs from 100 kHz down to 1 Hz, 
the spectral resolution limit of the spectrum analyser. The sidebands of  Fig. 
13.11b  indicate that the phase-lock bandwidth is 1.5 MHz, not limited by 
the electronic circuit. By numerically integrating the normalised beat-note 
spectrum from 1 Hz to 1.5 MHz from the centre frequency, it is found that 
>90% of the QCL power is effectively phase-locked.  27   In the next section it 
will be shown how this technique of phase-locking is equivalent to an opti-
cal sampling of the electric fi eld emitted by the THz QCL using the pulses 
from an fs-laser.      
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 13.11      (a) Unlocked and (b–d) locked RF spectra of the beat-note signals 

with RBW decreasing from 1 MHz to 1 Hz, the spectral resolution limit of 

our spectrum analyser. Spectra were collected with 100 video bandwidth 

averages. The two sidebands of panel (b) indicate that the bandwidth of 

the phase-lock is ~1.5 MHz. The fi gure is adapted from Reference 27.  
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  13.3.2      Microwave modulation and active mode-locking 
of THz QCLs 

  Microwave modulation of THz QCLs 

 QCLs are unipolar semiconductor lasers based on electronic intersubband 
transitions in the conduction band of multi-layered heterostructures.  63   In 
contrast to interband diode lasers, where the lifetime of the electrons popu-
lating the upper laser state is determined by electron − hole recombination, 
the electron lifetime in QCLs is dominated by non-radiative phenomena, 
and in particular by optical-phonon scattering. This leads to fast relaxation 
times, on the picosecond (ps) timescale, which have an important impact on 
the dynamical properties of this family of devices.  64   From a 2-level system 
rate equation model, and neglecting the non-radiative lifetime of the lower 
state, the laser modulation response, proportional to the ratio between the 
variation of the output power and the modulated current amplitude, is given 
by the following expression:  
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 where   ω   is the modulation frequency,  τ  2  is the upper-state non-radiative life-
time, and  τ   p  ,  τ   s   are respectively the photon cavity lifetime and the stimulated 
lifetime. The latter is defi ned as  τ   s   = (  σ S )  − 1 , where   σ   is the optical cross-
section, and  S  is the photon density. Equation [13.6] can be used to compare 
the normalised modulation response function of an interband diode laser 
with those of QCLs operating in the mid-IR and THz regions. The three 
curves are plotted in  Fig. 13.12 . They were computed using realistic values 
of  τ  2 ,  τ   p  , and  τ   s   ( Fig. 13.12 ). The change of non-radiative lifetime from ~ns to 
~ps eliminates the relaxation oscillation resonance in QCLs. This results in 
a fl at modulation response for both mid-IR and THz QCLs. The THz QCL 
has a wider modulation bandwidth ( f   3 dB  ~ 50 GHz) than the mid-IR QCL 
( f   3 dB  ~ 25 GHz) because of (i) a slightly shorter  τ   p   due to higher total losses 
(see the caption of  Fig. 13.12 ), and (ii) a  longer  upper-state lifetime of 5 ps, 
compared to 1 ps for the mid-IR laser.    

 The very large intrinsic modulation bandwidths shown in  Fig. 13.12  can be 
exploited provided that the absorption length of the microwave modulation 
signal remains a signifi cant fraction of the laser cavity length up to the mod-
ulation cut-off. In  Fig. 13.13  the amplitude attenuation coeffi cient in dB/mm 
is reported as a function of the modulation frequency for an MM waveguide 
ridge.  66   This coeffi cient was derived by fi tting the measured (1 – |S 11 | 2 ) curve 
using a transmission line model with distributed-parameters (see inset). As 
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can be seen, the attenuation is below ~3.5 dB/mm up to 90 GHz, which, 
given the fact that typical ridge lengths are between ~1 mm and ~3 mm, 
allows access to the modulation bandwidths shown in  Fig. 13.12 . 35 GHz 
is so far the highest modulation frequency of a THz QCL experimentally 
demonstrated.  67   In the next section it will be shown how this excellent mod-
ulation potential can be used for RF-injection locking.     

  RF-injection locking of THz QCLs 

 The mechanism of RF-injection locking is schematically illustrated in  Fig. 
13.14 .  67   ,   68   By modulating the drive current of a laser at the RF frequency  f  RF , 
sidebands (gray arrows) are generated on both sides of the laser Fabry − P é rot 

Laser diode

108 108 1010 1011

δP
/δ

I (
ar

b.
 u

ni
ts

)

Modulation frequency  (Hz)

Mid-IR QCLs
THz QCL

1

10

0.01

0.1

 13.12      Normalised modulation response functions for a diode laser 

(black curve), a mid-IR QCL (grey curve), and a THz QCL (dashed curve), 

obtained from Equation [13.6]. The horizontal dashed line indicates the 

3dB cut-off. For the diode laser and the mid-IR QCL we assumed an 

emitted power of 100 mW and 500 mW respectively. For the THz QCL 

we assumed an emitted power of 10 mW. We used a facet refl ectivity 

of 0.3 for the diode laser and the mid-IR QCL, and of 0.9 for the THz 

QCL. The latter is the typical value for a MM waveguide QCL of width 

<50 mm and emission frequency below 3 THz see Section 13.2 and 

Reference 19. Cavity volumes of (5  ×  0.25  ×  200)  μ m 3 , (8  ×  4  ×  1000) 

 μ m 3 , and (50  ×  12  ×  3000)  μ m 3 , and waveguide losses of 5 cm  − 1 , 5 

cm  − 1 , and 20 cm  − 1 , were used for the diode laser, the mid-IR and the 

THz QCL respectively. Using a differential gain of 5  ×  10 –16  cm 2  for the 

diode laser,  65   and dipole matrix elements and spontaneous emission 

linewidths of 1.6 nm and 6 nm, and 10 meV and 1 meV, respectively 

for the mid-IR and THz QCLs, the above parameters give the following 

sets of values for   τ    p  , and   τ    s  : 2 ps, 70 ps (diode laser); 7 ps, 0.5 ps (mid-IR 

QCL); 5 ps, 0.5 ps (THz QCL). The values of the upper-state lifetimes are 

3 ns (diode laser), 1 ps (mid-IR QCL), and 5 ps (THz QCL).  �� �� �� �� �� ��
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 13.14      Schematic diagram describing the mechanism of RF-injection 

locking. The black lines represent two Fabry − P é rot mode frequencies 

 n  0  and  n  1 , separated by the roundtrip frequency  f  RT . The gray arrows 

represent the RF sidebands at +/ −   f  RF  from the Fabry − P é rot mode 

frequencies. Note that the locking range in the optical (THz) domain 

( Δ  f  lock ), indicated by the vertical dotted lines, is equal to half the locking 

range in the RF domain (see Reference 67). (a)  f  RF  is outside the locking 

range. (b)  f  RF  is inside the locking range and  f  RT  is injection locked. Note 

that inside the locking range,  f  RT  is pulled by  f  RF , hence its value is changed 

to fRTff
pull

.  67    
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modes (black lines), separated by the roundtrip frequency  f  RT . When  f  RF  is 
brought close enough to  f  RT , the Fabry − P é rot modes are injection locked by the 
RF sidebands, meaning that their instantaneous phase is locked to that of the 
sidebands. For a given modulation depth (i.e., a given RF sideband intensity) 
a so-called  locking range  can be defi ned as the maximum separation between 
 f  RT  and  f  RF  below which  f  RT  gets injected by  f  RF . The locking range is expected 
to scale proportionally to the square-root of the sideband intensity.  68      

 The experimental demonstration of RF-injection locking of a 1 mm long, 
MM waveguide THz QCL emitting at 2.2 THz is shown in  Fig. 13.15 . The 
THz spectrum (see  Fig. 13.15b ) consists of six Fabry − P é rot modes, sepa-
rated by a roundtrip frequency of ~34.5 GHz. The experimental set-up is 
shown in  Fig. 13.15a : an RF-synthesiser is connected through a directional 
coupler to a bias-tee that allows amplitude modulation of the QCL, with 
the latter driven at constant current using a standard power supply. The RF 
+ dc-bias signal is brought to the QCL via a 60 GHz, 50  Ω  coplanar probe 
positioned at one end of the ridge, with the other end left open-ended. Close 
to ~34.5 GHz the power transmission coeffi cient is of 0.8 (see the inset of 
 Fig. 13.13 ), therefore the RF signal from the synthesiser oscillating at  f  RF  
is partially refl ected and can be monitored using a spectrum analyser con-
nected to port n.3 of the directional coupler. At the same time the spectrum 
analyser allows the roundtrip frequency of the QCL at  f  RT  to be monitored. 
This is thanks to the intrinsic non-linear voltage − current characteristic of 
the laser that rectifi es the intracavity THz fi eld. This generates a signal at 
the difference frequency between the Fabry − P é rot modes of the THz spec-
trum of  Fig. 13.15b . The process of RF-injection is shown in  Fig. 13.16a , b , c , 
and  d . In  Fig. 13.16a  the RF-source is OFF and the peak associated to the 

CouplerRF

Power
supply

Bias-T

RF in

THz QCL

(a) (b)

1 2
3

1.0

34.5 GHz

Spectrum
analyser

fRF + frt

2.1 2.2 2.3
0.0

0.5

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

Frequency  (THz)

 13.15      (a) Schematic of the measurement set-up for the RF-injection 

locking of MM waveguide THz QCLs (see text). (b) Representative THz 

emission spectrum of a 1.0 mm long and 70- μ m-wide MM waveguide 

QCL. The FP modes are separated by approximately 34.5 GHz. 

The fi gure is adapted from Reference 67.  
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 f  RT  (black line), and of  f  RF  (gray line) measured with a RBW of 10 Hz, 

the spectral resolution limit of the spectrum analyser. Spectra were 

collected in RMS detection mode, with a 50 s sweep time.  67    

�� �� �� �� �� ��



 Terahertz (THz) quantum cascade lasers 539

© Woodhead Publishing Limited, 2013

free-running beat-note is clearly visible at  f  RT  ~ 34.65 GHz. In panels (b) 
to (d), the RF-source is switched ON at  f  RF  =  f  RT  + 68 MHz, with increas-
ing power levels of  − 20,  − 4, and  − 1 dBm inside the device. At  − 4dBm  f  RT  
is pulled towards  f  RF  and fi nally, at  − 1 dBm, it is injection locked. Locking 
ranges above 200 MHz were obtained with this device with  − 10 dBm of RF 
power.  67   The proof that  f  RT  is indeed injection locked by  f  RF  is reported in 
 Fig. 13.17 , showing that the two spectra, measured with a resolution band-
width of 10 Hz, are perfectly superimposed.           

  Active mode-locking 

 When the roundtrip frequency of a diode laser is RF-injection locked to a 
synthesiser the phases of the longitudinal Fabry − P é rot modes are mutually 
locked to each other. In other words the laser is operating in a regime of 
active mode-locking, emitting a periodic train of pulses with a period equal 
to 1/ f  RT . Pulse duration and shape are not known a priori, since they depend 
on each value of the mode phases. In the visible and near-IR spectral ranges 
the duration of mode-locked laser pulses is typically measured using sec-
ond-order autocorrelation. Owing to the low peak powers this technique is 
not applicable to THz QCLs, therefore alternative probing methods need 
to be found. A successful technique is based on the asynchronous optical 
sampling (ASOPS) of the THz pulse train using an fs-laser beam.  28   ASOPS 
was developed during the 1980s in the context of pump-probe experiments, 
and is based on two fs-lasers having slightly different repetition rates. As a 
result the optical pulses from the probe laser periodically scan the transient 
phenomenon triggered by the pump laser, at a rate given by the difference 
between the repetition rates of the two lasers and without the need for a 
mechanical delay line.  69   ,   70   In the THz range this technique is now routinely 
used for the sampling of the THz pulses obtained by focusing one fs-laser on 
a photomixer or a non-linear crystal.  71   ,   72   In Reference 28 an ASOPS tech-
nique was used for the asynchronous sampling of an actively mode-locked 
QCL. The sampling method exploits the same detection set-up as shown 
schematically in  Fig. 13.10a , where the QCL and a frequency-doubled mode-
locked fs-fi bre laser are simultaneously focused on a ZnTe electro-optical 
modulator. As explained in Section 3.1.3 the resulting photocurrent at the 
output of the balanced detection is proportional to the fs-laser pulse train 
modulated by the THz electric fi eld,  E ( t ), emitted by the QCL:  
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,        [13.7]   

 where f fs
reff p  is the repetition rate of the  fs -laser. In this equation the  fs -laser 

pulse train has been approximated by a series of  δ -functions. This is a good 
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approximation, provided that the  fs -laser pulse duration is shorter than the 
period of the THz wave. Since the pulse duration is of ~100 fs, this condition 
is satisfi ed for QCL frequencies smaller than ~5 THz, and the expression in 
Equation [13.7] can indeed be seen as a sampling of the THz fi eld. Now, since 
the QCL repetition rate, freff p

QCL,  *   is in the 10 GHz range while f fs
reff p  is of the 

order of 100 MHz, the pulse train emitted by the mode-locked QCL is very 
heavily undersampled, therefore the sampling process does not reproduce the 
THz wave (the Nyquist sampling criterion is not satisfi ed). Actually, in com-
plete analogy with  Fig. 13.10b  (see  Fig. 13.18  and Reference 28 for a detailed 
derivation), it can be shown that the Fourier transform of Equation [13.2] is 
composed of down-converted replicas of the THz QCL spectrum, periodically 
repeated at integer multiples of f fs

reff p .  Therefore, as shown in  Fig. 13.18 , a low-
pass fi lter can be used to isolate to the lowest frequency replica of the THz 
spectrum. This is composed of the beat notes between the QCL Fabry − P é rot 
modes and their closest harmonics of f fs

reff p .  In the time domain, the waveform 

related to this spectrum is composed of an envelope slowly varying at a rep-

etition rate Δf fΔ k f fs−freff p
QCL

reff p ,  where  k  is an integer, and k f fs
reff p  is the 

harmonic of f fs
reff p  closest to freff p

QCL. The rapidly oscillating  carrier frequency is 
instead given by η = ×v r− f fsQCL

reff p ,  where vQCL is the frequency of one of 
the THz Fabry − P é rot modes,  r  is an integer, and r f fs

reff p  is the harmonic of 
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η

 13.18      Schematic of the sampling process (see text for a detailed 

description). (Left) Time domain. (a) Electric-fi eld amplitude of the pulse 

train emitted by the THz QCL. (b) Electric-fi eld amplitude sampled by 

the fs-fi bre laser. (c) Measured pulse train.  Δ  t  s  is the sampling step, 

given by Δt f k fst
fs −f/ reffff p rk ff/ ep

QCL . (d–f) Frequency domain. Fourier 

transforms of the time traces (a–c). The shaded region in panel (e) 

represents the effect of low-pass fi ltering. The fi gure is adapted from 

Reference 28.  

  *     Note that this is equivalent to  f  RT  used in the previous section.  
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f fs
reff p closest to vQCL. Now, although the RF waveform is not an exact replica 

of the THz pulse train (the ratios v fQCL
reff p
QCL  and n fff  are not necessarily 

equal), nonetheless its coherence is identical to that of the original THz pulse 
train since the phases of the THz Fabry − P é rot modes are preserved in the 
down-conversion process. Despite the undersampling, the ASOPS technique 
allows therefore assessing the coherence properties of the THz waveform, 
that is, to verify whether or not the QCL is mode-locking (see below).    

 When using two fs-lasers, a key requirement of ASOPS is that the repeti-
tion rates of the two lasers must be phase-locked to each other, otherwise the 
intrinsic timing jitter between the two pulse trains cancels out the sampled 
trace.  72   Exploiting ASOPS to sample the pulses emitted by a mode-locked 
QCL imposes an additional requirement. Indeed in this case both the repe-
tition rate  and  the THz carrier frequency of the QCL must be phase-locked 
to the repetition rate of the fs-laser used for the optical sampling. This is a 
consequence of the fact that in a mode-locked laser the frequencies of the 
Fabry − P é rot modes are not integer multiples of the repetition rate, hence 
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RF-2 RF-3

100 MHz

RF
mixer

E
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13.19      Experimental set-up for the asynchronous sampling of a THz QCL 

using a fs-fi bre laser (see text).  28    
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stabilising the repetition rate does not automatically stabilises the carrier 
frequency.  73   ,   †   

 The ASOPS set-up used in Reference 28 is schematically reported in  Fig. 
13.19  and relies on three locked RF-synthesisers (RF-1, RF-2, and RF-3) 
synchronised on a common 10 MHz clock. Each synthesiser is used as a ref-
erence for a phase-lock loop controlling (i) reff p

QCL ,  (ii), f fs
reff p ,  and (iii) one 

line of the QCL spectrum (defi ned as the carrier frequency). freff p
QCL is phase-

locked to RF-1 by using the RF-injection locking technique described in 
Section 3.2.2. f fs

reff p  is phase-locked to RF-2 by controlling the fs-laser cav-
ity length through a piezoelectric transducer placed on one cavity mirror. 
Finally, the difference between one Fabry − P é rot mode of the QCL spec-
trum and its closest harmonic of f fs

reff p  is phase-locked to RF-3 using the 
phase-locking technique described in Section 13.3.1.    

 In  Fig. 13.20  the THz QCL spectrum collected with a Fourier Transform 
Infrared Spectrometer is shown together with the down-converted spec-
trum using the ASOPS set-up of  Fig. 13.19 , with all the loops closed. The 
RF beat notes are all extremely narrow (the linewidth is actually below 1 
Hz, see Reference 28), showing that they are indeed all phase-locked to 
f fs
reff p . In other words the THz QCL is fully coherent with the fs-laser rep-

etition rate. Three periods of the corresponding sampled RF waveform are 
shown in  Fig. 13.21 . As expected it shows a pulse train with a repetition rate 

Δf fΔ k f fs−freff p
QCL

reff p .  In the experiment freff p
QCL = 1331589  GHz,  k  = 138, and 

f fs
reff p = 96513 MHz, thus  Δ  f  = 2.9 MHz.       
 As explained above, the RF waveform of Fig. 13.21 contains all phases 

(the amplitudes are those of  Fig. 13.20  of the original Fabry − P é rot modes. To 
retrieve the phases, one possibility is to Fourier transform the RF waveform.  74   
Alternatively, one can make an ansatz on the values of the phases and, from 
the measured mode-amplitudes and frequencies of  Fig. 13.20 , reconstruct the 
sampled waveform and compare it to the measured one. This leads to the gray 
curve in  Fig. 13.21 , where it was assumed that the phases of the modes are 
equal, that is, that the phase dispersion is negligible. The agreement between 
the measured and computed waveform is good, showing that the QCL is 
indeed active mode-locking and emitting a train of transform limited pulses.   

  13.3.3     Perspectives 

 THz QCLs are the most powerful and compact semiconductor sources of 
coherent, narrow-linewidth radiation that are available today. While they 

  †    Note that in THz time domain spectroscopy systems based on ASOPS, the frequen-
cies of the THz comb generated by optical or electrical rectifi cation of one fs-laser 
beam are exact multiples of the repetition rate.  
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have inherent similarities with the conventional interband semiconductor 
lasers that operate at near-infrared frequencies, the much longer wavelength 
of operation for THz QCLs leads to unique challenges (i) in the design of 
waveguides for accurate tuning of their spectral and modal properties, and 
(ii) for the control of their frequency stability and of their linewidth char-
acteristics. In a way, techniques for spectral, modal, and linewidth control 
that have been conventionally utilised for interband diode lasers had to be 
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13.20      (a) THz QCL emission spectrum collected with a Fourier transform 

infrared spectrometer. The QCL is RF-injection locked with 10 dBm of 

RF power at f fRFff reff p
QCL

1 13 3121794=freff p .  GHz. (b) Down-converted 

spectrum using the ASOPS set-up of  Fig. 13.19 , with all the loops 

closed. The spectrum was recorded with an RBW of 100 kHz, and a 

sweep time of 5.5 ms. The RF beat notes linewidths are all below 1 Hz 

(see Reference 28).  
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reinvented for THz QCLs owing to their longer wavelength and peculiar 
intersubband gain characteristics. The fi rst part of this chapter has provided 
a detailed overview of both spectral and modal properties of THz QCLs, 
and on how these can be controlled through waveguide engineering. The 
second part was instead dedicated to an overview of the techniques used 
for their frequency and linewidth control and stability, as well as high speed 
modulation and active mode-locking operation. 

 The main conclusion from Section 13.2 is that parallel-plate MM cavities 
are ideal for mode confi nement and waveguiding in THz QCLs, owing to 
their low optical loss and near unity mode concentration. However, such 
microcavities are of sub-wavelength dimensions when compared to the 
guided THz electromagnetic wave, which makes it easy to excite multiple 
lasing modes in the cavity. Additionally, it is diffi cult to increase the radiative 
loss in such cavities in order to increase the output power. At the same time 
the emitted radiation is highly divergent, producing a poor beam pattern. 
Signifi cant progress has now been made in addressing all these challenges. 
In particular, incorporation of unconventional periodic photonic structures 
in the waveguides has led to THz QCLs operating in single-mode with emis-
sion in a narrow beam, which is typically a requirement for targeted applica-
tion in high-resolution spectroscopy and sensing. The ongoing work is now 
directed towards realising QCLs with higher output power (in the hundred 
milliwatt range) for applications in video-rate THz imaging. 
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 13.21      Three periods of the measured (dots) and calculated waveform 

(gray line), obtained assuming that all the modes of  Fig. 13.15  have 

equal phases. The bottom axis shows the timescale measured on the 

oscilloscope. The top axis shows the original timescale obtained by 

rescaling the measured timescale by the factor Δf freff p
QCL .  The sampling 

step is  Δ  t   s    =  2.3 ps, corresponding to approximately six optical cycles 

at 2.5 THz.  28    
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 The main conclusion that can be drawn from Section 13.3 is that THz 
QCLs are ideal sources to be combined with fs-laser and microwave tech-
nologies. In fact, several characteristics of these devices are suitable for this 
merging: fi rst of all, their (i) frequency of operation (see  Fig. 13.10b ) and also 
(ii) their narrow free-running linewidth, (iii) the fact that they are electrically 
pumped sources, (iv) their waveguide geometry and doping density, allowing 
for relatively low microwave attenuation, (v) their intrinsically high modu-
lation bandwidths and their low parasitic capacitance.  66   As a consequence 
it is reasonable to expect that the results obtained today using microwave 
modulation and fs-lasers are the prologue to further developments, which 
will broaden the potentialities of THz QCLs for applications such as gas 
sensing, high-precision spectroscopy, metrology and imaging. For instance, 
the microwave modulation bandwidth can certainly be improved by intro-
ducing on-chip integrated impedance adaptations.  75   This will be benefi cial 
for active mode-locking operation, since it will increase the amount of micro-
wave power injected in the device, and possibly enable harmonic mode-lock-
ing. Among the most interesting potential applications of mode-locked THz 
QCLs is the generation of broad frequency combs for frequency metrology 
and spectroscopy of gases and solids. For these applications the actual spec-
tral bandwidth of ~100 GHz (see  Fig. 13.20a ) should be broadened by at 
least a factor of 10. To this end, increasing the microwave modulation depth 
is certainly benefi cial. At the same time, more fundamental work on the 
design of the active region in order to broaden the gain bandwidth must 
be undertaken.  76   Another route to explore for short pulse generation (i.e., 
broadband operation) is passive mode-locking through the use of an inter-
subband saturable absorber. To this end the ASOPS technique described in 
Section 3.2.3 would represent an extremely powerful pulse characterisation 
tool. Finally it is worth noting that the fs-laser based phase-locking technique 
described in Section 3.1.3, could potentially be used for electronic beam 
steering through the simultaneous phase-lock of several independent QCLs. 
In this case the fs-laser would be exploited as a common local oscillator, with 
its beam delivered to the various QCL sources via fi bre-links. In this context, 
it is certainly worth investigating detection techniques/materials alternative 
to ZnTe-electro-optic sampling  77   ,   78   that could improve the signal-to-noise 
and also allow detection directly at 1550 nm, rather than 800 nm.   
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 Whispering gallery mode lasers   

    A.   MONAKHOV  and N. SABLINA,    Ioffe Institute, Russia    

   DOI : 10.1533/9780857096401.3.551 

  Abstract : This chapter is devoted to lasers operating on whispering gallery 
modes (WGM). The defi nition and specifi c features of these modes are dis-
cussed. Some examples of WGM lasers and their applications are presented. 

  Key words : semiconductor lasers, whispering gallery modes.  

   14.1     Introduction to whispering gallery 
modes (WGM) 

 Almost all reviews on WGM, and many papers on this subject, start with the 
story about St. Paul’s Cathedral and Lord Rayleigh. We shall not break with 
that tradition. The whispering gallery effect has been well-known in acous-
tics for many years. There are also many writings describing similar acoustic 
effects. In China there is the so-called Echo Wall in the Temple of Heaven. 
It seems from this construction that the whispering gallery effect was being 
used deliberately in the fi fteenth century. When two persons are standing 
near this round wall, each can clearly hear the other, even when whisper-
ing, but if one of them moves a few steps toward the center, the effect dis-
appears. Systematic experimental study of this effect was carried out by a 
group of the British physicists, and in 1910 Rayleigh fi nally explained this 
effect theoretically (Rayleigh,  1910 ). 

 Acoustic waves are a good example of a WGM. Let us consider a cylin-
drical resonator. The wave propagation in the resonator is described by the 
Helmholtz equation:  
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 For the sake of simplicity we put zero boundary conditions on the borders 
of the resonator. Because of the separation of variables in the cylindrical 
coordinate system the solution can be easily obtained:  
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 where   φ   is the polar angle,k
n

n
R
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πnn α
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 R  is the radius of the resonator,  h  is the height and   α   mp  is the  p  th  root of the 
equation  

    
Jm( )mp = 0

       [14.2]   

 Solution [14.1] is the whole set of eigenmodes of a cylindrical resonator, 
and the question is which of them can be called WGM. Let us consider the 
case when the radius of a resonator  R  (but not the height  h ) is much larger 
than the wavelength   λ  . In this case,   α   mp  in Equation [14.2] should be large, 
because for  k  = 0 in Equation [14.1] ω =  c æ and æR =    α   mp , so:  

    
α π

λmp = >>
2

1
Rπ

.
       

[14.3]
   

 This inequality can be satisfi ed when  p  >> 1, but it is a common mode of a 
cylindrical resonator that fi lls the whole interior. 

 A more interesting mode corresponds to small  p  (say,  p  = 1), but with  m  >> 
1. Then we fi nd that the corresponding mode is located near the resonator’s 
wall and this is the so-called WGM mode in a cylindrical resonator. It should be 
mentioned that in the same resonator there exist the usual modes with the close 
wavelengths corresponding to suffi ciently large  m  and  p  and there is no strict 
border between WGM and non-WGM, so what one calls WGM is a matter of 
a defi nition. In  Fig. 14.1  the Bessel function for  m  = 600 is shown. This function 
represents the radial WGM distribution.    

 The simplest way to defi ne WGM, in a cylindrical resonator with the 
zero boundary condition on its walls, is to say that WGM is a mode corre-
sponding to a large  m  and small  p  ~ 1 in Equation [14.2], but this defi nition 
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 14.1      Bessel function for index  m  = 600.  
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can hardly be generalized for differently shaped resonators and different 
boundary conditions. 

 The ray optics approach allows one to make a more general defi nition of 
WGM. Indeed, Equation [14.3] shows that the necessary criterion for the 
applicability of the ray optics is fulfi lled for WGM and all other modes with 
the close wavelengths. Let us try to fi nd the difference between the ray pic-
ture for WGM and non-WGM. For the sake of simplicity we consider a two-
 dimensional system – a circle. In  Fig. 14.2  two ray pictures are present.    

 It is intuitively clear that  Fig. 14.2a  is ‘more WGM’ than  Fig. 14.2b . Let us 
clarify what this ‘more’ means. 

 It is known from the ray optics that a resonator mode is formed not by 
a single closed ray but by a set of rays of the same length. For a circular 
resonator this set of rays can be obtained just by the rotation of a closed 
ray – see  Fig. 14.3 .    

 One can see in this fi gure that along with the initial rays there appear two 
additional ‘phantom’ rays that are the ray-set envelopes (one is the border 
circle itself and another is a circle inside the resonator). These phantom 
rays are called caustic lines (caustic surfaces in the three-dimensional case). 
The caustic surface by defi nition is the envelope of a set of rays. Looking at 
 Fig. 14.3  it can seen that the distance between the internal and the external 

(a) (b)

 14.2      Basic ray pictures for two modes in a circle.  

(a) (b)

 14.3      Family of rays forming WGM (a) and a common mode (b).  
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caustics are different for  Fig. 14.3a  and  14.3b . So, it is natural to say that 
WGM is a mode that arises from a system of closed rays, for which the exter-
nal caustic coincides with the border of a resonator, the distance between 
the external and the internal caustics is of the order of the wavelength and 
the set of rays is stable.  1   Since there is no clear-cut distinction between 
WGM and other modes, the ‘small enough distance between caustics’ can 
vary from several wavelengths to several hundred wavelengths, at one’s dis-
cretion. This last remark about the stability of a ray system has been made in 
order to avoid consideration of chaotic modes. These modes have different 
properties from stable modes. This defi nition is applicable to any arbitrary 
cavity shape and general boundary conditions. 

 The ray optics picture allows one to estimate the eigenfrequency (or 
eigenwavelength) of WGMs in a cylindrical resonator. The ray length should 
be equal to an integer number of the wavelengths   λ   =  m λ   for a ray forming a 
resonator mode. When the circle length is much larger than   λ   and the num-
ber of refl ections is very large, the length of a ray   λ   is very close to that of the 
circle   λ    ≈  2 π  R , so the estimation of the resonator mode wavelength is:  

    
λ π

m
Rnπ

m
=

2
,
       

[14.4]
   

 where we include the refractive index  n  of the resonator interior for the 
sake of generality (  λ   is the wavelength in vacuum). 

 The same result for the eigenmode wavelength estimation can be obtained 
from Equation [14.1] using the asymptotic of the Bessel function root for a 
large index  m  (Korn and Korn, 2000):  

    
J

m
mm m( )m . ,m /

π1m) 1 3/0 0
mα 1mα 6= 0

       
[14.5]

   

 which immediately leads to the equation 2π λππ m . So, for a cylindrical 
resonator, the WGM is indeed a mode with a large index  m . 

 The second term in Equation [14.5] shows that the estimation of the 
eigenmode wavelength Formula [14.4] is not very accurate because the sec-
ond term is greater than the intermodal distance. We will show below that 
Formula Equation [14.4] leads to a good estimation of the intermodal dis-
tance, but now we need to discuss the reason for this inaccuracy in the ray 
picture. The rays that form a WGM lie between two caustics and the distance 
between these caustics is small. It is known that near a caustic simple ray 
optics does not work and the intensity  I  of a wave goes to infi nity. Rigorous 
analysis leads to  I  ~   λ    − 1/3  (Landau and Lifshitz, 1983)  −  for this reason one 

  1      Loosely speaking, the ray is stable if a slight perturbation results in a small shift of 
a ray. One can fi nd the rigorous defi nition of ray-set stability in Babič and Buldyrev 
(1991, p. 98).  
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can see caustics in the shadow of a glass of water. This means that the sim-
ple ray picture in  Fig. 14.2a  is not quite right for a small distance between 
caustics and condition [14.3] is a necessary but not suffi cient criterion for a 
WGM. For a large distance between caustics, the ray length   λ   < 2 π  R , and 
again Equation [14.4] is an inaccurate approximation. 

 Modes in a cylinder are two-fold generated, due to the two directions 
(clockwise and anticlockwise) of wave propagation. Phases   ψ    m   in Equation 
[14.1] are arbitrary, and for this reason standing waves in a cylinder are 
unstable. Some standing waves in, say, a semidisk resonator also fi t our def-
inition of a WGM. In order to distinguish two-fold degenerated traveling 
waves and standing waves, the latter will be called quasi-WGM (QWGM). 

 High Q-factor is the main attractive feature of the WGM resonator. We 
will talk about it when discussing dielectric optical resonators, because res-
onators with zero boundary conditions do not dissipate energy. The high 
Q-factor allows making a laser having active media with very low optical 
gain. On the other hand, when the optical gain is high enough, this high 
Q-factor prevents light extraction from the resonator. 

 It is necessary to make some additional remarks about the defi nition of 
WGM used here, which in fact is borrowed from (Babič and Buldyrev, 1991). 
As well as the WGM in a convex cavity, there exist other remarkable modes. 
One such mode is the so-called bouncing-ball mode that traces out rela-
tively simple and obviously closed rays, and in principle can travel through 
the central region of a cavity. The mode in a standard Fabry − P é rot resona-
tor is the simplest possible bouncing-ball mode, as is the bow-tie mode. 

 Other remarkable modes are ‘chaotic’ modes, which arise from unsta-
ble rays that are periodic rays with the property that a slight perturbation 
results in a huge shift away from the original orbit. Chaotic modes arise 
from these unstable rays. Usually these modes are considered separately, 
but sometimes all these modes are called WGM. 

 In this paper we will consider WGM only, and not bouncing-ball or cha-
otic modes. The latter modes are, or may be, more interesting than WGM, 
but discussion of them is a matter for a separate paper. In  Fig. 14.4 . the 
bouncing-ball mode and chaotic modes are shown.     

  14.2     WGM in electrodynamics 

 Optical WGM in spherical dielectric resonators was revealed at the begin-
ning of the 20th century (Mie,  1908 ; Debye,  1909 ) and up to the beginning of 
the ‘laser era’ it was considered an amusing optical toy. It was the necessity 
to have an optical resonator with high Q-factor in laser physics that again 
attracted attention to the WGM resonators. The fi rst attempt we know to 
use a spherical WGM resonator for getting stimulated light emission was 
made in 1961 (Garrett  et al. ,  1961 ). In this section we will briefl y discuss 
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the mathematical background of WGM phenomena in optics. This matter 
is discussed in more detail in many books and reviews (see e.g., Babič and 
Buldyrev, 1991; Oraevsky,  2002 ; Ilchenko and Matsko,  2006 ). 

 There are very few exactly solvable electrodynamics problems that allow 
one to illustrate the WGM problem. One of them is a cylindrical resona-
tor with ideal metallic walls. The solution to this problem can be found in 
many electrodynamics courses. The main difference between acoustic and 
electromagnetic waves is that the former are longitudinal and the latter 
are transversal. For this reason in this system there exist two types of exci-
tations, transversal electric (TE) and transversal magnetic (TM) modes. 
These terms originated from the theory of the infi nite waveguides, where 

 14.4      Chaotic mode (upper plot) and bouncing-ball bow-tie mode (lower 

plot). Directed light beams are seen. Image from Gmach  et al . ( 1998 ).  �� �� �� �� �� ��
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TM means that the projection of the magnetic fi eld on the direction of the 
wave propagation (the cylinder axis is z-axis in the further notation) is zero. 
Correspondingly  E   z    =  0 for TE mode. 

 It follows from the Maxwell equation with the zero boundary conditions on 
the resonator walls that all components of electric and magnetic fi elds can be 
expressed in terms of the single component  H   z   for TE mode and  E   z   for TM. 

 The whole set of TM modes in a cylindrical resonator with metallic walls 
is as follows:  
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 Here J dJ dm mdJ m
′ ( )xx ( )x / ,dxdd= J  is the Bessel function of index  m , 

k h =π / ;hhh , , ...0 1, 2 ,  h  is the cylinder height, æ = αmp / R ,  R  is the radius 
of the cylinder and  α   mp   is the  p  th  root of the Bessel function of the index  m :
Jm( )mp = 0 . The angular frequency  ω  is expressed as  ω  2  =  c  2  ( æ  2  +  k  2 ). The 
values   ε   0  and   ψ    m   are the amplitude and phase that depend on the wave-
excitation conditions. 

 For the TE mode H H J m ez mH m i tH J mH m ±JH JH J ( )rrr i ( )s ( )kz ωtt , all other 
components can be expressed in terms of  H   z  , and the difference between 
TE and TM is in the eigenfrequencies equation Jm mn

’ ( )mn = 0  for TE mode. 
 Let us consider a resonator with the height  h  much less than its radius. 

In this case the frequency distance between two eigenfrequencies with 
the same  k  and different   æ   is much larger than that for the same  æ  and 
 different  k . So, we can restrict ourselves to the cases where  k =  0 for TM 
mode, or  k =  π /h  for TE mode. This geometry and values of  k  is usual for 
WGM, lasers except for so-called pillar lasers (Gayral  et al .,  1998 ; Nowicki-
Bringuier  et al .,  2007 ; Reitzenstein  et al .,  2008 ; Jaffrennou  et al .,  2010 ; Jones 
et al .,  2010 ; Hill,  2011 ). The mode picture of such resonator looks like is as 
shown in  Fig. 14.5 .    

 Using the above-mentioned asymptotic formula for the roots of the 
Bessel function for large index  m , one can fi nd the approximate expression 

for the intermodal wavelength distance: Δλ λ= π2λλ 2/ Rnπ .  
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 Here  n  is the refractive index inside the resonator. This formula seems to 
be almost the only expression in WGM theory that is useful in practice, and 
can be applied with minor modifi cation not only to the cylindrical resonator 
but also for a general convex resonator. We will discuss this matter below, 
but now we will briefl y discuss dielectric resonators. 

 In dielectric resonators one should apply Maxwell’s boundary conditions 
instead of zero ones. These conditions are the continuity of the normal com-
ponent of the  D  and tangent components of the  E , where  D   i    =  ε    ik   E   k   and 
  ε    ik   is the dielectric permittivity tensor. Even with the dielectric permittivity 
being a constant, the only well-studied exactly solvable problem is that of 
the eigenfrequencies in a dielectric sphere. This problem is minutely dis-
cussed in Oraevsky ( 2002 ) and here we represent only the solution of the 
problem. 

 Similar to the case of a metallic cylindrical resonator, in a dielec-
tric sphere there exist two sets of eigenmodes. In the E-type set the  H  r  
component of the magnetic fi eld is equal to zero, while in the H-type set 
 E   r   = 0 in the spherical coordinate system. The components of fi elds for 
E-type mode have the following form in the spherical coordinate system 
(Oraevsky,  2002 ).  
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 Here PmPPn  are the adjoint Legendre polynomials, ν ω μk+ , / ,εμc  
and it is different inside and outside of the sphere and  Z   ν   is equal to the 
Bessel function  J    ν    inside and the Hankel function of the fi rst kind Hν

( )  out-
side of the sphere. 

 The boundary conditions result in the equation for the eigenmodes of the 
dielectric sphere. For E-modes this equation is:  
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 Here  k  is the value inside and  k  0  is the value outside the sphere. 
 Asymptotic analysis of Equation [14.7] (see Oraevsky,  2002 ) shows that 

for large  m  the equation for the wavelength of eigenmodes for a dielectric 
sphere is π λ mπ λπ ( )m+m Ο  (here we neglect the difference between  m  
and  m +  1/2 for a large  m ), which is just Formula [14.4] for a metal cylin-
drical resonator. So, the approximate solution of both exactly solvable 
problems can be obtained using the simple physical assumption mentioned 
above: the eigenmodes wavelength can be obtained if one assumes that the 
closed optical path should contain an integer number of the wavelengths. 
This assumption has a strong mathematical support – it is indeed the fi rst 
term in an asymptotic expansion over the large parameter – the ratio of the 
characteristic size of the resonator to the wavelength. The mathematically 
rigorous description of the application of the short-wavelength diffrac-
tion method to the studying of WGM one can fi nd in Babič and Buldyrev 
(1991). 
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 The diffraction methods allow us to calculate the eigenfunctions with much 
higher accuracy than that in Formula [14.4], but the calculations of the abso-
lute value of the WGM frequency (wavelength) with high accuracy is useless 
in most cases. To illustrate this we will use the approximate Formula [14.4]. 
First of all let us illustrate the accuracy of Formula [14.4] itself. The high 
accuracy numerical calculations of the modes wavelengths for the metallic 
cylindrical resonator of  R  = 350  µ m in radius and for the mode correspond-
ing to the fi rst root of the Bessel function with indices  m  = 580 and 581 gives 
  λ   580  = 4.000875 and   λ   581  = 4.00197  µ m. The asymptotic Formula [14.4] gives 
λ π580λλ 580asλλ Rπ / = 4.11  µ m. So, the error in the absolute wavelength value 
is much greater than the intermodal distance. Now let us calculate the inter-
modal distance by the slightly modifi ed Formula [14.4] (in our case  n  = 1):  
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 using the ‘experimentally measured’ value   λ   580  = 4.0  µ m as   λ  . The result 
is much more appropriate:  Δ   λ    as   = 0.00670  µ m and the exact value is  Δ   λ   = 
0.00677  µ m. So, Formula [14.4] is a bad approximation for the absolute 
value of the wavelength of a resonator mode, but Formula [14.8] gives rea-
sonable values for the intermodal distance. 

 Now let us consider the situation when the radius (or refractive index) is 
measured with some error   δ R   ≈  3  µ m (the measurement accuracy is less then 
1%). According to Formula [14.4] the error in the absolute wavelength posi-
tion is δλ πδ≈ 2πδπδ 03δδ / .0≈ μm that is greater than the intermodal distance. 
There is no doubt that the error calculation that uses the more accurate 
eigenfrequency estimation will get the same error. The similar error estima-
tion for the intermodal distance gives δ πδ( )δ λδ λ /≈)λλ ×2 4πδ / ≈ 102 5× −4 10m/δ / μm  for 
 m  = 580. This value is much less than the intermodal distance and there is 
no wonder that Formula [14.8] is the main piece of the WGM theory that is 
used in practice, because the accuracy of the real measurement of, say, reso-
nator radius or refractive index is not enough. 

 The short-wave diffraction methods can be applied to cavities of differ-
ent shape where the Maxwell equations can be solved only numerically, 
and obtaining the solution corresponding to the WGM is a challenging 
task. In order to get the main term in the short-wave expansion one should 
construct a set of closed rays that refl ect from the walls of a resonator 
at angles greater than the total internal refl ection angle (for a dielectric 
resonator) and obtain a curve on the surface of the resonator to which 
the set of rays transforms when the number of refl ections goes to infi n-
ity. This curve appears to be some closed geodesic line on the resonator’s 
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surface and Formula [14.8] is still correct if one substitutes  2 π R  by the 
length of this curve. The correction to this term is not as universal as the 
fi rst term and depends on the shape of the resonator under consideration. 
In this manner it can be shown that truncated-conical resonator in the 
fi rst approximation has the same WGM as the cylindrical resonator with 
the diameter of cylinder equal to the larger base of the truncated cone 
(Alekseenko  et al .,  2009 ). 

 The next problem we would like to discuss in this section is the eigenfre-
quency problem of the dielectric disk (cylindrical) resonator. Surprisingly, 
the exact solution of this problem has not yet been found, although it seems 
to be very similar to the problem of the metallic cylindrical resonator and 
seems be solved by the same methods. The difference between these two 
problems is in the boundary conditions. For a dielectric cylinder, the separa-
tion of variables method fails on the angles between the bases and the side 
face of a cylinder where the Maxwell’s boundary conditions become depen-
dent. Thus, to solve the eigenfrequency problem in a dielectric cylinder it 
is necessary to solve the prominent problem of the diffraction by a dielec-
tric wedge. This problem is discussed in a good many mathematical papers 
(Rawlins,  1999 ; Salem  et al .,  2006 ), but is not yet solved. 

 Nevertheless, the approximate solution of the problem discussed can be 
obtained by the method of separation of variables where one neglects the 
angle-diffraction effects. This solution of the problem is presented in some 
papers with no indication that it is an approximate one. Comparison of 
this solution with the results of numerical calculations shows a good agree-
ment in the mode position. Moreover, inasmuch as the refractive index n 
of a common semiconductor material is large (for GaAs, InAs, etc.,  n   ≈  3) 
approximate analytical and numerical calculations show that there is no big 
difference between the WGM positions in metallic and dielectric cylindrical 
resonators. In  Fig. 14.6  the result of such a calculation is shown.         

 So, with experimental accuracy one can use Formula [14.8] for cylinder-
like dielectric resonators. 

 The previous discussion may leave an impression that deep mathematical 
studies of WGM are practically useless. We would say that this impression 
is wrong. Indeed, the calculation of the mode spectra has little practical use 
but, for example, a mode stability aspect is practically important, and cannot 
be studied using the simple physical picture of the rays’ propagation. One 
such result is the statement that in an elliptical resonator, or resonator of 
similar form that is prolonged in some direction and shrunk in the orthogo-
nal one, hand in hand with the WGM there exists bouncing-ball mode, that is 
similar to a mode in a Fabry − P é rot resonator, and the matter of what mode 
will be an operating mode of the laser with such a resonator has many facets. 
Such a situation is shown in  Fig. 14.7 , where one can see the  quasi-WGM in 

�� �� �� �� �� ��



562 Semiconductor lasers

© Woodhead Publishing Limited, 2013

the left and bouncing-ball mode on the right. Both modes exist in the same 
resonator and have close frequencies. 

 Another question that can be answered by the mode stability consider-
ation is the following one. Let us again consider the cylindrical resonator. 
In this resonator there exist many modes corresponding to the different 
roots of the same Bessel function (see  Fig. 14.5 ). Why are only the fi rst 
few roots experimentally observed? (Why do theorists consider only the 
fi rst root?) The answer is that the greater the number of the oscillations 
inside the resonator, the more sensitive (less stable) is the mode to an 
external disturbance. 

 We have mentioned QWGM modes. By QWGM we meant the modes 
that are in some sense a mixture of WGM and bouncing-ball modes. The 
simplest example is modes of a sectoral cylindrical resonator (Monakhov 
 et al .,  2009 , p. 051102). For a metal resonator the problem is exactly solvable 
and the mathematical solution of the eigenmodes problem for such a resona-
tor is very similar to that for a whole-disk resonator, but to guess the answer 
the simple physical consideration is enough. The closed optical path of a ray 
with very many refl ections is equal to the doubled length of the arc line of 
the sector. So, the half-disk and the whole-disk resonator should have the 
same intermodal distance (the only theoretical value well-compatible with 

WGM in metallic resonator
WGM in dielectric resonator. n = 3

4.1 4.2 4.3 4.4 4.5

1013ν Hz

4.6 4.7

 14.6      Comparison of the modes frequencies of the metallic and 

dielectric disk resonators. The refractive index of the interior of both 

resonators is equal to 3. The result of numerical simulation.  
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the experiment as mentioned above), the intermodal distance in a quarter-
disk resonator is doubled compared with the whole-disk and so on. A more 
sophisticated example of QWGM is represented in Srinivasan and Painter 
(2007) where authors considered disk cavity with a quantum dot embedded 
in it. The picture of QWGM in this system is shown in  Fig. 14.8 .    

 The last, but not least, question that will be discussed in this section is 
the Q-factor of a dielectric WGM resonator. At a glance it seems to be infi -
nite in the theory because there is no energy leakage for the total internal 
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frequencies in the same resonator. Results of numerical simulation.  
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refl ection. This is not the whole truth because, strictly speaking, the total 
internal refl ection takes place only if the boundary surface is a plane. For a 
curved surface there is some energy leakage, but this leakage is very small 
and the Q-factor calculation of the quartz sphere of 100  µ m in diameter for 
index  m  = 2000 gets the huge (and unreasonable) Q = 10 400  (Oraevsky,  2002 ). 
This means that the Q-factor is determined by the imperfection of a reso-
nator (surface roughness, internal absorption etc.) and is not a  matter of a 
‘pure science’. The experimentally achieved values of Q-factor for spherical 
resonators are up to 10 9  (Gorodetsky  et al .,  1996 ). The cylindrical dielectric 
resonators commonly used in lasers have lower Q-factor. The best resona-
tors have Q ~ 10 6  (Matsko  et al .,  2005 ). One reason for the energy leakage 
from the disk resonator is the above-mentioned diffraction on a dielectric 
wedge that takes place on the angle. The amount of energy leakage that is 
due to this effect is still unknown, because of the absence of good theory. 
Another reason is that a cylindrical resonator has a worse surface than a 
spherical one. 

 The high Q-factor and sensitivity of WGM to the refractive index and the 
shape and size of a resonator have led to their exploitation for a wide variety 
of applications including tunable fi lters (Chu  et al .,  1999 ), optical switches 
(Blom  et al .,  1997 ), different sensors, and so on. A review of the application 
of WGM resonators is given in (Ilchenko and Matsko,  2006 ). Among these 
applications are WGM lasers, that will be discussed in the next section.  

QD

QD QD QD

QD QD

 14.8      Different QWGM modes in a dielectric disk with a quantum dot in 

it. Image from Srinavasan and Painter (2007).  
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  14.3     Semiconductor WGM lasers 

 For laser physics the most interesting feature of a WGM resonator is its high 
Q-factor. It is known that a laser is an optical amplifi er with regenerative 
feedback. The self-excitation condition for such system is: 

  GR  = 1, 

 where  G  is a net optical gain of a laser and  R  is a feedback regeneration 
coeffi cient, that is, a part of the output energy that returns to the input of 
the amplifi er. So, to start lasing there should be either a high enough gain or 
high regeneration coeffi cient, and the higher the Q-factor the lower can be 
the optical gain of the active media. 

 On the other hand, lasing itself is not the main goal of a laser device. 
Usually, one needs to have high output optical power and for this purpose 
it is necessary to have, not high but optimal, Q-factor. Another problem for 
WGM resonators is the light extracting (output coupling) from the resona-
tor. In common case without special arrangements, the light from a WGM 
resonator is undirected and the optical output power is rather low. For these 
reasons, WGM resonators are not used for visible and near-infrared (IR) 
semiconductor lasers-light sources because of the high optical gain in these 
devices, but they are very convenient for integrated optics.. 

 There have been several papers discussing WGM lasers for the visible 
and near-IR wave range. In McCall  et al . ( 1992 ) the microdisk mushroom-
shaped WGM laser operated on   λ   = 1.53  µ m at room temperature was dem-
onstrated. This laser was 5  µ m in diameter and was optically pumped. This 
device was proposed to be not a coherent light source but an element of 
photonic or optoelectronic circuit, and its advantages in this case are small 
size and low power consumption. Later the Levi  et al . (1992) research group 
demonstrated the similar microdisk lasers with electrical pumping. In these 
papers, it was found that the undirected light from a disk WGM laser can 
hardly be practically used, and subsequently many papers were devoted to 
the light extraction problem. 

 One idea was to use a resonator prolonged in one direction instead of a 
circular one. The shape dependence of the emission from microdisk lasers 
was studied in Backes  et al . ( 1997 ) where it was revealed that the maxi-
mum emission was achieved for the ellipsoid with the axis ratio equal to 2. 
Nevertheless, as it was pointed out above, it is possible that instead of WGM 
there can be the bouncing-ball mode along the small ellipsoid axis. To dis-
tinguish these two modes, either the directional diagram or intermodal dis-
tance should be studied, but this issue was not discussed in this paper. This 
problem was studied in Gmach  et al . ( 1998 ). It was revealed that, indeed, 
the high-power directed emission from a circular deformed resonator takes 
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place and the operating modes of such a laser are either bouncing-ball 
modes or chaotic ones. So, the lasers are not a WGM lasers in our sense. It 
does not mean that these deformed lasers are something defective; on the 
contrary, they are more promising light sources than WGM lasers, but such 
lasers are not the subject of this paper. 

 Thus, it was demonstrated that WGM lasers indeed operate and can be 
used in integrated optical devices. It was found that the Q-factor of a disk 
laser is higher than that of a stripe one, but the problem of the light extrac-
tion prevents their usage as a light source, although they can be used in 
signal processing 

 The mid-IR, far-IR and terahertz diapason is more promising for WGM 
lasers because of the high interval losses and low optical gain in the active 
media used in lasers for this range. The authors of this paper mainly dealt 
with the mid-IR WGM lasers and we will illustrate the properties of WGM 
lasers by the examples of mid-IR WGM lasers. 

 WGM resonators are useful for mid-IR since they have low optical losses 
that can potentially improve the performance of such devices that suffer 
from small gain and high internal loss. Therefore, the increase in Q-factor 
provided by a disc cavity opens a way for fabrication of a device that lases 
even when the optical gain in the active region is not high. Furthermore, 
since the wavelength in the range under study is λ ≈ 3 μm  (~1  µ m within 
the cavity), the demands on surface quality are signifi cantly lowered, and 
the treatment of the cavity surface can be reduced to the usual lithography 
and standard methods of post-grow processing. This allows fabrication of a 
laser matrix with high laser density. 

 The typical WGM laser discussed in Averkiev  et al . (2000, p. 1087;  2009 , 
p. 117) is shown in  Fig. 14.9 .    

 The laser structure comprised an InAs substrate with successfully grown 
InAs 0.65 Sb 0.11 P 0.24  emitter, InAs active layer and p-InAsSb emitter. The 

(a) (b)

 14.9      Micrographs of a disk WGM laser: (a) a side view and (b) a top 

view of the laser diode.  
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device under consideration is a round mesa with approximately 200  µ m 
diameter base on the rectangular substrate 0.5  ×  0.5 mm. The thickness of 
the substrate is about 300  µ m, and the height of mesa is about 10  µ m. The 
device has an upper ring contact and another contact on the bottom of the 
substrate. The fabricated lasers operate in continuous-running regime and 
have low threshold lasing currents of ~25 mA at a temperature of 77 K. 
 Figure 14.10  shows a typical coherent emission spectrum for a laser with a 
cavity diameter of 200  µ m. It can be seen that the emission spectrum has 
a multimode structure with equidistant peaks with a distance of approxi-
mately 40  Å  between the modes, which is in good agreement with Equation 
[14.8].  Figure 14.10  clearly shows that there are two sets of modes that can 
probably be attributed to the different roots of the Bessel function (pre-
sumably the fi rst and the second one), in the approximate Equation [14.2].    

 In the case under study, with a cavity diameter of 200  µ m, wavelength of 
3.04  µ m in air, and refractive index  n  ≈   3.5, the Bessel function index  m  (see 
Equation [14.1]) is about 600, so this device indeed operates at high-index 
WGM. A signifi cant disadvantage of WGM lasers shown in  Fig. 14.9  is the 
near cone shape of the disk cavities in the vicinity of the active region, result-
ing in mode leakage toward the substrate that signifi cantly decreases the 
 Q- factor and, accordingly, increases the threshold current. The effi ciency level 
of WGM lasers reported, for example in Sherstnev  et al . ( 2000 , 2005a, 2005b, 
2006); Krier  et al . ( 2003 ) was far from that required for practical application. 
For this reason, a convex disk-shaped cavity was created, in which a part of 
the active region would protrude beyond the emitter layers over the entire 

2.980

2

3

4

5

6

In
te

ns
ity

 (
ar

b.
un

its
)

7

8

9

10
CW 50 mA
T = 79 K
d = 200 μm

2.985 2.990 2.995 3.000

Wavelength (μm)

3.005 3.010 3.015 3.020

 14.10      Lasing spectra of the device in  Fig. 14.9 .  
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perimeter ( Fig. 14.11 ). Such cavities provide conditions for the generation of 
a stable WGM in the protruding part of the active medium. Stabilization of 
the working mode in the vertical direction allows the laser structures to be 
created without internal layers responsible for the optical confi nement.    

 These lasers operate at room temperature and have quite low threshold 
currents. The laser was grown on n-GaSb substrate. The active layer con-
sisted of two stressed 13 nm thick Ga 0.85 In 0.35 As 0.11 Sb 0.89  quantum wells sep-
arated by Al 0.25 Ga 0.75 As 0.02 Sb 0.98  interlayers. The operating wavelength was 
about 2.3  µ m. 

 The IR images of the operating WGM laser are shown in  Fig. 14.12 .    
 Before discussing  Fig. 14.12 , the current density distribution in the device 

should be considered. The current density distribution in such device is 
rather inhomogeneous. The distribution of the normal component of the 
current density  j  n  =  j  z  on the interface of the active region calculated numer-
ically is shown in  Fig. 14.13 . The same fi gure demonstrates the position of 

 14.11      SEM image of the etched mesa.  

I = 20 mA I = 50 mA I = 115 mA I = 150 mA I = 200 mA

 14.12      IR images of WGM lasers below (fi rst and second pictures from 

the left) and above the threshold current. The threshold current is equal 

to 110 mA.  
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the WGM with respect to the mesa edge. The inset shows the scheme of 
current lines, which illustrates how such a distribution is attained. As can be 
seen in  Fig. 14.13 , the current density peaks exactly at the place where the 
WGM is localized.    

 The strong inhomogeneity of the current density can be qualitatively 
explained if one remembers that the current density distribution in a body 
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minimizes the Joule heat of the body (Landau and Lifshitz, 1984). The main 
resistance of the sample under consideration is the resistance of the sub-
strate, so it is necessary to minimize the current density in it. For this reason, 
the current crowding takes place near the walls of the mesa trying to spread 
in the substrate. 

 Returning to  Fig. 14.12 , one can see that this picture is very similar to the 
right picture in  Fig. 14.13 . It can also seen that there is no great difference 
between the pictures of the device in the spontaneous emission and laser 
regimes. In fact, the IR camera registered that the spontaneous emission 
and WGM can hardly be seen due to the high Q-factor of the resonator. This 
fact is demonstrated in  Fig. 14.14 , where the upper contact is a half of the 
ring, and the IR image clearly shows the emission under contact and almost 
nothing in the other part of the resonator. Nevertheless, the spectrum shows 
the typical WGM and intermodal distance coincides with Equation [14.8].    

 The last thing we would like to illustrate with IR lasers is the sensitiv-
ity of the lasing spectra to external perturbation. One such perturbation is 
the optical properties alteration with temperature. The Joule heating by the 
current should affect the mode spectral position. This effect was observed 
in Imenkov  et al . ( 2009a , p. 857;  2009b , p. 1149). In these papers, the depen-
dence of the laser emission spectra on the pump current of the half-disk 
QWGM laser was studied. It was revealed that there is a spectrum line shift 
with increase of current. 

 The output emission spectra of QWGM laser diodes were measured at 
room temperature in a pulsed regime. The pumping current pulses had a 
variable duration  τ  from 0.1 to 1.2  µ s, with a repetition rate of 20 kHz, and 
amplitude of 200–600 mA. In  Fig. 14.15  (a) the dependence of the mode 
position on pulse duration for different current amplitudes is shown. Figure 
14.15(b) shows the same plots as Fig. 14.15(a), redrawn in the scale  I  2   τ  , 
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proportional to the Joule heat. One can see that the tuning effect is mainly 
due to this heating, which slightly changes the refractive index.    

 As was mentioned above, WGM lasers were proposed as a base for inte-
grated optical devices. Along with the high Q-factor there is another distinc-
tive feature of WGM lasers – two-fold degeneration of each mode. The idea 
to utilize this property by switching between clockwise and anticlockwise 
mode in an optical switch is quite natural, but one needs fi rst to arrange some 
coupling between the two lasers. The coupling between two disk resonators 
and corresponding effects were studied both theoretically and experimen-
tally in Schmidt  et al . ( 2009 ). In this paper it was shown that the strongest 
coupling takes place in two equal disks between the modes with the same 
index  m  rotating in the opposite directions. It was found (theoretically) that 
the two-fold degeneracy of a mode in a disk resonator is lifted for coupled 
disks. This effect was not observed experimentally, due to its small size. 

 The prototype of a real optical switching device was proposed in Hill  et al . 
( 2004 ). This device is shown in  Fig. 14.16 . Two micro-ring lasers are coupled 
via a waveguide. This system has two stable states. In the fi rst state, clock-
wise light from laser A is injected via the waveguide into laser B. If suffi cient 
light is injected into laser B, laser A captures or injection-locks laser B, forc-
ing light to circulate only in the clockwise direction. The reverse situation 
with laser B injection-locking laser A is also a stable state of the system. 
Thus, one can have a system in two stable states and an external optical 
pulse switches it from one state to another.     
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  14.4     Light extraction from a WGM resonator 

 The main problem confronted in trying to use a WGM laser as a source of 
the coherent light is light extracting from a WGM resonator. In a common 
disk or spherical resonator, light emission is due to Rayleigh scattering on 
the defects, mode leakage into the substrate, and other uncontrolled effects, 
so the light propagates in all directions. This problem was considered in 
many papers and many possible solutions were proposed. The number of 
these attempts shows that the problem is not solved yet. 

 Usually one needs to have maximum output optical power from a laser. 
For this purpose, it is necessary that the internal energy losses in the active 
layer become equal to the energy losses through the output coupler (mir-
rors for a Fabry − P é rot resonator) in the maximum-pumping regime. This 
condition is equal to the well-known optimal-load condition in electrical 
engineering: the load resistance should be equal to the internal resistance of 
the generator. This condition is not fulfi lled in a common stripe laser, where 
the transparency of the mirrors is a matter of the refractive index of the 
material and can hardly be changed. For a WGM laser the output coupler is 
artifi cial, so some tuning should be possible. 

 The easiest way to get the directed light beam from the WGM laser is 
just to cleave the resonator into two or more pieces. Such half-disk or quar-
ter-disk laser is similar to the stripe laser, and the Q-factor of the resona-
tor is determined by the mirror transparency. The possible advantages of 
such device are the small size and the doubling of the unidirectional optical 
power for a half-disk laser compared with a strip one. For a quarter-disk 
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 14.16      A memory element formed by two 16  µ m diameter micro-ring 

lasers coupled via a waveguide on an InP/InGaAsP photonic integrated 

circuit (Hill  et al .,  2004 ).  
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laser, there are two perpendicular light beams that can be used for double-
arm spectrometry. Of course, all the tales about high Q-factor and traveling 
waves in WGM lasers should be forgotten for these devices. Such a device 
was discussed in Monakhov  et al . ( 2009 ). The IR image of the operating 
half-disk laser is shown in  Fig. 14.17 .    

 In order to have the Q-factor of the WGM resonator under control and 
simultaneously get the directed output light beam, some more sophisticated 
constructions were proposed. One of the fi rst ideas was to deform the shape 
of the resonator. The ellipsoidal and stadium-shaped resonators (Gmach 
 et al .,  1998 ), lima ç on-shaped resonators (Yi  et al .,  2009 ) and other ‘warped’ 
resonators were proposed. In some of these devices the directional beam 
was observed, but the devices where this effect took place appeared to oper-
ate in bouncing-ball mode in a confocal resonator (see  Fig. 14.4 ). So, strictly 
speaking, instead of light extracting from WGM they operated on the other 
mode. 

 Another, but ideologically close, approach to the problem under con-
sideration was proposed in Apalkov and Raikh ( 2004 ); Rubin and Deych 
( 2010 ). Both these papers are theoretical studies of the infl uence of a sin-
gle defect on light scattering in WGM resonators. The main result of these 
papers is that the proper-shaped defect in a proper position can provide a 
highly directive beam from the WGM resonator (cylindrical in the fi rst and 
spherical in the second paper). To the best of our knowledge this effect has 
not yet been experimentally observed. 

 In our opinion, the most promising way to make use of the WGM laser 
as a light source is the coupling the WGM laser with the optical waveguide. 
The coupling of the WGM resonator with different shaped waveguides was 
studied in many papers, both theoretically and experimentally (von Klitzing 
 et al ., 2001; Chiasera  et al .,  2010 ; Murugan  et al .,  2010 ). The optical trigger 
discussed above includes this coupling, but without optimization (Hill  et al ., 
 2004 ). In the paper Nshii  et al . (2010) a unidirectional quantum cascade ring 

 14.17      IR image of an operating half-disk QWGM laser.  
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laser operating at a wavelength of around 3.4  µ m at 200 K was reported. The 
distinctive feature of this device was the incorporation of the output coupler 
into the device and the suppression of the counterclockwise wave in the res-
onator. The design of the device is shown in  Fig. 14.18 .    

 A more sophisticated device based on the idea of the optimal coupling 
with internal waveguide was proposed in Andronov ( 2005 ). Here the effect 
of the mode leakage into the substrate was utilized. This device is shown in 
 Fig. 14.19 .    

 The WGM laser has been coupled with the vertical waveguide of the com-
plex shape that provides the optimal impedance match between the WGM 
laser and the waveguide. The matrix of these devices can theoretically pro-
vide suffi cient output optical power. The design has not yet been realized.  

  14.5     Conclusion 

 About 100 years have passed since the explanation of the whispering gal-
lery phenomena by Rayleigh. This effect is not widely used in practice, yet 
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but it is a beautiful effect. It may be for that reason that the number of 
publications that mention WGM numbers thousands. The authors apolo-
gise to those who were not mentioned in this short review, but the review 
would have consisted only of the reference list. Apparently, all who have 
had a WGM laser in the hand remembers their surprise – it works! It works, 
despite the awry resonator and bad contacts. It works at currents at which 
other lasers will fail (Averkiev  et al .,  2009 , p. 717) and its work is perfectly 
described by equations that were developed a hundred years ago. It is even 
possible to check the theorem about the Bessel function roots interleaving. 
One clever man has said that the occupation of physics is a way to indulge 
your curiosity at the expense of the state. The WGM lasers is an ideal object 
for this purpose. 

 Probably WGM devices will fi nd their application. Maybe it will be not 
light sources but some parts of the integrated optical circuits, or it could be 
something rather unexpected now. For example, the quantum computers 
are widely discussed now. Such a computer (that exists now only in the-
ory) is based on so-called entangled states that are loosely speaking, the 
mixing of two quantum states with the same energy. The key words here 
are ‘quantum’ and ‘same’. As the candidates for such states the spin states 
of an electron or polarization states of a photon are considered now. The 
quantum superposition of these states is rather instable because of the spin 

Metal

Substrate

 14.19      Vertically emitting WGM laser with the matched waveguide.  
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relaxation of electron and photon absorption. The laser beam inside the ring 
laser seems to be a perfect candidate as a qubit component – it is two-fold 
degenerated in rotation direction, it is stable and it is a coherent quantum 
state. Maybe we missed something that prevents this usage of WGM, but 
who knows… 
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  Abstract : This chapter discusses state-of-the-art, mid-infrared 
spectroscopic techniques used for the detection and monitoring of 
various specifi c molecular species, such as NH3, NO and NO2, based on 
laser absorption spectroscopy (LAS), cavity ring-down spectroscopy 
(CES), conventional and quartz-enhanced photoacoustic spectroscopy 
(CPAS and QEPAS) as well as Faraday rotation spectroscopy (FRS). A 
critical component for each technique is to use an optimum laser source 
and a detector matched to the detection technique with the option to 
apply wavelength, frequency and amplitude modulation to the laser 
source. A signifi cant improvement to trace gas detection systems using 
spectroscopic techniques has been achieved with the development of high 
performance mid-infrared semiconductor lasers, in particular quantum 
cascade lasers (QCLs), since 1994. This has led to increased spectral 
resolution and high detection sensitivity of molecular trace gas species in 
the mid-infrared range. Spectroscopic sensors based on QCLs are capable 
of real time, ultra-sensitive detection of trace gas molecular species that 
vary in concentration from the per cent level down to parts per trillion 
(ppt). Such sensors can be used in a wide range of applications that 
include environmental monitoring, medical and biomedical diagnostics, 
public health issues, industrial process control and analysis as well as in 
national defense and security. 

  Key words : laser absorption spectroscopy, cavity-enhanced spectroscopy, 
photoacoustic and quartz-enhanced spectroscopy, Faraday rotation 
spectroscopy, quantum and interband cascade lasers, environmental 
monitoring, breath analysis.  

   15.1     Introduction 

 Laser-based spectroscopic techniques are useful for the quantitative detec-
tion and monitoring of molecular trace gas species in the mid-infrared 
spectral region. The spectroscopic instrumentation generates a measur-
able signal that depends on the absorption of the target medium. The 
choice of an optimum detection scheme depends on the requirements 
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of the specifi c application and the characteristic features of the infrared 
laser source. Well established detection methods include several types of 
multipass gas absorption cells with the option to apply wavelength, fre-
quency and amplitude modulation to the laser source. Intra and external 
cavity-enhanced spectroscopy are two methods to increase the magni-
tude of the absorption signal. Photoacoustic and photothermal, open path 
monitoring (with and without retro-refl ector), such as light detection and 
ranging (LIDAR), differential optical absorption spectroscopy (DOAS) 
laser induced fl uorescence (LIF), laser breakdown spectroscopy (LIBS) 
and fi beroptic or waveguide evanescent wave spectroscopy are other use-
ful mid-infrared detection schemes. A key optical component for LAS has 
been the introduction and commercial availability of high performance 
semiconductor lasers, in particular quantum cascade lasers (QCLs) since 
1994 (Faist  et al ., 1994) and interband cascade lasers since 1995–96 (Yang, 
1995; Meyer  et al. , 1996). The development of both QCLs and ICLs con-
tinues worldwide (Capasso, 2010; Vurgaftman  et al. , 2010; Razeghi  et al. , 
2010; Bismuto  et al. , 2011; Gupta  et al. , 2010; Zeller, 2010). QCLs are con-
venient mid-infrared sources for ultra sensitive and highly selective trace 
gas monitoring as a result of recent advances in their design and technol-
ogy. They can be fabricated to operate over a wide range of mid-infrared 
wavelengths from  ~ 3 to  ~ 24 µm. Continuous wave (CW) QCL devices 
capable of thermo-electrically cooled, room-temperature operation with 
several important practical features – including single mode emission with 
mode-hop free frequency tuning, high power (tens to hundreds of mWs), 
and intrinsic narrow emission line widths – are commercially available in 
the  ~ 4–12 µm spectral region (Curl  et al. , 2010; Capasso  , 2010). These spec-
tral characteristics permit the development of robust and fi eldable trace 
gas sensors (Kosterev and Tittel, 2002; McManus  et al. , 2010; Lee  et al. , 
2011; Lewicki  et al. , 2011). For example, the Rice Laser Science group has 
explored the use of several methods for carrying out infrared laser absorp-
tion spectroscopy (LAS) with mid-infrared QCL and interband cascade 
laser (ICL) sources, which include multipass absorption spectroscopy 
(Weidmann  et al. , 2005), cavity ring down spectroscopy (CRDS) (Kosterev 
 et al. , 2001), integrated cavity output spectroscopy (ICOS) (Bakhirkin 
 et al. , 2006; McCurdy  et al. , 2007b), photoacoustic spectroscopy (PAS) and 
quartz-enhanced photoacoustic spectroscopy (QEPAS) (Kosterev  et al. , 
2005a; Lewicki  et al , 2007b; Dong  et al , 2010; Kosterev  et al , 2010b), as well 
as Faraday rotation spectroscopy (Lewicki  et al. , 2009; Zaugg  et al. , 2011). 
These spectroscopic techniques permit the detection and quantifi cation 
of molecular trace gases with demonstrated detection sensitivities rang-
ing from parts per million by volume (ppmv) to parts per trillion by vol-
ume (pptv) levels depending on the specifi c gas species and the detection 
method employed.  
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  15.2     Laser absorption spectroscopic techniques 

 In conventional absorption spectroscopy (CAS), using broadband incoher-
ent radiation sources, such as thermal emitters, the wavelength resolution is 
determined by the resolving power of the spectral analyzer or spectrometer. 
LAS, on the other hand, uses coherent light sources, whose linewidths can 
be ultra-narrow and whose spectral densities can be made many orders of 
magnitude larger (~10 9 W/(cm 2 MHz)) than those of incoherent light sources. 
The key advantages of mid-infrared LAS include the following.  

   1.     An absorption spectrum that can be acquired directly by scanning the 
laser source across a desired rotational-vibrational resolved feature of 
the target analyte.  

  2.     High detection sensitivity with maximum accuracy and precision.  
  3.     Improved spectral selectivity or resolution compared with CAS due 

to the narrow linewidths (i.e. for CW QCLs ~0.1–3 MHz with a high 
quality power supply or <10 kHz with frequency stabilization and for 
pulsed QCLs ~300 MHz).  

  4.     Fast response time.  
  5.     Good spatial resolution. This can involve remote sensing via LIDAR, 

a mobile laboratory, aircraft, or networks of ground- or marine-based 
sensors.  

  6.     Detector noise that becomes negligible for suffi ciently large laser 
intensities.  

  7.     Non-intrusive methods, such as balanced detection or zero air subtrac-
tion, to suppress laser intensity fl uctuations that can be readily applied 
to increase the signal-to-noise ratio (SNR) and hence improve the LAS 
detection sensitivity, i.e. the minimum detectable absorption limit.  

  8.     Spatially coherent laser light that can be collimated, which allows the 
use of long pathlength absorption and cavity-enhanced spectroscopy 
(CES) cells.  

  9.     The laser frequency can be locked to the center of a resolved molecu-
lar absorption line to determine the center wavelength or wavenumber 
of the line with ultra-high precision and accuracy.  

  10.      Size, weight, electrical power, thermal management, gas and  wavelength 
calibration, protection from harsh environment, autonomous opera-
tion and remote access for long periods of time.  

  11.     Ease of instrument operation and data reduction.    

  15.2.1     Laser absorption spectroscopy 

 During the past 25 years, mid-infrared LAS techniques have become 
extremely sensitive, commercially available and effective spectroscopic 
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tools from ~ 3 to 12 µm (it should be noted that Sb-based laser diodes, 
ICLs and QCLs spectral coverage from 2 to 24 µm has been demonstrated 
and reported in the literature (Belenky  et al. , 2011; Christensen  et al. , 2010; 
Curl  et al. , 2010; Capasso, 2010) for the detection and quantifi cation of 
numerous molecular trace gas species. As result of these LAS advances, 
molecular trace gases can now be measured in ultra small quantities in 
numerous laboratory and fi eld applications. Furthermore, single atoms and 
different isotopes of the same atom can be detected for different chemi-
cal species. In the mid-infrared region, the optical sensor systems, which 
employ different spectroscopic techniques, can be employed to obtain 
detection sensitivities in the ppmv to pptv range, depending on the specifi c 
gas species and the detection method employed. These high sensitivities 
are obtained using various overtone combination and fundamental rota-
tional-vibrational molecular absorption bands located between the 3 and 
24  µ m wavelengths of the mid-infrared region. The mid-infrared absorp-
tion spectra of several small molecules of potential interest for trace gas 
monitoring are shown in Fig. 15.1 within two mid-infrared atmospheric 
transmission windows.      
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 15.1      High-resolution transmission molecular absorption database 

(HITRAN) simulation of absorption spectra in two mid-infrared 

atmospheric transmission windows (Kosterev et al.,  2008 ).  
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 The primary requirements for trace gas sensing are sensitivity and selec-
tivity. For small molecules with resolved rotational structure, the selectivity 
is obtained by choosing an absorption line that is free of interference from 
other species that might be present in the analyzed sample. Moreover, selec-
tivity is obtained by implementing a laser source that possesses a suffi ciently 
narrow linewidth. For small molecules, reducing the sample pressure sharp-
ens the absorption line without reducing the peak absorption, which sig-
nifi cantly improves selectivity. This condition continues until the linewidth 
begins to approach the Doppler width (Kosterev  et al .,  2008 ). 

 Fundamentals of LAS at a certain frequency  υ  (cm  − 1 ) can be expressed 
by Beer − Lambert’s law:  

    I I eo
L( ) ( ) ( )Io) ( ) α( )−        [15.1]   

 where I o( ), (o(I )υ), (Io )  are the intensity of transmitted and incident laser light, 
  α  (  υ  ) is the absorption coeffi cient (cm  − 1 ), and  L  is the effective optical 
 path-length (cm). Therefore, to obtain the best absorption sensitivity one 
needs to choose a strong molecular absorption line, use a long effective 
optical path-length, and have a distinguishable absorption from baseline 
variations and laser power fl uctuations. The fi rst requirement is best met 
by choosing a target line associated with fundamental absorption bands, as 
these are stronger than overtone or combination bands. A suffi ciently long 
path-length can be obtained by using multipass cells or cavity enhancement 
techniques. For sharp absorption lines, noise associated with laser power 
fl uctuations can be reduced by averaging rapid scans over the line or by 
employing the wavelength modulation spectroscopy (WMS) technique 
in the kHz regime (Schilt  et al. ,  2003 ; Schilt and Th é venaz,  2006 ). In most 
applications, one detects the modulated absorption at twice the modula-
tion frequency using a lock-in amplifi er set to second harmonic (2f). The 
second harmonic signal is maximum at the absorption line center. The fi nal 
requirement to distinguish absorption from baseline variations is the most 
challenging. Every long pass arrangement exhibits accidental etalons, which 
typically have widths comparable to that of an absorption line. In principle, 
these can be removed by evacuating the cell, replacing the sample with ‘zero 
air’ gas, which contains no trace gas species of interest, and then dividing 
the sample trace by this background trace. However, this approach assumes 
that these accidental etalons do not shift their pattern during the process of 
sample replacement, although this is often not the case (Curl  et al .,  2010 ). 
Numerous research groups (Fried  et al. , 1997, 1998; Fried and Richter, 2007; 
Zahniser  et al. , 1995; Werle  et al. , 2011) have investigated and reported on the 
merits of rapid background subtraction, in particular WMS and frequency 
modulation spectroscopy (FMS), to effectively remove optical noise. 
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 For more complex, multi-atomic molecules, which do not have resolved 
rotational structure, the spectroscopic detection process is more demand-
ing. The only way to detect absorption is through the process of pumping 
the sample out and replacing it with zero air, due to the absence of a nearby 
baseline for comparison. For weak absorption features, this imposes severe 
limits on the long-term power stability of the laser source, the absence of 
low frequency laser noise, and baseline stability. Furthermore, in the mid-
infrared fi ngerprint region, where many gases absorb, there may be other 
gases contributing to a broad absorption that might signifi cantly disrupt the 
selectivity of concentration measurements. 

 For open path systems, a serious risk for selective measurements 
might be encountered because (1) there is no way to replace the sample 
with zero air for providing a baseline trace, and (2) there is no way to 
reduce the linewidths (typically 0.1 cm  − 1  at atmospheric pressure), which 
in some cases might be too large to perform wavelength modulation 
spectroscopy at an optimum modulation depth. Obtaining a long path-
length by using a multipass cell suffers from neither of these problems. 
The only issue with this approach is that long path multipass cells are 
intrinsically bulky. Long optical pathlengths are obtained by employing 
multipass absorption cells where the optical beam is refl ected back and 
forth between concave mirrors. Numerous implementations have been 
reported in the literature, but four fundamental designs (White, Herriott, 
astigmatic Herriott and Chernin) have been used to achieve optical path-
lengths of ~100 m physical lengths for ~0.5 m distance between the mir-
rors (McManus  et al. , 1995). Cavity ringdown spectroscopy (CRDS) has 
been demonstrated to give excellent sensitivity (Kosterev  et al .,  2001 ; 
Tittel  et al. ,  2003 ; Rao and Karpf,  2010 ), but requires very high quality, 
low loss mirrors. Long path lengths in small volumes can be provided by 
off-axis integrated cavity output spectroscopy (ICOS) which has consid-
erable promise for trace gas sensing (Bakhirkin  et al .,  2004 ; Bakhirkin 
 et al .,  2006 ; McCurdy  et al. ,  2007b ). Other ultra-sensitive and highly selec-
tive spectroscopic techniques that are employed by research groups for 
trace gas detection are: balanced detection (Sonnenfroh  et al. ,  2001 ), laser 
induced breakdown spectroscopy (LIBS) (Gottfried  et al .,  2009 ), noise 
immune cavity enhanced optical heterodyne molecular spectroscopy 
(NICE-OHMS) (Ye  et al. ,  1998 ; Foltynowicz  et al .,  2008 ), conventional 
photoacoustic spectroscopy (CPAS) (Elia  et al .,  2009 ; Lima  et al .,  2006 ), 
quartz-enhanced  photoacoustic spectroscopy (QEPAS) (Kosterev and 
Tittel  2004 ; Kosterev  et al .,  2005b ), and Faraday rotation spectroscopy 
(FRS) (Litfi n  et al .,  1980 ; Ganser  et al .,  2003 ; Lewicki  et al .,  2009 ). The 
latter three techniques, and CRDS and ICOS will be described in the fol-
lowing sections of this chapter.  
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  15.2.2     Cavity enhanced spectroscopy: CRDS and ICOS 

 The conventional method to perform sensitive laser-based absorption 
spectroscopy measurements is to increase optical path-length by using 
an optical multipass gas cell. However, such an approach can be diffi cult 
to implement in certain fi eld applications, requiring compact gas sensor 
confi gurations. For example, a typical commercial 100 m path-length mul-
tipass cell has a volume of 3.5 l (Curl et al., 2010). An alternative way to 
obtain a long optical path is to make the light bounce along the same path 
between two ultralow-loss dielectric mirrors forming a high fi nesse optical 
resonator, called a ringdown cavity (RDC). Cavity ring-down spectros-
copy is based on the principle of measuring the rate of decay of light inten-
sity inside the RDC. The transmitted wave from an injected pulsed or CW 
laser into the CRD decays exponentially in time. The decay rate is pro-
portional to the losses inside the RDC. For typical RDC mirrors having a 
refl ectivity of 99.995%, and spaced ~20 cm, an effective optical pathlength 
of 8 km is obtained, which exceeds the best performance of multi-pass 
cell spectroscopy. The light leaking out of the RDC can be used to char-
acterize the absorption of the intracavity medium. The optical loss is the 
difference between total cavity losses and empty cavity losses. Once the 
absorption spectrum of the sample has been measured, then the sample 
concentration can be determined using the absorption cross-section and 
the lineshape parameters. A good CRDS system can achieve a minimum 
detectable absorption limit of ~4 × 10– 10 . Detailed mathematical treatment 
of CRDS can be found in the literature (Busch and Busch 1999; Paldus 
and Kachanov 2005). 

 Several techniques exist to perform CRDS (O’Keefe and Deacon 1988; 
Ramponi  et al ., 1988; Scherer  et al ., 1997) or integrated cavity output spec-
troscopy (ICOS) and its variant, off-axis ICOS (OA-ICOS), a technique 
where one observes time integrated ring-down events (O’Keefe, 1998; 
O’Keefe  et al ., 1999; Bakhirkin  et al .,  2004 ; McCurdy  et al. ,  2007b ). In these 
techniques the coupling effi ciency of the laser radiation into the resonant 
cavity is extremely critical and determines the amount of light which can be 
collected by a photodetector placed after the absorption cell. 

 The CRDS technique is intrinsically background-free. When carried 
out with high power pulsed lasers, CRDS requires only high quality cav-
ity mirrors, a reasonably fast detector and appropriate data acquisition 
electronics. This technique is harder to implement with QCLs, which have 
pulse powers of only a few times their CW output (Manne  et al .,  2006 ). This 
power limitation can be overcome by locking the cavity to the laser to fi ll 
the cavity followed by rapid laser turn off. Alternatively, the cavity can be 
dithered while a CW laser is scanned slowly (Paldus  et al .,  2000 ; Kosterev 
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 et al .,  2001 ; Sukhorukov  et al. ,  2006 ; Rao and Karpf,  2010 ). A typical CRDS-
based sensor platform is shown schematically in Fig. 15.2. 

 For off-axis ICOS (OA-ICOS), in which the optical sensor system is aligned 
in such a way that a maximum number of longitudinal and transverse modes 
is excited within the cavity, the typical optical throughput of the cavity is on 
the order of  ≤   T/ 2 (where  T  is transmission of the cavity mirrors) (Paul  et al ., 
 2001 ). This method is related to absorption spectroscopy using a multipass 
cell with the signifi cant difference that in ICOS the beams are allowed to 
overlap on the mirrors after many cavity passes. The principal effect limiting 
sensitivity is output fl uctuations (noise) caused by transmission noise due to 
the resonant mode structure. One approach for minimizing this noise is to 
arrange that the laser spots on the mirrors exhibit a circular pattern similar 
to those of the Herriot multipass cell. If many passes of the cavity take place 
before any of these spots overlap, interference effects are minimal because 
the path-length before overlap exceeds the coherence length of the laser. By 
introducing a small amount of astigmatism, the entire surface of the mirrors 
can be used (Paul  et al .,  2001 ). Another approach for removing mode noise 
in OA-ICOS is to vibrate the mirrors (Bakhirkin  et al .,  2006 , Engel  et al ., 
 2006 ). This causes many mode hops to take place within the time required 
to empty the cavity, effectively averaging out this noise. Thus the trade-off 
between multipass absorption and ICOS is that in multipass absorption, this 
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mode noise is not present because the spots never overlap, but for similar 
mirror size and separation, the total path-length can be much greater in 
ICOS. Since there are no mirror holes in the ICOS cavity confi guration to 
admit and allow the exit of the beam (laser radiation is transmitted through 
the cavity mirrors), ICOS requires more laser power, which is available with 
QCL excitation. A medical application of QCL-based OA-ICOS for the 
measurement of NO and CO 2  in exhaled breath was reported in McCurdy 
 et al.  ( 2007b ). More recently, an OA-ICOS instrument for the measure-
ment of isotope ratios in water in order to obtain information about the 
role of water in global climate change was reported (Sayres  et al. ,  2009 ). 
Furthermore, by combining OA-ICOS with multiple line integrated absorp-
tion spectroscopy an ultrahigh sensitivity of 28 ppt for NO 2  detection was 
achieved (Rao and Karpf,  2011 ).  

  15.2.3      Conventional and quartz-enhanced 
photoacoustic spectroscopy 

 CPAS is a well-established trace gas detection method based on the 
 photoacoustic effect. In this method the acoustic wave is created as a result 
of molecular absorption of laser radiation which is either intensity or wave-
length modulated. Such an acoustic wave, when it propagates within the 
photoacoustic (PA) cell, can be detected by a sensitive microphone (Miklos 
 et al .,  2001 ; Rossi  et al .,  2005 ). Instead of a single microphone device, an 
array of microphones is employed in some CPAS systems to achieve more 
sensitive results for trace gas detection (Hofstetter  et al .,  2001b ; Elia  et al ., 
 2005 ). In contrast to other infrared absorption techniques, CPAS is an indi-
rect technique in which the effect on the absorbing medium, rather than the 
direct light attenuation, is analyzed. Therefore, no photodetector is required 
in the CPAS technique. However, an infrared detector right after the pho-
toacoustic (PA) cell is usually employed for the purpose of monitoring laser 
power and performing a line locking procedure. 

 In order to obtain an optimal acoustic signal for amplitude modulated 
CPAS measurements, the laser modulation frequency is typically selected to 
match the fi rst longitudinal acoustic resonance of the PA cell, given by the 
equation  f  =  v /2 L , where  v  is the speed of sound and  L  is the length of cell. 
The resonance frequencies of PA cells are usually selected to be > 1 kHz in 
order to make the CPAS technique immune to the intrinsic 1/ f  type noise of 
the microphone and its pre-amplifi er and to low frequency external acous-
tic noise (da Silva  et al ., 2004; Pushkarsky  et al. ,  2006b ; Lima  et al .,  2006 ). 
However, the PAS design does not allow a reduction of the photoacoustic 
cell volume below ~10 cm 3 . 
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 The detected PA signal ( S  PA ) is described by the following equation:  

    S CP cCC MPA αcc ,        [15.2]   

 where  C  is the PA cell constant (Pa/(Wcm  − 1 )),  P  is optical power of 
the laser (W),   α   is the absorption coeffi cient of the targeted gas (cm  − 1 / 
(molecule cm  − 3 )),  c  is concentration (molecule/cm 3 ), and  M  is the micro-
phone response (V/Pa). 

 Ideally, CPAS is a background-free technique because only the absorp-
tion of modulated laser radiation generates an acoustic signal. However, 
background signals can originate from nonselective absorption of the gas 
cell windows (coherent noise) and external acoustic (incoherent) noise. 
Therefore, proper isolation of the photoacoustic cell from any mechanical 
vibrations will result in an improvement of the measured signal-to-noise 
ratio (SNR). Further CPAS signal enhancement can be achieved by employ-
ing a different PAS cell design, such as a resonance photoacoustic cell with 
two buffer tubes (Rey and Sigrist,  2008 ) or a ring differential resonance 
photoacoustic cell (Miklos  et al .,  1999 ; Lee  et al. ,  2007 ). Schematic diagrams 
of both designs are depicted in Fig. 15.3.      

 In the two-buffer-tubes PA cell design (Fig. 15.3a), the   λ  /4 buffer volume 
in line with the longitudinal acoustic resonator acts as an acoustic notch 
fi lter at the frequency of the resonator, in order to effectively suppress sys-
tem fl ow noise (Bijnen  et al .,  1996 ). In a differential PA cell (Fig. 15.3b), 
two identical cylindrical channels are equipped with a microphone, which is 
placed in the middle of each channel, where the maximum pressure oscilla-
tions are observed. Because the CPAS signal is proportional to the absorp-
tion coeffi cient and the laser power, it is possible for both designs to achieve 
minimum detectable concentrations at the sub-ppb level by selecting the 
strongest absorption lines of the target gas and by using high power laser 
sources such as CW CO 2  and CO lasers, optical parametric oscillators, fi ber 
amplifi ers, or CW DFB-QCLs or EC-QCLs (Bernegger and Sigrist,  1990 ; 
Sigrist and Thoeny,  1993 ; Costopoulos  et al .,  2002 ; Pushkarsky  et al. ,  2003 , 
2006; Webber  et al. ,  2003 ; Ng  et al. ,  2004 ; Mukherjee  et al. ,  2008 ). 

 A novel approach to the photoacoustic detection of trace gases, utiliz-
ing a quartz tuning fork as an acoustic transducer, was fi rst reported in 
2002 (Kosterev  et al .,  2002 ,  2005b ). The key innovation of this new method, 
named quartz enhanced photoacoustic spectroscopy (QEPAS), is to invert 
the common CPAS approach and accumulate the acoustic energy in a 
sharply resonant piezoelectric transducer with a very high quality factor 
(Q-factor) of >10 000, rather than in a broadband microphone and low  Q  
(~200) resonant CPAS gas cell. A suitable candidate for such a transducer 
is a quartz tuning fork (QTF), which is commonly used as a frequency 
standard in digital clocks and watches. When the QTF is mechanically 
deformed, electrical charges are generated on its surface only when the 
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two prongs move in opposite directions (antisymmetric mode of vibration). 
Thin silver fi lms deposited on the quartz surfaces collect these charges, 
which can then be measured as either a voltage or a current, depending on 
the electronic circuit used. In vacuum, QTFs typically resonate at 32 768 
(2 15 ) Hz which results in a high immunity of QEPAS devices to environ-
mental acoustic noise. 

 The photoacoustic signal measured by a QEPAS sensor is proportional to:  

    S
P Q
f0SS
0ff

~ ,
f

α ⋅ P
       [15.3]   

 where   α   is an absorption coeffi cient,  P  is optical power,  Q  is the quality fac-
tor of the resonator and  f  0  is resonant frequency (Kosterev  et al .,  2005a ). The 
Q -factor is dependent upon pressure  p  and can be expressed as:  

    Q
Q

Q a pb
=

+ Q ⋅
vac

vac1
,        [15.4]   
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 where  Q  vac  is the quality factor in vacuum and  a  and  b  are parameters 
dependent on a specifi c quartz TF design (Kosterev  et al .,  2005b ). The pres-
sure corresponding to optimum sensitivity depends upon the vibrational to 
translational (V-T relaxation) energy conversion cross-section of the gas 
of interest. In addition, if the V-T relaxation rate is lower than the opti-
cal excitation modulation frequency, the amplitude of the optically induced 
acoustic signal is reduced. This effect is more signifi cant for QEPAS due to 
the high modulation frequency of ~32.8 kHz. It is more likely to occur with 
small (2–3 atoms) molecules such as NO, CO, or CO 2 , which do not have 
a dense ladder of energy levels to facilitate V-T relaxation. It was experi-
mentally determined in Kosterev  et al . ( 2005b ) that the optimum pressure 
for fast-relaxing molecules with resolved optical transitions is <100 Torr, 
which also ensures Doppler-limited spectral resolution. For slow relaxing 
gases this optimum pressure is higher and may give a broader linewidth 
than desirable for the best selectivity. 

 In a typical QEPAS scheme the laser beam is focused between the QTF 
prongs as shown in Fig. 15.4a. In this case, the probed optical path is only 
as long as thickness of the QTF, or ~0.3 mm. Therefore, QEPAS is mostly 
sensitive to a sound source positioned in a 0.3 mm gap between the prongs. 
Sound waves from distant acoustic sources tend to move the QTF prongs in 
the same direction, which results in a zero net piezo-current and makes this 
element insensitive to such excitation. A confi guration shown in Fig. 15.4a 
can be useful when the excitation radiation cannot be shaped into a near-
Gaussian beam, like spatially multimode lasers. The simplest confi guration 
with bare QTF was used in some experiments (Wysocki  et al. ,  2006 ) and 
theoretically analyzed in Petra  et al . ( 2009 ). However, the sensitivity can be 
signifi cantly improved using a confi guration as shown in Fig. 15.4b, where a 
metal tube is added on each side of the QTF to confi ne the optically gen-
erated acoustic vibrations in the gas and increase the effective interaction 
length between the radiation-induced sound and the QTF (Lewicki  et al ., 
2007a). With respect to the QTF, these tubes can act as an additional acous-
tic microresonator. Recent experimental studies have revealed that the opti-
mum length for each microresonator tube is somewhere between  λ  s /4 and 
 λ  s /2 of the propagating sound wavelength (  λ   s ) (Dong  et al .,  2010 ). Thus, for 
optimal microresonator confi guration, where each microresonator tube is 
4.4 mm in length and 0.6 mm in inner diameter, an up-to-30 times improve-
ment in SNR can be observed in comparison to the bare QTF confi gura-
tion (Dong  et al .,  2010 ). Most QEPAS-based sensors utilize a confi guration 
illustrated in Fig. 15.4b. A typical QTF, used in most QEPAS measurements 
to date, is illustrated in Fig. 15.4c. Other QEPAS spectrophone confi gura-
tions, such as off-beam QEPAS, are also possible (Liu  et al .,  2009 ,  2010 ). 
Furthermore, two novel modifi cations of the QEPAS sensor architecture 
based on interferometric photoacoustic spectroscopy (K ö hring  et al ., 2011) 
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and resonant optothermoacoustic detection (Kosterev and Doty,  2010 ) were 
reported recently.      

 Like conventional photoacoustic spectroscopy, QEPAS does not require 
optical detectors and also benefi ts from the high optical power of laser 

(a) (b)

(c)

 15.4      QTF-based spectrophones: (a) simplest spectrophone 

confi guration and (b) an improved spectrophone confi guration with an 

acoustic resonator formed by two pieces of rigid tubing (Kosterev et al., 

 2010b ); (c) a typical quartz tuning fork geometry used in QEPAS trace 

gas measurements.  
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source. This feature is especially attractive for gas sensing in the 4–20  µ m 
region, where the availability of high-performance optical detectors is lim-
ited, and cryogenic cooling is often required. In spectroscopic measurements 
based on the QEPAS technique, either the laser wavelength is modulated 
at  f  m  =  f  0 /2, or its intensity is modulated at  f  m  =  f  0  frequency (where  f  0  is 
the QTF resonant frequency), depending on whether a wavelength mod-
ulation or amplitude modulation technique is used, respectively. In most 
QEPAS sensor designs, a 2 f  wavelength modulation (WM) spectroscopy 
has been used (Kosterev and Tittel  2004 ; Kosterer et al.,  2004b ,  2005a ,  2006 ; 
Horstjann  et al .,  2004 ; Wysocki  et al. ,  2006 ; Lewicki  et al .,  2007a ; Spagnolo 
 et al. ,  2010 ). This technique provides complete suppression of any coherent 
acoustic background that might be created when stray modulated radiation 
is absorbed by nonselective absorbers, such as the gas cell elements and 
the QTF itself. In this case, the noise fl oor is usually determined by thermal 
noise of the QTF (Grober  et al .,  2000 ). In the case of amplitude modulation 
(AM), the QEPAS sensitivity limit is no longer determined by the QTF 
thermal noise alone, but by laser power fl uctuations and spurious interfer-
ence features as well. Therefore, AM is often used for detecting large, com-
plex molecules, when individual rovibrational transitions are not resolved 
and applying the WM technique is not possible (Wojcik  et al. ,  2006 ; Lewicki 
 et al .,  2007b ; Bauer  et al .,  2009 ,  2010 ; Kosterev  et al .,  2010a ). 

 A direct, side-by side comparison of a QEPAS sensor using a QTF 
enhanced with a microresonator and a CPAS sensor based on a state-of-
the-art differential resonance photoacoustic cell (Lee  et al. ,  2007 ) was dem-
onstrated in Dong  et al . ( 2010 ). Using the 2 f  WM technique, the sensitivities 
obtained for both QEPAS and CPAS were within the same detection range 
when both fast (10 ppmv C 2 H 2  in N 2 ) and slow (pure CO 2 ) relaxing mol-
ecules were investigated. A small advantage of the CPAS technique over 
the QEPAS technique for the analysis of pure CO 2 , results from a lower 
modulation frequency and therefore a longer response time (  τ   = Q/ π  f ) of 
the CPAS spectrophone. However, in most cases the QEPAS detection sen-
sitivity for slow relaxing molecules can be improved by adding a molecu-
lar species such as H 2 O (Lewicki  et al .,  2007a ; Spagnolo  et al. ,  2010 ) or SF 6  
(Kosterev  et al .,  2005a ), which eliminates the V-T relaxation bottleneck.  

  15.2.4     Faraday rotation spectroscopy (FRS) 

 FRS has been used for many years as a very sensitive and selective tech-
nique for the spectroscopic investigation of paramagnetic molecules such 
as nitric oxide (Litfi n  et al .,  1980 ; Adams  et al .,  1984 ; Ganser  et al .,  2003 ; 
Fritsch  et al .,  2008 ; Sabana  et al. ,  2009 ; Lewicki  et al .,  2009 ; Kluczynski  et al ., 
 2011 ), nitrogen dioxide (Dillenschneider and Curl,  1983 ; Smith  et al. ,  1995 ), 
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oxygen (Brecha  et al .,  1997 ; So  et al .,  2011 ) and hydroxyl radicals (Pfeiffer 
et al .,  1981 ; Zhao  et al. ,  2011 ). This technique takes advantage of the disper-
sion effects of paramagnetic molecules immersed in a longitudinal magnetic 
fi eld to reveal their unique property to rotate light polarization. 

 In the presence of a magnetic fi eld, rovibrational transitions of molecules 
that possess a permanent magnetic dipole moment undergo Zeeman split-
ting. The magnetic fi eld breaks the degeneracy of the molecular rotation 
states into 2 J  + 1 sublevels labeled by the quantum number  M   J  . Moreover, in 
the vicinity of a Zeeman-split absorption line of the paramagnetic molecule, 
circularly polarized components have different wavelength dependent com-
plex propagation constants. Each circularly polarized component interacts 
either with the  Δ  M   J   = +1 or  Δ  M   J  =  − 1 NO transition components. For lin-
early polarized light, which can be considered a superposition of right hand 
(RHCP) and left hand circularly polarized (LHCP) light, propagation for a 
distance L through a paramagnetic medium rotates its plane of polarization 
by an angle Θ ΔnLπ λ , where Δn n nR Ln−nR  is the difference between the 
refractive index for RHCP ( n R  ) and LHCP ( n L  ), respectively. The change in 
polarization state can be monitored by placing the gas cell between two 
nearly crossed Rochon polarizers (RP) and detecting the intensity modula-
tion of the light emerging from the second polarizer, also called an analyzer. 
For small rotation angles, the polarization rotation and thus the detector 
signal is directly proportional to the concentration of paramagnetic species 
inside the cell. The polarization rotation angle can be detected very pre-
cisely using an applied modulated magnetic fi eld and phase sensitive detec-
tion. Since the polarization rotation, and thus the variation, of the analyzer 
transmission exist only when the paramagnetic molecules are present in the 
gas cell, FRS is considered a zero optical background technique. 

 The basic FRS setup is shown in Fig. 15.5. For low gas concentrations 
and short optical paths, the magnetic circular dichroism associated with the 

Gas in
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LensCell and solenoidLens

Laser

Gas out

IR
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Audio
amplifier
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15.5      Schematic diagram of the 90 o  FRS scheme. Two RPs are nearly 

crossed at an angle determined to give the best S/N. Black and grey 

arrows indicate different light velocities observed for RHCP and LHCP 

light propagated within the gas cell.  
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difference between absorption coeffi cients for RHCP and LHCP light is 
negligible. In a good approximation, only the magnetic circular birefrin-
gence (MCB) signal resulting from the difference between two dispersion 
curves contributes to the fi nal FRS signal recorded by a low-noise photo-
detector. This detection method was fi rst reported in the 1980s with a color-
center laser source to reduce source noise and improve the sensitivity of the 
FRS method (Litfi n  et al .,  1980 ).      

 For the FRS technique two methods have been used for polarization rotation 
measurements. The fi rst measurement method, called the 90-degree method, 
uses two polarizers and a single photodetector to sense the transmitted light 
intensity (Litfi n  et al .,  1980 ). In the 90-degree method, laser noise suppression 
is achieved by nearly crossing the analyzer, thus reducing the amount of laser 
amplitude noise arriving at the detector. In a situation where the main noise 
source arises from laser amplitude fl uctuations, improved sensitivity through 
FRS is achieved by reducing laser source noise by a factor larger than the 
simultaneous reduction of signal. Source noise from laser amplitude fl uctua-
tions is at a minimum when the polarizers are exactly crossed and initially 
increases quadratically upon uncrossing. The FRS signal is null at the exact 
crossing, but increases linearly upon uncrossing. Therefore, the SNR enhance-
ment can be obtained because the signal is an approximately linear function 
of the displacement of the analyzer angle from minimum transmitted light, 
while the noise has a quadratic dependence on the angle. In addition, detec-
tor noise is unaffected by the polarizer crossing angle. Quantum or shot noise 
grows with uncrossing in the same way as the signal. The second measurement 
method, called a differential detection scheme (Adams  et al .,  1984 ) orients 
the second Rochon polarizer at 45 o  to the fi rst. This splits the original beam 
into two equally intense beams of perpendicular polarization; these beams 
are directed to two balanced detectors and the Faraday rotation is measured 
as a difference between the two signals. Which method is best depends on 
several factors: laser power, source noise in the laser, saturation of the absorp-
tion, and detector parameters (such as sensitivity, saturation, and linearity). 
Frequency modulation can be used with any of the FRS methods to approach 
quantum noise (QN) limited performance (Smith  et al. ,  1995 ). 

 The SNR enhancement for both methods is achieved in slightly differ-
ent ways, but, fundamentally, both are based upon the effi cient suppres-
sion of laser amplitude noise while maximizing the Faraday rotation signal. 
Moreover, in both methods, the spectral shape of the FRS signal is the sum 
of the differences between Zeeman shifted dispersion curves. Depending 
on the ratio of laser intensity fl uctuations to detector noise at the modula-
tion frequency, the SNR can be limited either by detector noise for quiet 
sources or by polarizer quality for noisier sources. There is an optimum ana-
lyzer angle for the 90-degree method, which depends upon detector noise or 
polarizer quality (Lewicki  et al .,  2009 ).   
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  15.3      Quantum-cascade lasers (QCLs) for trace gas 
detection 

 Distributed feedback QCLs (DFB-QCLs) and external cavity QCLs 
(EC-QCLs) are reviewed followed by broad gain medium designs. 

  15.3.1      Distributed feedback quantum-cascade lasers 
(DFB-QCLs) 

 In order to utilize QC laser sources for accurate spectroscopic measure-
ments, narrow linewidth and single longitudinal mode operation of the 
QCLs are essential. The single longitudinal mode operation of QCL devices 
based on Fabry − P é rot cavities can be achieved either creating a distrib-
uted feedback (DFB) at a precisely selected wavelength (Faist  et al .,  1997 ; 
Gmachl  et al .,  1998 ; Hofstetter  et al .,  1999 ; Hofstetter  et al .,  2001a ; Aellen 
 et al .,  2003 ; Xu  et al. ,  2006 ) by introducing a periodic grating structure on the 
top of the QCL waveguide, or by using an external cavity (EC) confi gura-
tion (Wysocki  et al. ,  2005 ; Maulini  et al .,  2005 ; Wysocki  et al. ,  2008 ). 

 The single-mode wavelength   λ    B   of the DFB laser is determined by the 
Bragg refl ection condition   λ    B   = 2 n  eff  d , where  n  eff  is the effective refractive 
index of the waveguide and  d  is the period of the diffraction grating. Light 
satisfying this condition is strongly refl ected off the grating and is selected 
for laser action. Wavelength tuning of the DFB lasers is mainly achieved by 
the temperature dependence of the refractive index and can be obtained by 
changing the temperature or by varying the injection current (Joule heating) 
of the laser. By increasing the temperature of the laser structure, the effec-
tive refractive index  n  eff  increases resulting in a higher emitted wavelength 
(lower emitted frequency). For state-of-the-art DFB-QCLs, typical current 
and temperature tuning coeffi cients are  − 0.01 cm  − 1 /mA and  − 0.16 cm  − 1 /K, 
respectively. This results in a total spectral range of 4 to 5 cm  − 1  and 15 to 
20 cm  − 1  for maximum current and temperature tuning ranges, respectively. 
However, an increase of the QCL temperature during the tuning process 
can result in a decrease of the output optical power, which must be avoided 
for power dependent spectroscopic techniques such as CPAS or QEPAS. 
Therefore, DFB-QCLs are typically designed for operation at a single tar-
get frequency with a practical tuning range of few cm  − 1  (Yu  et al. ,  2005 ). 
Moreover, they are usually used in trace gas detection and quantifi cation 
of small molecules with narrow, well resolved rotational-vibrational lines 
(Bakhirkin  et al .,  2006 ; McCurdy  et al. ,  2007a ; Grossel  et al .,  2008 ). 

 The spectral tuning range of DFB-QCLs was recently extended by 
fabricating an array of 32 DFB lasers that were grown on a single chip 
and driven individually by a microelectronic controller (Lee  et al. ,  2007 ). 
The active region of each laser consists of 35 stages based on bound-to 
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continuum design centered at 9  µ m. The DFB-QCLs array operating in 
a pulsed mode offers a wide continuous spectral tuning range of 85 cm  − 1  
from ~1064 cm  − 1  (9.4  µ m) to 1149 cm  − 1  (8.7  µ m) (Lee  et al. ,  2009a ). The 
continuous spectral coverage of the DFB-QCLs array is achieved by small 
range temperature tuning to eliminate any spectral gaps. The lasers can 
be heated locally by changing dc current value delivered to the individual 
laser or heated by changing the temperature of the heatsink on which the 
laser array is mounted. The former process can reach the desired wave-
length in milliseconds, while the latter process requires several seconds. 
The DFB QC lasers linewidth, estimated to be ~0.01 cm  − 1  in pulsed opera-
tion and ~0.001 cm  − 1  in CW operation, is signifi cantly better than the reso-
lution offered by a typical ‘bench top’ FTIR (~0.1 cm  − 1 ). Furthermore, the 
same group fabricated an ultra-broadband DFB-QCLs array, consisting 24 
DFB-QCLs which have a heterogeneous cascade structure based on two 
bound-to-continuum designs centered at 8.4 and 9.6  µ m (Lee  et al. ,  2009b ). 
This resulted in an overall  frequency tuning range of 225 cm  − 1 , centered 
at 1150 cm  − 1  (~8.7  µ m). The 24 single-mode DFB-QCLs array has proven 
its capability as a spectroscopic source for sensitive detection of different 
broadband absorbing molecular species including isopropanol, methanol, 
and acetone (Lee  et al. ,  2007 ). 

 Nowadays single frequency CW DFB-QCLs can provide >100 mW of 
optical power at room temperature (Yu  et al. ,  2005 ). Recently, a single-
mode emission of more than 150 mW output power was demonstrated for 
CW RT (room temperature) 7.74  µ m DFB-QCL devices fabricated with a 
buried grating geometry (Troccoli  et al. ,  2010 ). Approximately 100 mW of 
optical power was demonstrated for 3.8 W of electrical power consumption 
with a DFB device at a TEC accessible temperature of 263 K (Wittmann 
 et al. ,  2009 ). A state-of-the-art 2.4 W TEC CW operated DFB-QCL was 
recently demonstrated at 4.8 µm (Lu  et al. , 2011). High power single mode 
operation and 10% peak wall plug effi ciency from one facet at 298 K was 
obtained. This was achieved by a surface-plasmon coupling mechanism as 
well as a combination of high-refl ection and antirefl ection dielectric coat-
ings. Moreover, high power, CW, TE-cooled DFB-QCLs are also commer-
cially available (e.g., www.3–5lab.fr, www.alpeslasers.ch, www. atoptics.com, 
www.hamamatsu.com, www.nanoplus.com, www.maxion.com).  

  15.3.2      External cavity quantum-cascade lasers 
(EC-QCLs) 

 Another approach to achieve single frequency operation is to integrate a 
Fabry − P é rot QCL with broadband gain medium (Faist  et al .,  2001 ;  Faist 
 et al ., 2002 ) into an EC confi guration (Maulini  et al .,  2004 ; Maulini  et al ., 
 2005 ; Wysocki  et al .,  2005 ; Maulini  et al .,  2006 ). The main advantage of 
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using EC-QCL sources, as compared to DFB-QCLs and DFB-QCL array 
devices, is primarily due the fact that they have a much wider wavelength 
tuning range which is only limited by the effective bandwidth of the QCL 
gain medium. Hence, EC-QCL sources are better choices to perform 
simultaneous spectroscopic measurements of multiple chemicals species or 
broadband absorbing molecular species detection. The implementation of 
the near RT and wide gain profi le pulsed Fabry − P é rot QCLs into external 
cavities resulted in a wide frequency tuning range of 432 cm –1  (Hugi,  2009 ; 
Hugi,  2010 ) and ~200 cm –1  in CW mode (Maulini,  2006 ; Pushkarsky,  2006a ; 
 2006b ; Wysocki,  2008 ; Wittmann,  2008 ; Hugi,  2009 ; Hugi,  2010 ). 

 An EC-QCL system consists of three main optical elements: a QCL 
gain chip, an aspherical lens to collimate laser light, and a diffraction grat-
ing which acts as a wavelength-selective fi lter. The two most commonly 
used confi gurations for grating-coupled EC systems which employ a QCL 
as a gain medium are the Littman-Metcalf (Phillips,  2007 ) and the Littrow 
confi gurations (Arnold,  1998 ). Each type of EC confi guration has its spe-
cial advantage, which makes it best suitable for a certain type of applica-
tions. General performance and wavelength tuning behavior of QC lasers 
in Littrow and Littman-Metcalf cavity confi gurations were studied in 
detail in Guipeng ( 2002 ), demonstrating similar wavelength tuning prop-
erties for both confi gurations. For trace gas detection, Littrow confi gured 
external cavity quantum-cascade laser (EC-QCL) systems (Lewicki  et al ., 
 2007b ; Wysocki  et al .,  2008 ; Karpf and Rao  2009 ; Scherer  et al .,  2009 ; Tsai 
and Wysocki  2010 ; Spagnolo  et al .,  2010 ) are more often employed than 
Littman-Metcalf systems (Phillips  et al .,  2007 ). In the Littrow confi gu-
ration, the fi rst-order diffraction beam is directly feedback to the laser, 
which results in obtaining an optimal condition for the QCL tuning range. 
Due to the double diffraction from the grating the Littman-Metcalf con-
fi guration offers narrower linewidth than the Littrow confi guration at the 
expense of both optical power and spectral tuning range due to decreased 
grating feedback strength. 

 In a Littrow confi gured EC-QCL a coarse wavelength tuning is 
achieved by varying the angle of the diffraction grating. This will result 
in discrete tuning jumps between the internal Fabry–P é rot cavity modes 
of the laser chip or between EC modes. Both cavity modes are separated 
by ν ≈ 1 2/ nL , where  L  is the cavity length and  n  is the refractive index 
of the cavity medium. In order to achieve continuous, fi ne mode-hop free 
tuning, the  cavity length and grating angle must track each other. The 
mode-hop free tuning ability and tuning range is signifi cantly improved 
when an anti-refl ection (AR) coating is implemented at the front facet of 
the Fabry–P é rot QCL. In this case, the effect of the optical cavity formed 
by the laser itself is eliminated and stronger feedback from the diffraction 
grating to the laser chip is achieved. Furthermore, a high refl ection coating 
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deposited on the back facet improves the optical gain within the QCL gain 
structure. 

 Several interesting schemes of fi ne wavelength tuning based on EC sys-
tems were demonstrated in the following publications (Maulini  et al .,  2005 ; 
Wysocki  et al .,  2005 ; Pushkarsky  et al .,  2006a ;  2008 ; Day,  2010 ). In the fi rst 
scheme, a fi ne wavelength tuning was achieved by varying the grating angle 
and the laser current or the heatsink temperature at the same time (Maulini 
 et al .,  2005 ). However, this confi guration suffers from mode hopping due to 
the lack of control for the EC length when the laser was tuned. Thus, the 
laser jumped between modes separated by  ν  ~0.05 cm –1 , which was very 
hard to observe with 0.125 cm –1  maximum resolution of FTIR spectrometer. 
Wysocki  et al . at Rice University demonstrated an EC-QCL architecture 
that employed a piezo-activated cavity mode tracking system that provided 
independent control of the EC and the QCL lengths as well as the diffrac-
tion grating angle for mode hop free operation (Wysocki  et al .,  2005 ;  2008 ). 
The wavelength tuning is realized by simultaneous control of all three sys-
tem features signifi cant for the mode tracking: grating angle, EC length, and 
the laser current. Another approach enabling continuous mode hop free 
tuning of the EC-QCL system was achieved by simultaneously adjusting the 
grating angle and periodically varying the laser injection current to achieve 
a continuous shift of the Fabry − P é rot comb of the gain chip (Pushkarsky 
 et al .,  2006b ). In this method the laser current value is selected to have one 
of the Fabry − P é rot modes of the gain chip exactly coincide with the desired 
output frequency as the laser is tuned. To support single-mode operation at 
every selected grating angle, fi ne adjustments of the EC length was achieved 
by the grating mounted on the rotational stage operated by a piezoelec-
tric linear translator. To minimize the effect of spectral mode hops across 
the modes of the EC, a very long EC length of 1 m was used, resulting in 
Fabry − P é rot mode spacing of 0.005 cm –  1 . 

 An interesting scheme based on a miniature EC system wavelength tun-
ing has been implemented by Daylight Solutions (www.daylightsolutions.
com). The Daylight Solutions EC-QCL consists of a 25 mm long optical cav-
ity length, miniature grating tuning mechanism, and integrated current and 
temperature controls. The laser chip facet facing the grating is AR coated, 
while the output facet is left uncoated. The radiation from both facets was 
collimated with a pair of AR coated aspheric lenses. Wavelength tuning of 
these systems is realized with a Littrow grating angle controlled by means 
of a stepper motor and an integrated absolute optical encoder with micro-
processor-based closed loop controller (Pushkarsky  et al .,  2008 ; Caffey  et al ., 
 2010 ). The grating motion is mechanically constrained to follow a trajectory 
allowing for the simultaneous tuning of the diffraction grating angle and 
the laser cavity length, thereby constraining the EC mode to coincide with 
the wavelength selected by the grating. Another miniature EC-QCL from 
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Daylight Solutions using a microelectromechanical systems (MEMS)-based 
grating for fi ne adjustment of the laser wavelength within limited tun-
ing range was recently demonstrated in Weida  et al ., ( 2010 ). The MEMS-
based EC-QCL system, inside a 2 cc volume high heat load (HHL) laser 
package will offer a precise mode hop free tuning within approximately 
 ±  8 cm– 1  from its center wavelength. This tuning range is suffi cient to per-
form high-resolution gas-phase spectroscopy of molecules with narrow 
spectral features.  

  15.3.3      Quantum-cascade laser broad gain 
medium designs 

 Several schemes of broad gain QCL designs have been demonstrated by 
several groups. The fi rst scheme employs at least two stacks of cooperative 
quantum-well active regions of dissimilar intersubband optical transitions, 
leading to a heterogeneous cascade over a very wide spectral range (Gmachl 
 et al .,  2001 ). Each active region stage needs to be specially engineered to 
achieve an optimally fl at gain spectrum over the emission range of interest. 
For two active regions designed to emit at 5 and 8  µ m, a supercontinuum 
emission of the laser from 6 to 8  µ m was achieved and demonstrated for the 
fi rst time in Gmachl  et al . ( 2002 ). 

 The second scheme is based on a single bound-to continuum active region 
design (Faist  et al .,  2002 ) or heterogeneous quantum-cascade structure 
based on two bound-to-continuum designs (Maulini  et al .,  2006 ; Wittmann 
 et al. ,  2008 ). In a bound-to continuum design the radiative transitions occur 
between a single upper state and closely spaced sublevels (quasi-miniband) 
of fi nal lower states. Therefore, the oscillator strength that describes the 
strength of the transition is not concentrated in a single radiative transition 
but is extended over multiple transitions, giving rise to a broad gain spec-
trum of the QCL. The fi rst implementation of a Fabry − P é rot QC laser based 
on the bound-to-continuum design coupled to an EC was demonstrated in 
2004 exhibiting a broad tuning range of 150 cm  − 1  at 10  µ m (Maulini  et al ., 
 2004 ). The fi rst heterogeneous cascade QCL based on two bound-to-con-
tinuum active region designs, exhibiting a gain spectrum width (FWHM) as 
large as 350 cm  − 1 , was demonstrated in 2008 (Wittmann  et al. ,  2008 ). Each 
active region of this heterogeneous laser structure was designed to emit 
radiation at 8.2 and 9.3  µ m wavelengths. A coarse frequency tuning from 
1013 cm  − 1  (9.87  µ m) to 1305 cm  − 1  (7.66  µ m) and from 1045 cm  − 1  (9.57  µ m) to 
1246 cm  − 1  (8.02  µ m) was achieved in pulsed and CW operation, respectively 
for the laser implemented into a Littrow type EC-QCL confi guration and 
operated at RT. The demonstrated spectral tuning range for the pulse oper-
ated EC-QCL is 292 cm−1 which is 25% of the laser center frequency. 
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 The ultra-broad gain quantum-cascade laser was developed using fi ve 
distinctive substacks (ST) based on bound-to continuum design to form the 
active region (Hugi  et al .,  2009 ). In order to obtain a fl at gain spectrum and 
achieve a gap free tuning over the whole spectral emission range, the gain 
of each substack of the active region, centered at 7.3, 8.5, 9.4, 10.4, and 11.5 
 µ m wavelength was optimized. After coupling the laser in a Littrow EC 
setup a total wavelength coverage from 7.6  µ m to 11.4  µ m (1309–878 cm  − 1 ), 
with a peak optical output power of 1W and an average output power of 15 
mW at RT was demonstrated. The obtained frequency tuning of 432 cm  − 1  
results in a record spectral tuning range of 39.5% at about the QCL cen-
ter frequency. In addition, this design scheme is not limited to the specifi c 
wavelength and can be customized to access other mid-IR spectral regions. 
Recent advances in broadly tunable EC-QCL systems comprising different 
bound-to continuum active region designs are demonstrated in Hugi  et al . 
( 2010 ). 

 Recently, an interesting approach to the fabrication of homogeneous 
broad gain QCLs based on dual upper state design was demonstrated by 
researchers from Hamamatsu (Fujita  et al .,  2010 ). In their design, the elec-
trons are injected into the higher upper state 4 of active regions, via reso-
nant tunneling from ground state, and then, they are quickly distributed 
in the two upper laser states by optical-phonon scattering or by electron-
electron scattering. The broad and symmetric optical gain is achieved not 
only due to  E  43  ~ 20 meV in energy difference, between two 4-to-2 and 
3-to-2 radiative transition levels, but also due to equal oscillator strengths 
of the transitions from both upper laser states to the lower common laser 
state. The dual upper state-based QCL devices exhibit a homogeneously 
wide electroluminescence spectra of >330 cm  − 1  and insensitivity to the tem-
perature or voltage changes. In CW operation at 300 K, the optical output 
laser power was 152 mW. 

 Another example of broadband QCL gain medium is based on 
 ‘continuum-to-bound’ active region design, where the two lower injector 
states are strongly coupled with the upper laser state (Yao  et al. ,  2010a ). 
Ultra-strong coupling between the injector states and the upper laser state 
improves electron injection effi ciency, reduces the transit time from injec-
tors to the active region, and provides three laser transitions that are sepa-
rated by an energy of ~20 meV. The radiative transitions from these three 
coupled states contribute to a large gain spectrum width of ~250 cm  − 1  full 
width at half maximum, which enables EC tuning of the lasers over 200 cm  − 1 . 
Recently, the same group demonstrated a ‘continuum-to-continuum’ quan-
tum-cascade laser design (Yao  et al. ,  2010b ), where optical transitions from 
four strongly coupled upper states to lower laser states contribute to the 
gain spectrum. In this design, a broad gain bandwidth of over 400 cm  − 1  has 
been demonstrated in the 4–5  µ m wavelength region.   
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  15.4     Specific examples of QCL-based sensor systems 

 Various applications of EC-QCL-FRS and DFB-QCL-QEPAS are descri-
bed in the following subsections. 

  15.4.1      Faraday rotation spectroscopy for ultra-sensitive 
detection of nitric oxide and nitrogen dioxide 

 FRS is a well-recognized detection technique that is highly sensitive and 
selective to paramagnetic molecules only. Therefore, the FRS technique 
is well suited for atmospheric detection of prominent air pollutants (NO, 
NO 2 ) or for exhaled breath analysis (NO) (M ü rtz and Hering, 1999). This 
is because interference from diamagnetic species, such as water and carbon 
dioxide, is effectively eliminated. Biogenic NO released from human sweat, 
has also been monitored with the FRS technique (Ganser  et al .,  2004 ). 

 Access to the optimum spectral range for FRS measurements molecular 
transitions of the paramagnetic species of interest allow accurate quantita-
tive measurements at or below the parts-per-billion by volume (ppbv) levels 
(Lewicki  et al .,  2009 ; Kluczynski  et al .,  2011 ; Zaugg  et al. ,  2011 ). For sensitive 
FRS detection of NO the best choice is the Q 3/2 (3/2) molecular transition at 
1875.81 cm  − 1  (5.33  µ m) (Ganser  et al .,  2003 ). Tuning to this line was made 
possible by employing a widely tunable CW TE-cooled EC-QCL as a spec-
troscopic source (Wysocki  et al. ,  2008 ). The total EC-QCL frequency tuning 
range, between 1825 cm  − 1  (5.48  µ m) and 1980 cm  − 1  (5.05  µ m), allows most 
of the lines within the fundamental absorption band of NO at 5.2  µ m to be 
targeted with a single laser source. 

 The experimental arrangement of the FRS platform shown in Fig. 15.6 
was operated at three different laboratory locations. A widely tunable 5.3 
 µ m EC-QCL with high-resolution MHF wavelength tuning capability was 
used as the spectroscopic source. In this experiment, the laser was operated 
in a CW mode at –20 o C and provided a maximum output power of 2.9 mW 
at the wavelength coincident with the target NO line. MHF tuning of up to 
2.5 cm  − 1  permitted high-resolution spectroscopy within the tuning range.      

 The collimated EC-QCL beam (4 mm in diameter) was split by a ZnSe 
wedge into two independent optical paths. In the main path the laser beam 
propagated through a 50 cm long optical gas cell located inside a 44 cm 
long solenoid. The gas cell was placed between two nearly crossed MgF 2  
RPs (the extinction ratio for both polarizers is  ξ  < 10  − 5 ). When a longitu-
dinal magnetic fi eld was applied, the linearly polarized QCL beam expe-
rienced a Faraday rotation of the plane of polarization as a result of the 
interaction with paramagnetic NO molecules. The Faraday rotated light, 
passing through a second polarizer, was detected by either a mid-infrared 
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thermoelectrically cooled mercury-cadmium-telluride (MCT) photode-
tector or liquid-nitrogen cooled indium-antimonide (InSb) photodetec-
tor. The solenoid current was driven at  f   m   = 950 Hz with a commercial 
high power audio amplifi er (QSC audio model: RMX850). To minimize 
the power requirements for driving the reactive load of the solenoid at ~1 
kHz, a series resonant circuit was constructed matching the modulation 
frequency ( f   m  ). The modulated Faraday rotation resulted in AC ampli-
tude modulation of the transmitted light intensity, which was detected 
using a phase sensitive lock-in detection at the frequency  f   m  . For calibra-
tion of the FRS spectrometer, two cylinders containing a mixture of 10 
ppmv and 96 ppbv of NO in N 2  were used. The system gas fl ow rate was 
set to ~300 ml/min. 

 The second optical branch of the sensor was used as the reference chan-
nel for frequency control of the EC-QCL. The initial linear polarization of 
the laser radiation was transformed into circular polarization by passing it 
through a quarter wave-plate (  λ  /4) (Alphalas, tunable quarter wave-plate). 
The beam was directed through a 20 cm absorption gas cell fi lled with a mix-
ture of 5% NO by volume in air at 25 Torr. The reference absorption cell 
was placed inside a 10-cm long solenoid that produced an axial magnetic 
fi eld. The second solenoid was a part of the series RLC circuit formed with 
the main solenoid, and was supplied from the same high power audio ampli-
fi er. In the presence of alternating magnetic fi eld, a Zeeman modulation sig-
nal resulting from the interaction between circularly polarized light and NO 
molecules through magnetic circular dichroism was observed. The Zeeman 
signal was recorded by a thermoelectrically cooled MCT photodetector 
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(Lewicki  et al .,  2009 ).  
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and demodulated by a second lock-in amplifi er at the third harmonic of  f   m  . 
Zeeman detection at the third harmonic, although providing a lower SNR 
than the conventional 1st harmonic detection, is less sensitive to the elec-
tromagnetic interference induced in the system at the fundamental mod-
ulation frequency (e.g. electromagnetic interference induced in the signal 
interconnects and front-end electronics). The zero-crossing of the third har-
monic signal is used to lock the EC-QCL frequency to the peak of the opti-
mum Q 3/2 (3/2) molecular transition of NO at 1875.81 cm  − 1  (5.33  µ m). This 
active wavelength locking technique signifi cantly reduces frequency drift 
and improves the long-term system stability. 

 A series of experiments were performed to determine the optimum mag-
netic fi eld strength, sample gas pressure, and the analyzer offset angle. The 
best result for the FRS signal amplitude was obtained experimentally at a 
pressure of 40 Torr and for a magnetic fi eld of B = 110 Gauss rms , measured 
inside the main magnetic coil. The best SNR for a lock-in time constant of 
1 sec occurs an angle offset of ~7 o  from the crossed position when using 
a thermoelectrically cooled MCT photodetector (with area of 1 mm 2  and 
peak detectivity of D∗ > 2 1010 cm Hz W/  at 5  µ m). However, for better 
long-term stability of the system, it is preferable to work with smaller offset 
angles. For an experimental demonstration of the effect of improved pho-
todetector performance on the system SNR, measurements using a 1 mm 
diameter liquid-nitrogen cooled InSb photodetector with a specifi ed peak 
detectivity at 5  µ m of D∗ > 1 1× 011cm Hz W/  were performed. For this 
case, the optimum analyzer offset was found to be 2–3 o  from its crossed 
position. 

 The high-resolution magnetic rotation spectra of nitric oxide acquired 
with two different photodetectors for a certifi ed reference gas mixture of 
96 ppbv of NO in nitrogen are depicted in Fig. 15.7. Both spectra were 
recorded under the same experimental conditions ( p  = 40 Torr,  B  = 110 
Gauss rms ), and show only the two strongest Q 3/2 (3/2) and Q 3/2 (5/2) molecu-
lar transitions at 1875.81 cm  − 1  (5.33  µ m) and 1875.72 cm  − 1 , respectively. For 
the MCT detector (Fig. 15.7a), a 1  σ   minimum detection limit (MDL) of 
4.3 ppbv was obtained for NO concentrations with a 1 s lock-in time con-
stant and analyzer offset angle of   α   = 7 o . A signifi cantly improved detection 
limit was obtained with the LN 2  cooled InSb photodetector, resulting in 
a 1  σ   MDL of 380 ppt for the same 1 sec lock-in amplifi er time constant 
and analyzer offset angle of 3 o  (Fig. 15.7b). Equivalent minimum detectible 
fractional absorptions of 6.7  ×  10  − 7  and 5.9  ×  10  − 8  were obtained for the 
MCT and InSb detector, respectively. All of these results were achieved 
with short active optical paths of 44 cm. Usually to obtain similar detection 
limits with standard laser absorption spectroscopic techniques, signifi cantly 
longer optical path lengths, ranging from several to hundreds of meters, are 
required (Moeskops  et al .,  2006 ; McManus  et al. ,  2006 ).      
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 In order to perform continuous and long-term autonomous operation of 
the FRS sensor platform on the selected molecular transition (1875.81 cm  − 1 ) 
an active EC-QCL frequency locking technique was implemented. To pre-
vent detuning of the laser from the resonance with the NO Q 3/2 (3/2) transi-
tion, a computer-based active feedback loop provides simultaneous control 
of the three independent laser parameters: the EC length, the diffraction 
grating angle and QCL injection current. The atmospheric data, measured 
alternately with a certifi ed mixture of 96 ppbv NO in N 2  and pure N 2 , are 
shown in Fig. 15.8 as an example for FRS system’s capability for continuous 
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unattended operation. During measurements of the air, a number of sharp 
peaks of NO concentration, primarily related to automobile activity, were 
detected. The data were acquired every 3 s with a lock-in time constant of 1 
s by using the RT MCT detector (7 o  analyzer offset angle).      

 The MDL observed in the absorption line-locked mode of operation is 
about two times higher than the MDL determined from the spectral mea-
surements in Fig. 15.7. This increase in the observed MDL value is related 
to the limited precision of a relatively slow computer-based active feedback 
control of the laser wavelength. A more important issue is an offset from the 
zero signal and a baseline drift which can be caused by electronic pick-up of 
the 950 Hz modulation current, into the detection system, the laser driver 
system, or both. For a system limited by photodetector noise a decrease of 
the analyzer offset is affecting the SNR. In addition, if the analyzer angle 
is too large the laser intensity variations will be incident on the detector 
and thus appear in the FRS signal. Therefore, it is necessary to select the 
conditions that provide optimum long-term stability and a suffi cient MDL 
required for the particular application. Thus, better long-term performance 
is achieved by using smaller polarizer angle offsets. 

 The effective suppression of a slow system drift and extended long-term 
stability was achieved for an analyzer offset angle of 4 o . For this condition, 
the Allan variance calculated for recorded over ~9 h time series of nitro-
gen shows exceptional stability of the system, which allows for averaging 
times of up to ~4000 s. Allan variance plots were fi rst introduced by Werle 
(Werle  et al ., 1993) for the assessment of LAS-based instrument perfor-
mance. Moreover, the long-term drift problem can be also eliminated by: 
(1) identifying and eliminating ground loops and electromagnetic pickup, 
which cause the modulation of the laser by the magnet current, or (2) scan-
ning the laser over the line and averaging series of acquired scans. The fi nal 
signal, proportional to NO concentration, can be obtained by least squares 
fi tting the amplitude parameter of the known lineshape (as shown in Fig. 
15.7) to the observed average traces. 

 The FRS sensor was confi gured as a transportable platform with a auto-
matic gas handling and periodic calibration system for a long-term fi eld test 
of NO monitoring applications. An automated and autonomous EC-QCL 
Faraday rotation spectroscopic sensor system was deployed at an environ-
mental test site in Beijing operated by the Institute of Atmospheric Physics 
(IAP), Chinese Academy of Sciences, for continuous atmospheric NO air-
quality monitoring during the 2008 Olympic Games. 

 Furthermore sensitive detection of NO 2  at single ppb concentration lev-
els was performed based on a double pass confi gured Faraday rotation spec-
trometer, which is a modifi ed version of the NO FRS system illustrated in 
Fig. 15.6. NO 2  is also a major atmospheric pollutant and is mostly emitted 
by internal combustion engines (e.g., car, trucks, or jet engines) and thermal 
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power plants. The NO 2  FRS sensor employs a widely tunable CW EC-QCL 
(Daylight Solutions, Model 21062-MHF-012) operating at a temperature of 
18 ° C and providing a maximum optical power of 150 mW. The available 
EC-QCL frequency tuning range, between 1538.3 cm  − 1  and 1703.3 cm  − 1 , cov-
ers the entire fundamental   ν   3  band of NO 2 , centered at ~1600 cm  − 1 . The 
optimum 4 41   ←  4 40  Q-branch NO 2  transition at 1613.25 cm  − 1  was located 
within the available MHF frequency tuning range between 1600 cm  − 1  and 
1650 cm  − 1 . To our best knowledge, this is the fi rst time that NO 2  was detected 
at this transition with an EC-QCL-based FRS technique. 

 For the selected NO 2  absorption line at 1613.25 cm  − 1  the optimum pres-
sure, with respect to the highest SNR for the FRS measurements, was 
selected to be 30 Torr. An optimum analyzer angle of 3 °  from the crossed 
position was found to be a trade-off between the TE-cooled MCT detector 
signal and laser noise level transmitted by the analyzer. The experimentally 
determined optimum magnetic fi eld is ~200 Gauss (rms), which corresponds 
to a solenoid current of ~6 A (rms). The FRS spectrum of the Q-branch NO 2  
transitions in the fundamental   ν   3  band was recorded for single pass confi gu-
ration of the sensor and plotted for comparison with a HITRAN simulated 
spectrum (Fig. 15.9a). As a reference, a calibration mixture of 2 ppmv NO 2  
in N 2  at the pressure of 30 Torr was used. The analyzer angle is set to 2 °  from 
the totally crossed position. The laser frequency was mod-hop free tuned 
over ~0.8 cm  − 1  by applying a 1 mHz sine wave with an amplitude of 60.5 V to 
the piezo element. The spectrum was recorded with a lock-in amplifi er time 
constant set to 1 s. The mismatch of the transition frequencies between the 
simulated and measured spectrum is caused by a slight non-linearity in the 
frequency tuning of the EC-QCL (Zaugg  et al. ,  2011 ).      

 The FRS signal of NO 2  at the preferable 4 41   ←  4 40  transition (1613.25 
cm  − 1 ) for double pass confi guration was acquired over a narrow frequency 
spectral range of ~0.04 cm –1  and illustrated in Fig. 15.9b. For an optimum 
system pressure of 30 Torr and 2 ppmv of NO 2  concentration, a minimum 
sensitivity was found to be 1.1 ppbv (1  σ  ) for a 1 s lock-in time constant. 
However, for laser frequency locked to the NO 2  transition at 1613.25 
cm  − 1 , a slow drift and FRS signal fl uctuations during the long-term mea-
surements limit the minimum detection to ~2.5 ppbv. Similar to NO FRS 
measurements, the observed fl uctuations are caused by electrical noise 
generated in the FRS system (ground loops and electromagnetic coupling 
between coil and detector), since the FRS system is insensitive to optical 
noise and no additional background signal is present. Further improve-
ment in the SNR can be achieved by using better quality polarizers, more 
sensitive photodetectors, or by reducing the system noise. In addition, the 
improved detection limit of the FRS signal can be achieved by increasing 
the active path-length.  
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 15.9      (a) NO 2  FRS signal within Q-branch of the fundamental  ν  3  band 

for a single pass system confi guration; (b) FRS signal of NO 2  at the 

optimum 4 41   ←  4 40  transition at 1613.25 cm  − 1  (6.2  µ m) for double pass 

system confi guration. 2 ppm NO 2  at 30 Torr.  
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  15.4.2      Real time ammonia detection in exhaled human 
breath using a 10.4  μ m DFB-QCL-QEPAS-based 
sensor 

 Exhaled breath is a mixture of more than four hundred molecules, some of 
which are present at parts-per-billion (ppb) or even parts per trillion (ppt) 
concentration levels (Dweik and Amann,  2008 ). Moreover, some of the 
exhaled molecules can provide a unique breath profi le of the health con-
dition and therefore can be used as biomarkers for the identifi cation and 
monitoring of various types of human diseases or wellness states (Risby 
and Tittel,  2010 ). Currently, the standard analytical chemistry instrumenta-
tion used for human breath analysis is gas chromatography, based on vari-
ous detection methods such as fl ame ionization detection (Kneepkens  et al ., 
 1994 ; Phillips  et al .,  1991 ), mass spectrometry (Cheng and Lee,  1999 ), ion 
mobility spectrometry (Westhoff  et al. ,  2009 ), or selected ion fl ow tube mass 
spectrometry (Smith and  Š pan ě l,  2005 ). However, sensitive, real time detec-
tion of molecular species in breath samples, was recently demonstrated with 
laser-based breath analyzers employing different spectroscopic techniques 
(McCurdy  et al. ,  2007b ; Roller  et al. ,  2007 ; M ü rtz and Hering, 2008; Shorter 
 et al .,  2010 ; Thorpe  et al. ,  2008 ). In this section, a quantum-cascade laser-
based optical breath sensor for ammonia detection will be described. By 
monitoring ammonia concentration levels in exhaled breath, a fast, non-
invasive diagnostic method for treatment of patients with liver and kidney 
disorders is feasible. 

 The schematic diagram of the ammonia breath sensor architecture based 
on a QEPAS technique (Kosterev  et al .,  2002 ; Kosterev and Tittel,  2004 ) is 
depicted in Fig. 15.10. The QEPAS system employs an ultra-small piezoelec-
tric QTF enhanced with optimal microresonator tubes design, where the 
inner diameter and length of each tube are 0.6 mm and 4.4 mm, respectively 
(Dong  et al .,  2010 ). The QEPAS-based trace gas sensor is capable of ultra-
sensitive trace gas detection and is suitable for real time breath measure-
ments, due to the fast gas exchange inside a compact (<4 cm 3 ) QEPAS gas 
cell, which acts as an absorption detection module (ADM) or spectrophone.      

 The NH 3  breath sensor employs a CW, RT, DFB-QCL in a HHL pack-
age from Hamamatsu (www.hamamatsu.com). The RT operated DFB-QCL 
uses only air cooling, produced by a small electronics fan and a heatsink 
attached to the back of the QCL. A 4 mm diameter ZnSe aspheric lens, with 
a working distance of 0.65 mm and clear aperture of 3.6 mm, was used to 
collimate the laser beam. The laser optical power, after being transmitted 
through the spectrophone was found to be 22 mW, which is ~90% of the 
initial power of the DFB-QCL operated at 17.5 o C. The photoacoustic signal 
is detected by the QTF, amplifi ed by a low-noise transimpedance preamp-
lifi er and delivered to a control electronics unit (CEU) for further data 
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processing. A 10 cm long reference cell, fi lled with 0.2 % of NH 3  in N 2  at 130 
Torr, and a pyroelectric detector were installed after the ADM module to 
lock the laser frequency to the center of the selected NH 3  absorption line. 
In addition, the NH 3  sensor employs a commercially available breath sam-
pler (Loccioni, Italy) in order to monitor and maintain the pressure of the 
exhaled breath within an acceptable range and to measure the associated 
breath CO 2  concentration level. After a subject breathes into a mouth piece, 
the collected breath gas sample simultaneously enters the Loccioni breath 
sampler and the optical breath sensor. The fl ow rate through the NH 3  sensor 
was fi xed by means of a needle valve to 220 ml/min and the pressure value 
was set and controlled at 130 Torr. In addition, the ADM, needle valve, and 
the mouth piece together with the Loccioni breath sampler pipe line were 
heated to  ≥  38 o C to avoid NH 3  adsorption on the various component sur-
faces of the sensor, as well as to prevent from condensation of the water 
vapor inside the NH 3  sensor. 

 The CW RT DFB-QCL was designed to emit radiation at a wavelength of 
10.34  µ m, within the   ν   2  fundamental absorption band of ammonia. Within the 
available DFB-QCL tuning range (Fig. 15.11a) two potential NH 3  absorp-
tion lines of the similar intensity, which are free from H 2 O, CO 2  and metha-
nol interferences, can be targeted at 967.35 cm  − 1  (10.34  µ m) and 965.35 cm  − 1  
(10.36  µ m). For QEPAS-based NH 3  measurements, where the detected signal 
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scales linearly with optical power, the absorption line located at 967.35 cm  − 1  
was the optimum selection due to a higher laser power compared to the 
power at 965.35 cm  − 1 . The HITRAN simulated spectra at 130 Torr, indicat-
ing NH 3  absorption lines together with the CO 2  and H 2 O absorption lines 
in the ~966 cm  − 1  (10.35  µ m) spectral region, are illustrated in Fig. 15.11b. 
Experimental data showed that for a 2f WM QEPAS scan performed within 
the spectral range of interest no overlap between 967.35 cm  − 1  NH 3  and the 
adjacent CO 2  absorption line centered at 967.71 cm  − 1  is present (Lewicki 
 et al .,  2011 ). For a 2f WM QEPAS measurement, a 1  σ   minimum detectable 
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concentration of ammonia was achieved at ~8 ppb when the laser frequency 
was current tuned over the 967.35 cm  − 1  NH 3  absorption line. After locking 
the laser frequency to the 967.35 cm  − 1  line, a 1  σ   minimum detectable NH 3  
concentration was achieved of ~6 ppb with a 1 s time resolution (see Fig. 
15.12). A similar detection limit of ~5.4 ppb (1  σ  ) was obtained after dilut-
ing a calibrated mixture of 5 ppm NH 3  in N 2  to a level of ~160 ppb (Lewicki 
 et al .,  2011 ). This confi rms the linear response of the QEPAS-based NH 3  
sensor platform.        

 The NH 3  sensor system for the real time monitoring of ammonia con-
centration levels in exhaled breath was designed to collect breath samples 
multiple times with ~3 min intervals between each sample. These intervals 
are needed to remove the remaining ammonia out of the system. Examples 
of single breath exhalation profi les for NH 3  concentration (ppb), CO 2  con-
centration (%), and airway pressure (mbar) are depicted in Fig. 15.13. No 
signifi cant delay between airway pressure and breath ammonia profi le is 
observed, which confi rms that the NH 3  sensor has an extremely fast response 
(<3 s). In addition, after the breath sampling process is completed, a fast 
ammonia decay from the system is also observed.           

 The NH 3  sensor is currently installed at a medical breath research center 
in Hellertown, PA, and is being evaluated as an instrument for non-invasive 
verifi cation of liver and kidney disorders based on human breath samples. 
Real time exhaled human ammonia breath data, acquired in the medical 
breath research center, will be compared with simultaneously clinically 
acquired ammonia blood data.  
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  15.4.3      Ammonia sensor for environmental monitoring 
based on a 10.3  µ m EC-QCL 

 Ammonia (NH 3 ) is normally present in the atmosphere at trace concentra-
tion levels, and like other nitrogen-containing trace gases, such as N 2 O, NO, 
NO 2,  and HNO 2  or HNO 3,  plays a signifi cant role in atmospheric chemistry. 
The largest emission of NH 3  to the atmosphere is caused by anthropogenic 
sources such as animal waste, poultry, mineral fertilizers, agricultural crops, 
or biomass burning. Other signifi cant sources of ammonia emission are nat-
ural sources such as animals, oceans, vegetation, and the decomposition of 
plants (Dentener and Crutzen,  1994 ). Moreover, for highly developed urban 
areas, an additional increase of atmospheric ammonia may be observed as 
the result of industrial activities and motor vehicles (Kean  et al .,  2000 ). From 
an environmental perspective, NH 3  is a precursor of particulate  matter, due 
to its chemical reaction with sulfuric and nitric acids to produce different 
ammonium salts such as ammonium sulfate ((NH 4 ) 2 SO 4 ), ammonium nitrate 
(NH 4 NO 3 ), and ammonium bisulfate (NH 4 HSO 4 ). Generally, for rural areas, 
a main source of ammonia is cattle and other livestock, whereas in most 
of urban areas, other sources are dominant, such as industrial and traffi c 
emissions (Russell  et al. ,  2004 ). The atmospheric concentrations of NH 3  for 
urban areas may vary between 0.1 and 10 ppbv, depending on the proximity 
to the source (Seinfeld and Pandis,  1998 ). 

 Therefore, to improve our understanding of the dynamics of NH 3  in indus-
trial and urban area such as the Greater Houston area, where atmospheric 
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NH 3  data are limited, an EC-QCL-based ammonia sensor platform was 
deployed on the roof of the 60 m high North Moody Tower. The Moody 
Tower location (University of Houston, TX) was a perfect sampling site due 
to its proximity to many potential NH 3  emission sources such as the Houston 
Ship Channel and several highways (I-610, US 59, I-45). In addition, atmo-
spheric NH 3  data were compared with data acquired by other advanced gas 
sensing instruments that were also installed at the Moody Tower air-quality 
monitoring site. This is useful for the determination of the implications of 
NH 3  with respect to atmospheric chemistry and air quality in Houston. 

 Determination of environmental ammonia concentration levels was 
 performed with a 10.4  µ m EC-QCL-based sensor platform (Fig. 15.14a). A 
CW TEC EC-QCL system from Daylight Solutions (Model 21106-MHF), 
emitting a maximum optical power of 72 mW within total tuning range 
from 933 cm  − 1  to 1006 cm  − 1 , was implemented. As a detection technique, an 
amplitude modulated photoacoustic spectroscopy (AM-PAS) employing a 
ring differential resonant photoacoustic cell was used (Lee  et al. ,  2007 ). The 
differential cell with two cylindrical channels (each 6 mm diameter and 90 
mm long) has an electret microphone placed in the middle, at a distance 
of 4 mm from the axis. A collimated laser beam (3 mm diameter) propa-
gating through only one of the channels, was modulated by a mechanical 
chopper at 1.8 kHz in order to match the resonance frequency of the pho-
toacoustic (PA) cell. To achieve NH 3  detection at single ppbv concentra-
tion levels, which is required for sensitive atmospheric measurements, the 
optical beam was passed through the cell three times (Fig. 15.14a). A pyro-
electric detector placed after a 10-cm reference cell, which was fi lled with 
0.2% of NH 3  at 30 Torr, is used for frequency locking EC-QCL wavelength 
to the selected optimum NH 3  absorption line as well as for monitoring the 
EC-QCL power.      

 The pressure inside the sensor system was kept at 220 Torr and the fl ow 
was maintained at 150 ml/min. In order to minimize the ammonia adsorp-
tion to surfaces and to prevent water vapor condensation in the sensor, the 
sensor enclosure was heated to +38 o C. Moreover, a pump maintained a high 
fl ow of ~10 l/s between sampling port and the NH 3  sensor inlet in order 
to ensure laminar fl ow inside the tubing and to improve the NH 3  sensor 
response time to <2 min. The 965.35 cm  − 1  (see Fig. 15.11b) absorption line in 
the   ν   2  fundamental absorption band of NH 3  was targeted for the monitoring 
of environmental NH 3  at trace gas concentration levels. Upon consideration 
of laser power, NH 3  absorption strength, and potential interferences from 
H 2 O, CO 2 , and methanol (CH 3 OH) molecules, this frequency was the opti-
mum selection for the AM-PAS technique. 

 For high-resolution NH 3  measurements with the AM-PAS technique, an 
EC-QCL MHF tuning range of 0.15 cm  − 1  was selected to cover only the 
NH 3  absorption line of interest. The NH 3  measurements for the detection of 
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ammonia concentration levels were performed using a scan mode, where the 
EC-QCL wavelength was scanned back and forth across the 965.35 cm  − 1  NH 3  
line, with a frequency of  f  = 0.2 Hz. In this case a profi le of the NH 3  absorp-
tion line was detected twice in order to improve the accuracy of the NH 3  
concentration calculation procedure. The minimum detectable concentra-
tion of ammonia for the laboratory tested sensor, when the laser beam passes 
three times through the PA cell, was ~2 ppbv for a 5-second data acquisition 
time (Fig. 15.14b). By monitoring the peak position of the NH 3  absorption 

 

Tunable QCL
controller

Piezo
driver

DAQCard
6062E

PC

Function
generator

Lock-in
amplifier

Pocket
lock-in

Reference
cell

Pyroelectric
detector

4 3 2 1

4321

A ring differential resonance
photo-acoustic cell consisting of:
1. acoustic resonator,
2. microphone,
3. gas input and output,
4. window

Photo-acoustic
cell

Mirror

Pressure
controller

Flow
meter

Vacuum
pump

Gas handling system
(a)

Gas
cylinder

ZnSe wedge

Needle
valve

Mirror

Gas
in

Gas
out

EC-QCL

Mech. chopper

Mirror

10
(b)

Three passes

Two passes
One pass

8

6

4

2

0
0 200 400 600 800 1000 1200 1400

Scan points (–)

PA
S

 a
m

pl
itu

de
 (

m
V

)

 

 15.14      (a) Mid-infrared AM-PAS-based sensor platform for atmospheric 

NH 3  detection; (b) AM-PAS signal for a reference mixture of 5 ppmv NH 3  

in N 2  after one, two, and three QCL output beam passes through the 

photoacoustic cell. 5 ppmv of NH 3  in N 2  at 220 Torr; NH 3  line at 965.35 

cm –1 ; MDL ~2 ppbv.  

�� �� �� �� �� ��



 Tunable mid-infrared laser absorption spectroscopy 615

© Woodhead Publishing Limited, 2013

line profi le recorded by the pyroelectric detector, any potential EC-QCL 
wavelength drift can be identifi ed and used for laser frequency stabilization. 
Thus, any laser drift was eliminated by sending a PID correction signal to the 
EC-QCL piezo element which is responsible for wavelength tuning. 

 In order to calibrate the NH 3  sensor, a LabView-based, general least-
square (LS) linear fi tting algorithm was implemented to determine the best 
correlation between each acquired sample scan and the 5 ppmv NH 3  ref-
erence scan. For each scan the concentration levels (expressed in unit of 
parts-per-billion) of atmospheric ammonia were calculated based on a fi t 
coeffi cient, which was found and returned by the LS linear fi tting proce-
dure. For the sample scan data that perfectly coincides with a reference scan 
data, the linear fi t coeffi cient will be equal to unity, which implies that the 
measured ammonia concentration is identical with reference concentration. 
The benefi t of using scan mode and the linear fi tting procedure is its insen-
sitivity to potential baseline drifts or background variations, which are typ-
ically observed for AM-based spectroscopic measurements. Therefore, by 
using a direct comparison of measured and reference scans, an exact eval-
uation of the gas concentration was achieved. An alternative to the AM 
detection scheme would be a background-free 2f WM scheme. However, 
the frequency range acceptable for the EC-QCL for current modulation is 
limited to frequencies between 10 kHz and 2 MHz. This frequency range is 
too high to perform WM-based spectroscopic measurements that employs a 
PA cell that possesses an internal resonance frequency of ~1.8 kHz. 

 The AM-PAS-based sensor platform was deployed at an environmental 
test site located on the roof of the Moody Tower building (University of 
Houston campus) to monitor atmospheric ammonia concentration levels 
between a two-week period in February 2010, a two-month period over the 
course of August to October 2010, and a two-week period during February 
2011. To investigate the long-term stability of the ammonia sensor system, a 
set of data was acquired while pure nitrogen was fl ushed through the sensor 
PA cell and an Allan variance analysis was performed. The EC-QCL-based 
NH 3  sensor platform (see Fig. 15.14a), after its installation at the Moody 
Tower site, demonstrated an MDL for ammonia concentration at the ~ 3.4 
ppbv level with a 5-second data acquisition time. After averaging the NH 3  con-
centration data for ~300 s, a sub-ppbv NH 3  concentration level of ~0.72 ppbv 
was achieved. For the purpose of environmental monitoring, where sensor 
time response is not a critical parameter, even longer averaging times can be 
utilized to allow a sub-ppb detection limit of NH 3 . 

 A time series of atmospheric NH 3  concentration levels (after 300-seconds 
averaging time), measured during the 2010 summer/fall season, was demon-
strated in Fig. 15.15. Within the two months of the NH 3  sensor deployment 
at Moody Tower, several unexpected events of high NH 3  concentrations 
levels were observed. The emission sources of several long lasting NH 3  
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concentration peaks were determined by monitoring wind direction and 
employing backward trajectory analysis in order to check the air mass trans-
port path. The emission sources that were identifi ed as being responsible 
for increased NH 3  concentration levels in the Greater Houston urban area 
are: the Houston Ship Channel, W. A. Parish electric power plant, the ocean 
(Hurricane Hermine), and traffi c activity including a traffi c accident that 
caused a chemical fi re on I-45 freeway.      

 The dominant NH 3  source for the Greater Houston area was found to be 
related to industrial and petrochemical activity around the Houston Ship 
Channel. This is not surprising, because hourly estimated NH 3  emission 
into the atmosphere from the Houston Ship Channel area is estimated to 
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be ~120 kg (Mellqvist  et al. ,  2007 ). The NH 3  emission from the W. A. Parish 
power plant located 27 miles SE of Moody Tower also strongly contributed 
to the atmospheric NH 3  concentration level. This is because the selective cat-
alytic reduction process in the power plant employs ammonia gas as a reac-
tant to reduce NOx emissions by converting it into nitrogen gas and water. 
During this process NH 3  is released into the atmosphere when the temper-
ature levels of the chemical reaction are not properly maintained or when 
too much ammonia is injected into the system. An unexpected increase of 
the NH 3  concentration (~21 ppb) on August 14, 2010 was observed (see Fig. 
15.15b), when a major accident occurred during the same time period on the 
Houston-Gulf Freeway (I-45), two miles from the sampling site. The elevated 
concentration levels are due to NH 3  generation from a chemical fi re result-
ing from a collision of two 18-wheeler trucks, one of which was carrying a 
fertilizer (trimethylammonium) and liquid pesticide (dimethylamine).        

  15.5     Conclusions and future trends 

 Spectroscopic techniques that include compact, reliable, real time, sensitive 
(<10 –4 ), and highly selective (<3 to 500 MHz) gas sensors based on LAS, CRDS, 
ICOS, CPAS and QEPAS, evanescent wave spectroscopy, laser-induced 
breakdown spectroscopy (LIBS), noise-immune cavity-enhanced optical het-
erodyne molecular spectroscopy (NICE-OHMS), cavity-enhanced optical 
frequency comb spectroscopy (CE-FCS) have become important as scientifi c 
and industrial techniques. LAS has benefi ted signifi cantly from the devel-
opment of infrared laser sources that can access the desired mid-infrared 
wavelengths, novel measurement techniques and improved data acquisition 
and reduction methods. The choice of a specifi c spectroscopic measurement 
method is determined by the application as well as the readily commercial 
availability of QCLs with powers of >100 mW and operating lifetimes compa-
rable to near-infrared laser diodes (~10 years). Furthermore, improvements 
and innovations in LAS, CRDS, ICOS and QEPAS sensor platforms – in 
particular, more stable, mass produced optical/mechanical designs – as well 
as data acquisition and reduction techniques, will lead to mid-infrared QCL- 
and ICL-based instruments that can be operated by non-technical personnel 
and be manufactured at costs leading to sensor networks that permit both 
temporal and spatial trace gas monitoring.

Autonomously operated compact, reliable, real time, sensitive (<10 –4 ), and 
highly selective (<3 to 500 MHz) gas sensors based on various spectroscopic 
techniques using QCLs and ICLs have been demonstrated to be effec-
tive in numerous real world and fundamental science applications. These 
include such diverse fi elds as atmospheric chemistry and environmental 
monitoring (e.g., CO, CO 2 , CH 4  and H 2 CO are important carbon gases in 
global warming, ozone depletion studies, acid rain, photo smog formation), 
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industrial emission measurements (e.g., quantifi cation of smokestack emis-
sions, fence line perimeter monitoring by the petrochemical industry, com-
bustion incinerators, down hole gas monitoring, gas pipeline and industrial 
plant safety), urban (e.g., automobile, truck, aircraft, marine and electrical 
power generation) and rural emissions (e.g., horticultural greenhouses, fruit 
storage and rice agro-ecosystems). Furthermore sensors are used in chemi-
cal analysis and process control for manufacturing processes (e.g., petro-
chemical processing and exploration, alternative energy technologies and 
production, semiconductor wafer manufacture, pharmaceutical, metal pro-
cessing, nuclear safeguards, food and beverage industries), applications in 
biomedical and the life sciences, such as non-invasive medical diagnostics 
that involves the detection and monitoring of numerous exhaled breath 
biomarkers (e.g., NO, CO, CO 2 , NH 3 , C 2 H 6  and CH 3 COCH 3 ). In addition, 
EC-QCL- and DFB-QCL-based spectroscopic methods and instruments for 
sensing of toxic gases and explosives relevant to law enforcement, national 
security and defense (Willer and Schade,  2009 ; Bauer  et al .,  2010 ; Holthoff 
 et al .,  2010 ), as well as spacecraft habitat air quality and safety (e.g., out-
gassing of H 2 CO from industrial components, fi re and post fi re detection) 
and planetary atmospheric science (e.g., planetary gases such as H 2 O, CH 4 , 
CO, CO 2  and C 2 H 2 ). With the development of effi cient mid-infrared lasers 
(Curl  et al .,  2010 ; Bewley  et al .,  2010 ; Troccoli  et al. ,  2010 ; Razeghi  et al .,  2010 ; 
Lyakh  et al. ,  2010 ) we envision a signifi cantly improved performance cou-
pled with a reduction in size and cost of thermoelectrically cooled QCL- 
and ICL-based trace gas monitors that will lead to the implementation of 
sensor networks (So  et al .,  2009 ,  2010 ). Sensor networks based on LAS and 
QEPAS will enable large-area detection of trace gas fl uxes, mapping and 
localization of emission sources, as well as the identifi cation of unknown 
natural gas sinks.  
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on absolute energy scale for 
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sensor platform and signal,     614  
  NH 3 , CO 2  concentration and 

airway pressure profi les of single 
breath exhalation,     612  

  NH 3  concentration measurement 
and accidental release,     616    

  external differential quantum effi ciency,   
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  feedback path,     125  ,   131–2  
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  Fourier transformation (FT),     67  
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lasers,     477–81  

  overview,     441–8 
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  hybrid mode-locking,     169  
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  hybrid Si ring lasers,     422  
  hybrid silicon laser-based photonic 
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  hybrid laser QWI process,     429  
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section,     430  
  hybrid silicon integrated triplexer 

chip,     427  
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characteristics,     495  
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and multi-model QCL,     525   

  local area network (LAN),     282  
  longitudinal confi nement,     319–23 

  Al, C, and Si concentration as a 
function of depth into a VCSEL,   
  323  

  calculated VCSEL refl ectance 
spectrum,     323  

  oxide-confi ned VCSEL,     321  
  refractive index and optical density 

profi le in the optical cavity,     322   
  Lorentzian,     17  
  low-pressure metal-organic 

chemical vapour deposition 
(LP-MOCVD),     92    

  magnetic circular birefringence (MCB),   
  594  

  master-oscillator power amplifi ers 
(MOPA),     98  
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