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In Memoriam: Cole Litton

Cole W. Litton, the editor and compiler of Zinc Oxide Materials for Electronic and
Optoelectronic Device Applications, died of a heart attack on Tuesday, January 26, 2010,
while attending the SPIE Photonics West Conference in San Francisco.

Cole was a native of Memphis, Tennessee, born in 1930, and he attended the
University of Tennessee graduating with a bachelor’s degree. He served for four years
as an officer in the US Air Force and then joined the Air Force Research Laboratory as a
civilian scientist at Wright Patterson Air Force Base in Dayton, Ohio. There he worked
on the solid-state physics team of Don Reynolds, Tom Collins, and later David Look,
and was the principal designer of what became the world’s highest resolution optical
spectrometer. He spent 50 years with the Air Force during which time he studied at
several other universities in the United States and Europe. Litton was acknowledged as
a world leader in research in solid-state and semiconductor physics and crystal growth,
particularly in the optical, electrical, and structural properties of compound semicon-
ductor materials and devices. In 1971 Cole was elected a fellow of the American




Physical Society. He has been a long-time devoted member of SPIE, where he was a
founder and current co-chair of the Gallium Nitride Materials and Devices Conference and
also the Oxide-Based Materials and Devices Conference, two of the most successful
conferences at Photonics West since their inception. In memory of Litton, the Gallium
Nitride Materials and Devices Conference will now bear his name, recognizing his many
contributions not only to SPIE but to advancing optics- and photonics-based research
as well.

Cole Litton retired in 2006 as Senior Scientist from the Air Force Research
Laboratory, but he continued to enjoy an active role in scientific workshops and
symposia. At the time of his death, he had authored or co-authored about 200
scientific/technical research papers published in physics and engineering journals. He
was committed to discovery and was passionate about the future of science and
technology. Cole died fully engaged in the activity he most enjoyed: participating in
scientific meetings. He was a unique individual with a great love of life, and he will be
remembered by all who knew him.

David F. Bliss

US Air Force Laboratory
Hanscom Research Site
MA, USA
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Series Preface

WILEY SERIES IN MATERIALS FOR ELECTRONIC
AND OPTOELECTRONIC APPLICATIONS

This book series is devoted to the rapidly developing class of materials used for electronic
and optoelectronic applications. It is designed to provide much-needed information on the
fundamental scientific principles of these materials, together with how these are employed
in technological applications. The books are aimed at (postgraduate) students, researchers
and technologists, engaged in research, development and the study of materials in
electronics and photonics, and industrial scientists developing new materials, devices
and circuits for the electronic, optoelectronic and communications industries.

The development of new electronic and optoelectronic materials depends not only on
materials engineering at a practical level, but also on a clear understanding of the
properties of materials, and the fundamental science behind these properties. It is the
properties of a material that eventually determine its usefulness in an application. The
series therefore also includes such titles as electrical conduction in solids, optical
properties, thermal properties, and so on, all with applications and examples of materials
in electronics and optoelectronics. The characterization of materials is also covered within
the series in as much as it is impossible to develop new materials without the proper
characterization of their structure and properties. Structure—property relationships have
always been fundamentally and intrinsically important to materials science and
engineering.

Materials science is well known for being one of the most interdisciplinary sciences. It
is the interdisciplinary aspect of materials science that has led to many exciting
discoveries, new materials and new applications. It is not unusual to find scientists with
a chemical engineering background working on materials projects with applications in
electronics. In selecting titles for the series, we have tried to maintain the interdisciplinary
aspect of the field, and hence its excitement to researchers in this field.

Peter Capper
Safa Kasap
Arthur Willoughby



Preface

Zinc oxide (ZnO) powder has been widely used as a major white paint pigment and
industrial processing chemical for nearly 150 years. Indeed, interest in this fascinating
chemical compound dates back even to antiquity. ZnO, the first man-made zinc compound,
originated many centuries ago as an impure by-product of copper smelting. The ancients
discovered and put to use some of its unusual properties, which included production of the
first brass metal, development of a purified ZnO for medical purposes, and the early
alchemists even attempted to make gold with it. Beginning in the early 1900s, white,
polycrystalline ZnO powder found extensive application in medical technology, in
particular the cosmetics and pharmaceutical industries, where it is today used in facial
and body powders, sun screen preparation, antibiotic lotions and salves and in dental
technology for dental cements.

A modern rediscovery of ZnO and its potential applications began in the mid 1950s.
At that time, science and industry alike, mostly in the US and Europe, began to realize that
ZnO had many interesting novel properties that were worthy of further investigation and
exploration. These novel properties included its semiconductor, piezoelectric, lumines-
cent, ultraviolet (UV) absorption, catalytic, ferrite, photoconductive and photochemical
properties. Although study of the photoluminescence and electroluminescence properties
of ZnO began as early as the mid 1930s, extensive investigation of its semiconductor
properties did not begin until the mid to late 1950s, once good single crystals became
available, either from natural sources, or grown synthetically by vapor transport and
various other techniques, for study of the optical, electrical and structural properties of
semiconducting ZnO. These early ZnO single crystals, mostly needles, platelets and
prisms, were, however, small and limited in size to a few millimeters. ZnO single crystals
typically crystallize in the wurtzitic, hexagonal modification, are visibly transparent and
have a wide, direct band gap in the near UV at 3.437 eV (at 2 K). During this same period,
the late 1950s to early 1960s, it was also recognized that ZnO had very high piezoelectric
coefficients which led to the development of ZnO-based piezoelectric transducers, such as
sensitive strain gauges and pressure sensors, a technology which continues today.
Throughout the 1960s, extensive investigations of the fundamental semiconductor prop-
erties of ZnO were made, including study of its energy band structure, band gaps, excitonic
properties, electron and hole effective masses, phonon properties and the electrical
transport properties of the intrinsic (undoped) material. At this time (the mid to late
1960s) it was also recognized that ZnO, like the other wide band gap II-VI materials,
would be difficult to dope controllably with high concentrations of shallow donor and
acceptor impurities in order to demonstrate n- and p-type conductivity and p-n junctions,
which would be necessary in order to realize the full potential of ZnO in devices, such as
UV diode emitters, detectors and transistors. At that time, modern epitaxial growth and
doping techniques, such as molecular beam epitaxy (MBE) and metal organic chemical
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vapor deposition (MOCVD), had not yet been developed, and p-type doping of both
epitaxial films and bulk substrates did not exist; moreover, lack of large, bulk single
crystals of ZnO also hampered progress in the development of ZnO-based electronic and
optoelectronic devices. Nevertheless, much progress has been made over the past four
decades (1970 to present) on the development of ZnO-based transducers, varistors, white-
light-emitting cathodoluminescent phosphors (in conjunction with ZnS), optically trans-
parent electrically conducting films, optically pumped lasing, MSM-type UV detectors,
based on both ZnO (near UV) and MgZnO/ZnO heterostructures (deeper UV), and surface
acoustic wave devices, none of which require the use of p-type ZnO.

Demonstration of the first InGaN/GaN-based, long-lived, room-temperature, continu-
ous wave (CW) blue light-emitting diodes (LEDs) and diode lasers in Japan in the mid
1990s, led several ZnO investigators to consider the possibility of using isomorphic, nearly
lattice-matched, c-plane bulk ZnO as a substrate for GaN device epitaxy (~2% mismatch
to GaN), since bulk GaN substrates did not exist, and it was clear that the large threading
dislocations resulting from growth of InGaN/GaN laser device structures on lattice
mismatched c-plane sapphire (~14% lattice mismatch) were degrading both the perfor-
mance and lifetimes of the blue laser diodes, particularly in CW, single mode operation.
Earlier a US nitride research group had already demonstrated that GaN device epitaxy
could be grown by MBE on small, c-plane ZnO substrates with as much as two to three
orders of magnitude reduction in threading dislocation densities within the GaN device
epitaxy, in comparison with growth on highly lattice mismatched sapphire substrates. Over
the past decade, this achievement led another group to successfully grow and market large
(40 mm diameter), high-quality, single-crystal ZnO substrates by vapor transport techni-
ques specifically for this purpose and more recently still another group has also developed
large diameter, bulk ZnO substrates by the Pressure-Melt technique for this purpose. Work
is presently underway to demonstrate the MBE growth of AlGaN/GaN-based microwave
power field-effect transistor (FET) device structures, where the relatively cheap ZnO
substrate will be etched away and a high thermal conductivity substrate substituted by
wafer bonding techniques to improve heat dissipation from the device.

Over the past decade, a number of groups have proposed that ZnO might be a good
optoelectronic device material in its own right, owing to the many similarities between the
optical, electrical and structural properties of ZnO and GaN, including their band gaps
(3.437 eV for ZnO and 3.50 eV for GaN at 2 K) and their lattice constants. In addition, still
others have noted that ZnO has a free exciton binding energy of 60 meV, approximately
twice that of GaN, which could lead to highly efficient, ZnO- and MgZnO-based, UV
injection lasers (UV laser diodes and detectors) at room temperature, provided that
efficient p-doping and good p-n junctions and heterojunctions can be demonstrated in
these materials. p-type doping of hetero-epitaxial ZnO on sapphire has been reported by
several Japanese and US groups, using N acceptor doping and several different growth
techniques, with varying degrees of success, but a major breakthrough was achieved by a
US group recently which reported the first MBE growth of homo-epitaxial, N-doped,
p-type ZnO on high-resistivity, Li-diffused ZnO substrates. Although the temperature-
dependent Hall conductivity of these p-type layers is not yet fully understood, this
approach could lead rapidly to p-doping at higher hole mobilities and carrier concentration
and to the formation of good p-n junctions, provided that we can achieve a better
understanding of both the shallow and deep donor/acceptor compensation mechanisms
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in ZnO. It is important to address the questions of donor and acceptor impurity
incorporation together with the likely formation of native point defect donors and
acceptors in ZnO and their possible compensation mechanisms; and look into the question
of possible hydrogen donor incorporation in ZnO which must be better understood if rapid
progress is to be made in the p-doping of ZnO.

This book comprises some 12 chapters that are written by experts in various aspects of
ZnO materials and device technology. The topics included and discussed in these chapters
range from our latest understanding of the energy band structure and spintronics (Chapter
1) to our most recent understanding of the fundamental optical and electrical properties of
ZnO (Chapters 2 and 3). With the generation of new devices, one has to understand and
control the electronic contacts of ZnO. This is covered in Chapter 4. The latest advances in
our understanding of the formation of native point defect donors and acceptors in ZnO are
discussed and summarized in Chapter 5. The following chapter (Chapter 6) investigates
both the intrinsic and extrinsic defects that are found in ZnO. The growth of the ZnO
crystals and substrates are discussed in the next three chapters (Chapters 7, 8 and 9) along
with hybrid devices, Chapter 10 reports on some recent advances in optically pumped
lasing and room temperature stimulated emission from ZnO-based materials. Chapter 11
reviews the progress of UV photodetectors and points out the promise for unique
applications such as single-photon detection. The final chapter (Chapter 12) presents a
review of optical properties of ZnO quantum wells in which strong stimulation was
observed in ZnO/ZnMgO multiple quantum wells from 5 °C to room temperature.

Cole W. Litton
Donald C. Reynolds
Thomas C. Collins
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Fundamental Properties of ZnO

T. C. Collins and R. J. Hauenstein
Department of Physics, Oklahoma State University, Stillwater, OK, USA

1.1 Introduction

1.1.1 Overview

Wurtzitic ZnO is a wide band gap semiconductor (E, =3.437¢V at 2K) that has many
applications, including piezoelectric transducers, varistors, phosphors, and transparent
conduction films. Most of these applications only require polycrystalline materials;
however, recent successes in producing large-area single crystals make possible the
production of blue and UV light emitters and high temperature, high power transistors.
The main advantage of ZnO as a light emitter is its large exciton binding energy
(E, =60meV). This binding energy is three times larger than that of the 20 meV exciton
of GaN, which permits excitonic recombination to dominate in ZnO at room temperature
(and even above). Excitonic recombination is preferable because the exciton, being an
already bound system, radiatively recombines with high efficiency without requiring traps
to localize carriers, as in the case in radiative recombination of electron—hole plasmas.
Secondly, the deeper exciton of ZnO is more stable against field ionization due to
piezoelectrically induced fields. Such piezoelectric effects are expected to increase with
increasing dopant concentration for both ZnO and GaN.

For electronic applications, the attractiveness of ZnO lies in having high breakdown
strength and high saturation velocity. ZnO also affords superior radiation hardness
compared with other common semiconductor materials, such as Si, GaAs, CdS, and
even GaN, enhancing the usefulness of ZnO for space applications. Optically pumped UV
laser action in ZnO has already been demonstrated at both low and high temperatures
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although efficient electrically induced lasing awaits further improvements in the experi-
mental ability to grow high quality p-type ZnO material. Nonetheless, over the past
decade, researchers world-wide have made substantial theoretical and experimental
progress concerning the p-type dopability of ZnO, with 10'” cm™ range hole concentra-
tions now plausibly achieved with material stability persisting for over 1 year, and with
isolated (though often controversial) reports of hole concentrations as high as ~10'” cm™
even being reported from time to time. Finally, ZnO structures can be doped with transition
metal (TM) ions to form dilute magnetic materials, denoted (Zn,TM)O, which can form a
ferromagnetic state, an antiferromagnetic state as well as a general spin glass. The
important point is that the Curie temperature (T¢) can be above room temperature. Such
above-room-temperature anti- and ferromagnetic states form the basis for novel charge-
based, spin-based, or even mixed spin- and charge-based devices which, collectively, are
known as “spintronic” devices.

1.1.2 Organization of Chapter

The remainder of this chapter is organized as follows. In Section 1.2, atheoretical overview of
the fundamental band structure of ZnO near the zone center is presented. The discussion
includes the long-standing controversy over the symmetry-ordering of the valence bands at
the I" point. Next, in Section 1.3, the optical properties of intrinsic ZnO are reviewed, with
particular emphasis on the excitons. Also presented in this same section are adiscussion of the
interaction of light, magnetic field, and strain field, as three examples of the general types of
calculations done for excitons in ZnO, as well as a discussion of spatial resonance dispersion
(Section 1.3.4) in which the polariton, acombined state arising out of the mixing of an exciton
and light, plays a particularly important role. The electrical properties of ZnO are considered
next in Section 1.4, including a discussion of intrinsic along with n-type and p-type ZnO. In
particular, the important question of p-type dopability is discussed in detail in Section 1.4.3.
For the implementation of optoelectronic devices, one will need Schottky barriers and ohmic
contracts; recent progress in these areas is presented in Section 1.4.4. For heterojunction-
based devices, band gap engineering will be required and this is considered in Section 1.5.
Finally, presented in Section 1.6 is the theoretical basis for the ZnO spintronic device. The
different models are based on the Heisenberg Spin Hamiltonian to describe the dilute
magnetic system (Zn,TM)O. One can investigate both the interaction of the carriers with
the magnetic moment of the TM as well as the TM—TM interactions. It is found that the
resulting Curie temperature can be above room temperature. Spintronic devices made of
(Zn, TM)O are expected to be faster and to consume less power since flipping the spinrequires
10-50 times less power, and occurs roughly an order of magnitude faster, than does
transporting an electron through the channel of traditional field-effect transistors (FETs).

1.2 Band Structure

1.2.1 Valence and Conduction Bands

The general electronic structure of binary III-V and II-VI compounds form semiconduc-
tors with the valence band mostly derived from the covalent bonding orbitals (s and p).
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While the conduction band consists of antibonding orbitals, as one moves further outward
from column IV of the periodic table, the binary compound semiconductors acquire a more
ionic character. These compounds form cubic (zinc blende) and hexagonal (wurtzite)
crystal structures, with ZnO crystallized in the wurtzite structure. The difference between
the zinc blende and wurtzite structures is that the zinc blende is cubic while the wurtzite is
a distortion of the cube in the [111] direction generally taken to be the z direction in the
wurtzite.

The ionicity effect puts more electrons on the group V or group VI atoms giving the
charge density more s and p characteristics of these elements in the valence band. It also
causes gaps at the edge of the Brillouin zone compared with just covalent bonding
materials. This translates into flatter bands across the Brillouin zone.

ZnO is a direct band gap semiconductor with valence-band maximum and conduction-
band minimum occurring at the I" point. The conduction band is s-like from Zn at " and is
spin degenerate. The top three valence bands are p-like in character. They are split by the
spin-orbit interaction in both the zinc blende and wurtzite symmetry, while wurtzite
symmetry also has a crystal field splitting.

Figure 1.1 shows!'"! the Quasi-cubic mode of the bottom of the con-duction band
and the top of the valence band. Assuming that one has both zinc blende and wurtzite and
that Hy, = AL - S, one can write matrices of the form:

1[241

A0 0
0 A 0 (1.1)
0 0 —2A

for zinc blende, using j=3/2 and j = 1/2 eigenstates. For wurtzite the basis is rotated as
stated above, so that one has S, «, S_8,—S o, S. 3, S.«a, and S.B. This basis gives matrices
(including crystal field effects §) of the form

A 0 0
0 —-A —iv2A . (1.2)
0 iv2A -8
Zincblende Waurtzite
Double Group Single Group Single Group Double Group
T Te Te I Electron Conduction
Band
F9v
A Hole
A Isv I5v .
) spin r
Hole bit Tv
- 1"4 , orbi
spin ! crystal B Hole
B r7v orbit field Fl v r7v
Hole C Hole

Figure 1.1 Structure and symmetries of the lowest conduction band and upmost valence
bands in ZnO compounds at the T point
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Using the values obtained by Thomas,*!adifficulty arises. As can be seenin Equation (1.3),

there are values of energy difference which can give a complex number for 6:

1
5= Qa+Eg+§¢@—Mua+&) (1.3)

1
2
where E is the energy difference between the I'g excitons and I'; exciton and E, is the
energy difference between the two I'; excitons. In fact, using Thomas™! numbers, & is a
complex number with I'g being the top valence band. This difficulty can be surmounted
by assuming a negative spin-orbit splitting, which is different from all the other II-VI
compounds and GaN. The physical mechanism that could produce a negative spin-
orbit splitting was investigated by Cardona'®! for CuCl. In this zinc blende material, it was
postulated that the valence band was formed from Cl wave functions, with a large
proportion of Cu wave functions (Cu 4s3d). The inverted nature of the CuCl indicates
that the Cu contributes a negative term to the spin-orbit splitting, since for this material
the anion splitting is small and negative. Cardona® estimated the “fraction” of the metal
wave function in the valence band states by writing the spin-orbit splitting of the
compound as:

AZ%MMw%PﬂMm¢ (1.4)

where « is the proportion of halogen in the wave function, Ay, is the one-electron atomic
spin-orbit splitting parameter of the halogen and A, is one of the d-electrons of the metal.
This gave o =0.25 for CuCl. It was also presented that the energy interval between the
ground state of the Cu' ion (3d10) and the first excited state (3d9, 4s) is 2.75eV.

Returning to ZnO, one finds the Zn d-bands below the uppermost p-like valence bands to
be greater than 7eV."~®! This makes it very unlikely that one has much mixing at all.
Further, the d-band appeared to be relatively flat, noting again very little mixing. Also, the
availability of ZnO crystals in which intrinsic exciton transitions'” are observed in
emission and their splitting in a magnetic field have led to a positive spin-orbit splitting of
16 meV. With this interpretation, the Quasi-cubic model® ™ gives results in line with the
other II-VI compounds.

In order to investigate the valence band ordering of ZnO further, Lambrecht et a
calculated the band structure of ZnO using a linear muffin-tin potential and a Kohn—Sham
local density approximation. The band gap at I was 1.8 eV compared with experiment of
3.4 eV and the Zn d-band was approximately 5 eV below the top of the valence band at I".
To correct for the band gap Reynolds et al.!'"! rigidly shifted the conduction band up to
match the experimental I'-point gap (a shift of 1.624eV).

As is seen from above in the Quasi-cubic model,'*™*! the spin-orbit magnitude and sign
are a function of the energy difference between the top of the valence and the 3d band of
Zn. It is found to be greater than 7 eV."""! In Reynolds ez al.,''"! the d-band was adjusted to
where the spin-orbit gave the right energy difference with the I'; above the I'y. The d band
was put at 6.25 eV below the top of the valence band. This led to a negative g-value and of
course a negative spin-orbit parameter. This in turn matched the experimental data given in
Hong et al."! but with a different interpretation of the splitting of the exciton lines. Thus,
there is no agreement of the spin-orbit value for ZnO. In first principle electron structure

1[11]
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calculations, one has an accuracy only on the order of ~100 meV whereas the splittings of
the levels in the top valence band are on the order of ~10meV!

1.3 Optical Properties

1.3.1 Free and Bound Excitons

The optical absorption (emission) of electromagnetic radiation in a ZnO crystal is
dependent on the matrix element

[ ¥ rntide (13)
where
h
Him = —— A - V. (1.6)
mc

Here, A is the vector potential of the radiation field and has the form
A = fl|A0‘ei<q‘r7wt),

e is the electronic charge, m is the electron mass, c is the velocity of light, 7 is a unit vector
in the direction of polarization, and q is the wave vector. Expanding the spatial part of A in
a series gives

Hi =Y Hpy (1.7)
=0
where
My = (a-1)i-V (1.8)

and the dipole term is then the first term (i =0). The matrix element in Equation (1.5)
transforms under rotation like the triple direct product

[T T (1.9)

The selection rules are then determined by which of the triple-direct-product matrix
elements in question do not vanish, where I7. is the symmetry of the expansion term H/, in
Equation (1.8).

The dipole moment operator for electric dipole radiation transforms like x, y, or z
dependent on the polarization. When the electric field vector E of the incident light is
parallel to the crystal axis of ZnO, the operator corresponds to the I'; representation. When
it is perpendicular to the crystal axis, the operator corresponds to the I's representation.
Since the crystal has a principal axis, the crystal field removes part of the degeneracy of the
p-levels as seen in Figure 1.1. Including spin in the problem doubles the number of levels.
Since the conduction band at k=0 is the Zn (4s) level™®! it transforms as I'; while the
k =0 at top of the valence band is made up of the O(2p) level and it splits into (py, p,)I'S
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and (p,)I'l. When crossed with the spin one has

s @Dy, —T7+Ty (1.10)

Ty @Dy —T; (1.11)

as shown in Figure 1.1.

One of the light absorption (emission) intrinsic states is an exciton, which is made up of
a hole from the top of the valence band and an electron from the bottom of the conduction
band. These are excitations of the N-particle system whereas electron structure calcula-
tions are of the (V= 1)-particle system. All solutions to the one-body calculations such as
the one-particle Green’s functions method do not contain the interaction of the excited
“particle” with the other “particles.” The more localized the excitation the more important
it is to include this interaction. The more localized the excitation is, the flatter the one-
electron bands, leading to heavier effective masses. This is turn leads to increased binding
energy of the electron—hole pair. In ZnO, the binding energy of the ground state exciton is
60 meV. Adding in the Coulomb term of the electron—hole pair gives a hydrogenically
bound pair. For the I'g hole and I'; electron one has

1"9®F7HF5+1"6, (112)
and for the I'; hole and I’ electron one has
Il —->ITs+T+15. (113)

The I's and T's are doubly degenerate and the I'; and I', are nondegenerate. The
Hamiltonian for the exciton becomes:

H :H6+H11+Hintv (114)

where H, and Hj, are the Hamiltonian for the electron and the hole and H;, is the
interaction between the electron and hole including Coulomb, exchange and correlation.
To first approximation one generally includes just the Coulomb term as noted above.
Equation (1.14) gives what are referred to as the “free” excitons.

There are several extrinsic effects which modify the excitons. Most notable of these in ZnO
are the bound complexes. One can have the exciton bound to an ionized donor or a neutral
donor. In the case of the ionized donor, one has the molecular attraction of the exciton to the
donor plus central cell corrections. For the neutral donor, one has again the molecular binding
energy plus the ability of the neutral donor to be left in an excited state. Similar results are
obtained with the ionized acceptor or neutral acceptor. The method of calculating these
systems is to treat the system as a molecular system in the field of the crystal.

1.3.2 Effects of External Magnetic Field on ZnO Excitons

The case of an applied uniform magnetic field was developed by Wheeler and Dim-
mock!"? for the exciton in ZnO. It was assumed the electron bands are isotropic at least to
second order in k with only double spin degeneracy. The exciton equation is a simple
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hydrogen Schrodinger equation including effective-mass and dielectric anisotropies. It is
found that the mass anisotropy is small, allowing first-order perturbation calculations to be
made for the energy states as well as for the magnetic-field effects.

Since the valence and conduction band extrema are at k = 0, the wave vector of the light that
creates the exciton k will also represent the position of the exciton in k-space. Dividing the
momentum and spaces coordinates into the center-of-mass coordinates and the internal
coordinates, the exciton Hamiltonian can be divided into seven terms as follows:

H=Hi+Hr+Hs+Hs~+Hi1 +Hi>+ His (1.15)
/I A 1 & e s 5 a1
Hl_Zm{m(axz+8y2>+m&2}_enl/2 (x +y +n Z) (1.16)
Ar 0 A, 0 A0
_ (0 A0 A0 1.17
Ha ’4mm+gm+m&) (1.17)
e (A2 A§ A?
S e . 1.1
Hs e <Mx + ) + i (1.18)
H, _¢ > (8eSe, + 81,Sh)Hi (1.19)
2i:x.yz o Y
—ih (Ky & K, 0 K.0
Hyr = o <Aan Aixﬁ A GZ) (1.20)
K, K K.
Hiz = §<—Ax+ —A,+ ‘Az> (1.21)
M w7 e
(K2 K K2
Hk3=—<—X+—y+—Z , (1.22)
8m \py My M

where m is the free-electron mass and w, is the reduced effective mass of the exciton in the
x direction at I" (uy = ). Also,

(= g (1.23)

(H x r) (1.24)
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1 m m
— = ——— |. 1.25
A, (m ‘ mhy> (1.25)

ey

The first term is the Hamiltonian for a hydrogenic system in the absence of external fields.
One could include the possibility of the mass and dielectric anisotropies. The second term
is an A-p term which leads to the linear Zeeman magnetic field term. In this term, the
momentum operator is p,—2e A;/c where A; = (1/2)H X r; is the vector potential, H is the
magnetic field, and r; is the coordinate of the ith electron. The A term is the diamagnetic
field term proportional to IHI>. The fourth term is the linear interaction of the magnetic
field with the spin of the electron and hole. If one has small effective reduced mass for the
electron and a large dielectric constant, the radii of the exciton states are much larger than
the corresponding hydrogen-state radii. Hence, the spin-orbit coupling is proportional to
7 and thus quite small, it is legitimate to write the magnetic field perturbations in the
Paschen—Back limit as done above.

The last three terms are the K-P, K-A, and K? terms; K is the center-of mass momentum.
Treating the K-P to second order and adding the K* term, one can obtain an energy term
that appears like the center-of-mass kinetic energy. The K-A term has little effect upon the
energy; however, it has very interesting properties. This term represents the quasi-electric
field that an observer riding with the center-of-mass of the exciton would experience
because of the magnetic field in the laboratory. This quasi-field would produce a
Stark effect linear in H, and this would give rise to a maximum splitting interpretable
as a “g” value.

1.3.3 Strain Field

[13,14]

The effective Hamiltonian formalism of Pikus is of the form

H= Hv—O + Hv—p + Hc + Hinta (126)
Using the angular momentum operators J(L = 1) gives
HU70:A1J3+A2J302+A3(U+J—+0-7J+)7 (127)

where A, is the crystal field splitting of the Sy, S, bands from the S, band; A, is the spin-
orbit splitting of the j=3/2 bands from the j=1/2 band, and Aj is a trigonal splitting of
the |j,m;) = |3,+3) bands from the |3,+1) bands.

The operator H,_,, which describes the interaction between the valence bands due to
strain, can be determined from symmetry considerations by combining the strain tensor
g;; with the angular momentum operators J and o

Hy—p = (C1 + C3J2 )&z + (Co+ CaJ7 ) (£3x + &y)
(1.28)
+Cs(2ey +J2 e )+ Co([J-d e+ [JT Je i 2)

Here,

E1 = Exx—&y T 2iey, €1 = &y T gy, (1.29)
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and [JJ;] = (JJ;+ JJ)/2. These operators then describe the mixing of the p-like valence
bands due to crystalline strain in the terms of material-dependent parameters (the C;’s).

The operator H, represents the conduction-band energy. Because of the I'; symmetry of
the conduction band, the operator has the form

H, :Ec+d1822+d2(8xx+8xy)- (130)

Hine 1s the Coulomb interaction plus the exchange term
L.
Hine = Ep + /0T (1.31)

where in Equation (1.31)j denotes the usual exchange integral (not to be confused with
the usage of j as the angular momentum quantum number in the earlier equations).
The exchange term has off-diagonal matrix elements, and for example, removes the I's
degeneracy. This leads to strain splittings, which are measured.

1.3.4 Spatial Resonance Dispersion

The excitons in ZnO interact with photons when the wave vector are essentially equal. The
energy denominator for exciton—photon mixing is small and the mixing becomes large.
These states are not to be considered as pure photon states or pure exciton states, but rather
mixed states. Such a mixed state is called a polariton. When there is a dispersion of the
dielectric constant, spatial dispersion has been invoked to explain certain optical effects of
the crystal. This causes more than one energy transport mechanism. Spatial dispersion
addresses the possibility that two different kinds of waves of the same energy and same
polarization can exist in a crystal differing only in wave vector. The one with an
anomalously large wave vector is an anomalous wave. In the treatment of dispersion by
exciton theory, it was shown that if the normal modes of the system were allowed to
depend on the wave vector, a much higher-order equation for the index of refraction would
result. These new solutions occur whenever there is any curvature of the ordinary exciton
band in the region of large exciton—photon coupling. These results apply to the Lorentz
model as well as to quantum-mechanical models whenever there is a dependence of
frequency on wave vector.

The specific dipole moment of polarization of a crystal and the electric field intensity are
not in direct proportion. The two are related by a differential equation that resulted in
giving Maxwell equations of higher order. This leads to the existence of several waves of
the same frequency, polarization, and direction but with different indices of refraction. The
index of refraction becomes

22 47'((61()' + az»Kz)sz
2 o J ] 0j
S (132)

Here, the sum over j is to include the excitons in the frequency region of interest, and the
contributions from other oscillators are included in a background dielectric constant €. In
Equation (1.32) the numerator and denominator have been expanded in powers of k,
keeping terms to order of k%, m* is the sum of the effective masses of the hole and electron
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that comprise the exciton, and wyy; is the frequency of the ; * oscillator at k = 0. Eliminating
k* from Equation (1.32) and neglecting the linewidth of the oscillators, the equation
becomes

12 /)2

n —G+Z h a°’+a2’2 /ey (1.33)
wp; + (hwgw?n? [Pm*) —w?

The sum is over excitons from the top two valence bands where the “allowed” excitons have

been included with ag;#0, a,;=0 while the “forbidden” (because excitons are included

with ag;#0, a,;=0). Equation (1.33) reduces to a polynomial in n* whose roots give the
wavelengths of the various “normal modes” for the transfer of energy within the crystal.

There is another structure seen in the spectra near the free exciton. This is the result of

the mixing of the exciton and photon with non crossing effects of the photon dispersion.

This creates a larger density of states where the mixing becomes strong enough to bind the

photon curve.

1.4 Electrical Properties

Electrically, ZnO is a transparent-conducting-oxide semiconductor which at room tem-
perature exhibits defect- or impurity-dominated n-type conductivity, even in nominally
undoped materials. This defect- or impurity-dominated conductivity is a consequence of
the large band gap!'>'® (~3.3 eV at room temperature) combined with the unavoidable
presence of electrically active native defects and impurities with donor ionization energies
typically!'®! ~10-100 meV at concentrations typically''>! ~10'°-10' cm™. Furthermore,
while ZnO is readily doped n-type and carrier concentrations as high as ~10*' cm™ are
achievable,!'”) at present p-type doping remains challenging. Furthermore, for purposes of
utilizing ZnO-based materials for extending semiconductor optoelectronics further into
the UV, two of the biggest technological challenges will be to develop growth and device-
processing techniques to achieve control over p-type doping as well over metal/semicon-
ductor junction formation (including both Schottky and ohmic contacts) to both n-type and
p-type materials.

Most of what is known experimentally about the electronic properties of “pure” ZnO is
actually based on n-type specimens. The fundamental electronic transport properties of
nominally undoped and intentionally doped ZnO will be presented in Section 1.4.1. Next,
in Section 1.4.2, intentional n-type doping and dopants will be considered. Then, in
Section 1.4.3 will be discussed recent progress, both experimental and theoretical,
concerning the technologically important question of p-type dopability in ZnO. Finally,
recent progress on the fabrication of Schottky contacts to n-type, and of ohmic contacts to
both n-type and p-type ZnO, will be reviewed in Section 1.4.4.

1.4.1 Intrinsic Electronic Transport Properties

To date, available data concerning fundamental electronic properties of intrinsic, accu-
rately stoichiometric ZnO remains largely unknown.!'”! In part this is because of the



Electrical Properties 11

historical unattainability of sufficiently high-quality materials, a consequence of the
difficulty (especially through bulk crystal-growth methods) in achieving adequate O
incorporation into the specimen. While such a circumstance may seem merely a
technological rather than a fundamental limitation, recent theoretical work!'®'?! suggests
that the n-type character resulting from electrically active stoichiometric native point
defects such as vacancies, inter-stitials, and antisites,“g] as well as the unusually
nonamphoteric and donor-like character of unintentional but ever-present hydrogen,'*!
may be inherent to ZnO, at least, to materials produced through the use of near-equilibrium
crystal growth methods. The question of p-type dopability shall be deferred to Sec-
tion 1.4.3. For the remainder of the present section we will consider the basic electronic
transport properties of nominally undoped ZnO which have been established experimen-
tally, along with modifications due to intentional n-type doping.

In general, electrical transport properties of ZnO are directionally dependent due to
the anisotropy of its wurtzite crystal structure. For the case of nominally undoped (i.e.
residually n-type ~10'®cm™ carrier concentration) ZnO, Figure 1.2 shows temperature-
dependent Hall mobility data for current transport both parallel and perpendicular to
the crystallographic ¢ axis of bulk ZnO. As seen in Figure 1.2, the electron mobility attains
a peak value of ~1000cm? V' s at a temperature of 50-60K, and drops off approxi-
mately as the power law, 77 for low temperatures and 77 for high temperatures where p ~ 3
and ¢~—2 in Figure 1.2(a). The drop off at low temperature falls off faster than that
expected due to ionized-impurity scattering alone whereas that at high temperatures is at-
tributable primarily to the combination of acoustic-deformation-potential with polar-
optical-phonon scattering mechanisms.”! The slight anisotropy observed in Hall mobility
data [compare Figure 1.2(a) and (b)] has been attributed exclusively to piezoelectric
scattering.'">’

Also of interest is the electric-field dependence of the mobility. Figure 1.3 compares
theoretically obtained plots'??! of drift velocity (v,) vs electric field; results predicted for
ZnO are contrasted with those for GaN, another direct-gap semiconductor having a closely
comparable band gap (EgaN ~3.4eV) to ZnO. A comparison of the GaN and ZnO curves
at low field reveals that pz,0 < ptgan While at the same time the saturated drift velocities
obey the opposite relation: vé‘l‘[o >US§N . For hot-electron devices, where fields are high
and transport is nonohmic, it is v, rather than w that can be the more important parameter
to device operation.'*!

1.4.2 n-type Doping and Donor Levels

Intentional n-type doping is readily achieved through the use of column-III elements such
as Al, Ga, or In, or, column-VII elements such as Cl, F, or I. All of these sit substitutionally
on the appropriate cation or anion site and form reasonably shallow levels. In a 2001
review article, Look discusses the presence of three predominant donor levels in ZnO
appearing at approximately 30, 60, and 340 meV.'**! Among these, the 60 meV level is that
corresponding to effective mass theory (=65 meV), whereas the 30 meV level was at the
time believed"®?* to be due to interstitial Zn (Zn;) and no longer believed to be due to
the O vacancy (Vo), which instead was thought to be a deep donor.!"®! The identity of the
340 meV level was not established. Interestingly, also presented by Look in this same
review article!*” are some of his own temperature-dependent Hall mobility data which
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Figure 1.2 Hallmobility vstemperature ofnominally undoped ZnO. Currenttransportis parallelin
(a) and perpendicular in (b) to the wurtzite c-axis. In each case, the magnetic field is perpendicular
to the current flow. Superimposed are theoretical curves corresponding to separate scattering
mechanisms. Reprinted from R. Helbig, P. Wagner, Halleffekt und anisotropie der beweglichkeit
derelektroneninZnO,. Phys. Chem. Solids 35,327. Copyright (1974) with permission from Elsevier

were at the time obtained on single crystals grown through the use of relatively modern
bulk techniques such as the seeded vapor phase transport (SVPT) method. The SVPT-
grown sample in this case was seen to exhibit a temperature-dependent mobility which
compares very favorably to the best results from the older literature (shown in Figure 1.2),
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Figure 1.3 Theoretical electron drift velocity vs electric field for ZnO (solid line) and GaN
(dashed line). Though GaN exhibits higher mobility at low fields, ZnO is expected to have greater
saturated drift velocity at high fields. Reprinted from J. D. Albrecht, et al., High field electron
transport properties of bulk ZnO. J. Appl. Phys. 86, 6864. Copyright (1999) with permission from
American Institute of Physics

with peak mobility of ~1900cm® V' s™', once again occurring near 60 K.'** Analysis of
the temperature-dependent mobility data®*' indicates for this sample the presence of the
two shallow donors mentioned above (31 and 61 meV at donor concentrations of 9 x 10"
and 1 x 10" cm >, respectively) along with a shallow acceptor level (Nx =2 x 10" cm™>;
E 4 not given).m]

In addition to the list of above-mentioned substitutional n-type species may be added
interstitial H which, while normally entering as an amphoteric species for most other
semiconductors (either as H or H as needed to effect passi-vation), for ZnO enters only
in the positive charge state, and thus is able to contribute to doping rather than passivation
through the formation of a O-H complex, according to a recent theoretical prediction by
Van de Walle.'*”! This atypical behavior of H when in ZnO is attributed to the strong O-H
bond which forms and functions as an effective donor “atom” sitting on an O site.*” As an
aside, it is interesting to observe that the long-standing p-type-dopability problem in GaN
was finally resolved once it was realized that, in that case, H acts as a passivating agent
(through formation of complexes with the intended acceptor species). Evidently, though
the roles played by H in ZnO and GaN appear to be entirely different, it would appear
nonetheless important to minimize the H concentration for purposes of achieving p-type
material.

1.4.3 p-type Doping and Dopability

For ZnO to be technologically successful as a UV-range optoelectronic device material,
an important growth issue is the ability to reliably produce both n-type and p-type ZnO
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materials. As noted above, n-type doping is readily achieved (and occurs natively through
Zn; and possibly other defects in stoichiometry). However, like most wide-band-gap
semiconductors, including other II-VI compounds® as well as III-V refractory-nitride
compounds AIN (presently) and GaN (previously), ZnO exhibits an asymmetric ease of
dopability one way (n-type) but not the other way (p-type). The physical origins of such
dopability asymmetries in the II-VIs generally have been reviewed recently by Desni-
ca;'*! briefly, doping-limiting mechanisms common to II-VI semiconductors include self-
compensation (via native defects, lattice relaxation, amphoteric incorporation), solubility
limitations, activation-efficiency limitations, in addition to other mechanisms which do not
apply to higher hardness materials such as ZnO.*”

Prior to 1999 there was only one report'?®! of p-ZnO and in that case both material
quality and growth reproducibility were poor. Since that time have come a number of
papers, at first mostly theoretical, and more recently experimental, seeking to elucidate or
obviate the difficulties of ZnO p-type doping. Among the conclusions from the afore-
mentioned body of theoretical work!'®2%278] _a][ since 1998 and all based on ab initio
band calculations—are the following explanations and conclusions concerning the long-
standing p-type-doping problem in ZnO and how it might be solved.

According to Yamamoto and Katayama-Yoshida,'*”! the doping asymmetry of ZnO is
the consequence of fundamentally opposing effects of doping type on Madelung energy
[n-type (p-type) doping decreases (increases) the Madelung energy]. If this is the
governing mechanism, then, the proper strategy to attain p-ZnO should be to co-dope
with both donors and acceptors, for example, p-ZnO:(N,Ga).

An alternative explanation was put forth by Zhang ez al.!'®! who considered the case of
intrinsic ZnO and examined through ab initio theory the energetics of formation of native
point defects as well as the donor or acceptor level(s) that these defects introduce. For each
type of native stoichiometric point defect (e.g. Zn;, Zng, Vo, which are all the possible native
donorsinZnO, and O; and V, which are all the acceptors) they systematically computed, for
each defect, its formation enthalpy and any donor or acceptor level(s) which it intro-duced.
They concluded that native ZnO should only be able to come out n-type but never p-type,
assuming growth under quasi-equilibrium conditions.'"® The argument could be stated as
follows: Under Zn-rich growth conditions, Zn;, a shallow donor, should form readily due to
favorable thermodynamics, and the only possible compensators (O;, Vz,) both have
unfavorable thermodynamics for formation. Thus, the prediction is that nominally undoped
ZnO grown under Zn-rich conditions (again through equilibrium techniques) should come
out n-type due to the existence of uncompensated Zn; donor defects. Equally, under either O-
rich or Zn-rich conditions: natively p-type ZnO should not be possible because there always
should be some native donor defect (Vo, Zn;, or Zng) which—shallow or deep—would be
favored to form thermodynamically (which one forms would depend upon the growth
conditions), and hence should be available to compensate any possible native acceptor defects
(04, Vz,) which might have formed.!'8! However, it is important to note that this theory
specifically presupposes equilibrium (quasi-equilibrium) crystal growth; thus, it might be
theoretically possible in principle through nonequilibrium techniques to “freeze in” a
metastable p-ZnO film though, evidently, the origin of the acceptor would probably have
to be an impurity species rather than a native point defect of ZnO.

In another ab initio study, this time for extrinsic ZnO, Yan et al. considered the
role of the impurity species chemical potential in addition to those of the host (Zn and O)

[28]
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species considered in the earlier work by Zhang et al"® just discussed. Yan et al.’s
work predicts that through consideration together of both dopant (N) and host (O in
particular) chemical potentials during equilibrium growth that the use of certain
N-containing dopant species—either NO or NO, in particular (as opposed to the N, or
N,O that had been actually attempted initially but with little success)-should enable
p-type doping. It is noteworthy that both Yan et al.’s and Zhang et al.’s theories provide
alternative explanations to the “co-doping” concept as proposed by Yamamoto and indeed
show the latter to be incorrect. Finally, in a later theoretical overview, Zunger[zg]
summarized on general grounds the thermodynamics of dopant incorporation (“dopant”
in this context referring either to an impurity or to a native defect often spontaneously
formed) by way of the formation enthalpy AH®® for an arbitrary dopant D in a host
crystal wherein the dopant is formed in charge state g (¢ > 0 for donors and g < 0 for
acceptors):

AHPD (u, £r) = qer + np(p— ) AUS. (1.34)

In this equation, ef is the Fermi energy, up y are the chemical potentials of dopant and
host, respectively, and AU, denotes any excess energy associated with local chemical
bonds around the dopant, relative to the otherwise undoped crystal. The geg term of
Equation (1.34) explains the thermodynamic origin of the spontaneous formation of so-
called “killer defects”. For example, if one were to attempt to dope ZnO p-type via a near-
equilibrium crystal-growth technique, the lowering of ¢ would make more negative the
term, geg (since ¢ > 0 for any donor spontaneously formed), thereby enhancing the
spontaneous formation through thermodynamics of compensating donor defects [by
making more negative the heat of formation AH via Equation (1.34)], other things being
equal. The terms involving upy show the further dependence on (quasi-equilibrium)
growth conditions, with these terms affecting essentially the solubility of, e.g., a
substituent such as N on the O site of a ZnO crystal (the solubility obviously being
enhanced under oxygen-deficient growth conditions).

A couple of experimental results dating from around 1999 have been reported which
shed additional light on the p-ZnO dopability question. First, there is the report by Joseph
et al.,”” who sought to implement Yamamoto’s co-doping idea using N and Ga as the p-
type and n-type dopants, respectively. Some of the films obtained indeed appeared to be p-
type, but only under specific conditions of growth and with an odd and excessive acceptor-
concentration/hole-mobility trade-off.”% In particular, the use as dopant of N, proved
unsuccessful and use of N,O conditionally successful, depending also on the use of plasma
excitation of the N, or N,O source gas {via an electron cyclotron resonance (ECR) source
in this case].*°! It should be noted from GaN MBE growth that the commercially available
radio frequency (RF) sources in general have proved much more successful than the ECR
sources in “cracking” the N, source gas down to the desired neutral-atomic N species
relative to the undesired ionized dimers. This dependence on the type of plasma source
(ECR vs RF) might be critical for purposes of effecting p-type doping in ZnO with plasma-
excited N, gas.

Interestingly, another experimental paper from around the same time discusses Ga and
N co-dopants in ZnO films grown using both O and N radicals produced with the aid of
separate RF plasma sources on the same system."'!
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This last work, which nominally set out to effect the co-doping approach of Yamamoto
and Katayama-Yoshida,'””! found instead direct experimental evidence that (i) the
approach can be fraught with serious problems®' under certain circumstances; and (ii)
worse, the layer nominally intended to be “p-ZnO” in fact turned out to be a layer of the
spinel compound ZnGa,0,, which formed due to metallurgical reaction during growth
between the ZnO and the high concentrations of Ga needed to effect the co-doping idea”!
as proposed.

Fortunately, in the years since, and especially most recently, numerous experimental
groups now have reported the successful p-type doping of ZnO.?**! At the time of this
writing, reported hole concentrations in the ~10'” cm ™ range are becoming increasingly
common, with occasional reports of (ostensible) holeconcentrations as high as ~10'” cm ™
though the latter are often regarded with suspicion; for example, Zhao et al.P?! attribute
such an anomalous 10'° cm >-range hole concentration in their putative p-ZnO ultrasonic
spray pyrolysis films grown on n-Si substrates to actually be a Hall-measurement
misinterpretation due to the formation of a two-dimensional hole gas (2DHG) at the
heterointer face between what they believe to be actually an n-ZnO film on the n-type Si
substrate: band offsets and Fermi-level pinning they argue likely give rise to a 2DHG of
high sheet concentration, and it is the latter which most likely is being reflected in their
Hall measurements.**!

Many of the recent p-type doping studies have embraced the co-doping Idea,“"! often
involving N on an O site of ZnO as the acceptor with a column-III element such as Ga, Al,
or In as the co-donor.*>**! In a recent study, even Zr has been employed as co-donor:
Pulsed-laser-deposited ZnO doped films on Al,O5; with hole concentrations as high as
5.49 x 10" cm™ along with low resistivity (0.026 Q-cm) and not too poor mobility
(4.38 cm 2V sfl) have been achieved in ZnO:(Zr,N) co-doped films.1*®! Besides N, other
column-V elements, putatively substituting for O in ZnO, have been attempted for p-type
doping. For instance, a recent study based on RF magnetron-sputtered, P-doped ZnO films
has shown that, by considering the effect of post-growth anneals in O,, N,, and Ar
ambients, it can be inferred from the activation kinetics that the identity of the P-related
acceptor in this case, giving hole concentrations ranging between ~10'® and 10"’ cm™, is
indeed substitutional P, and not a P, +2V,, complex.[34]

The principal problems which remain include a generally low acceptor solubility,
large (~100meV) hole binding energy (implying poor dopant activation efficiency at
room temperature), a low hole mobility with accompanying excessive mobility vs
concentration trade-off (though unlike the aforementioned issues this one may not
be fundamental), and long-term material instability. Indeed, metastable phenomena such
as persistent photoconductivity, often with accompanying type-conversion (p-type to
n-type) upon illumination being observed,””! are not uncommon. Often, due to the wide
range of ZnO material fabrication techniques (many leading to decidedly nonepitaxial
films) involved in the ZnO doping studies, combined with the apparent heightened
significance of surface-, and grain-boundary-interfacial states in determining
measured electrical properties in ZnO specimens in comparison with more traditional
semiconductor materials such as Si, GaAs, or even GaN, it is challenging to sift
through the vast and increasing pool of ZnO doping studies and then to reach any
consensus as to a “best” method or “best” dopant species to use. At present, no such
consensus exists.

[27]
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Summarizing this section, theoretically it appears possible in principle to achieve at
least some level of p-type doping in ZnO but such structures appear fundamentally to
be: (i) probably metastable if achieved experimentally (unless current theories are wrong);
(ii) evidently achievable experimentally (though by no means is there a universal
consensus as to the best dopants or methods to use); and (iii) difficult to precisely
reproduce and often challenging to interpret experimental results due to the wide
variability of ZnO microstructural quality and character (often nonepitaxial in recent
studies), as well as the apparently very important, and yet-to-be clarified, role of defect
states at the typically high density of surfaces and interfaces between grain boundaries.

1.4.4 Schottky Barriers and Ohmic Contacts

For any practical implementation of ZnO-related materials as a viable optoelectronic
device technology, in addition to the importance of achieving control over p-ZnO will be
the control over fabrication of high quality metal/semiconductor interfaces, including
both ohmic contacts as well as Schottky barriers. Progress between these two are in fact
interdependent since ohmic contacts ultimately will have to be developed for both n-type
and p-type material layers. However, as material control of the ZnO itself improves, so
also should the control and reproducibility of the metal/semiconductor interface.
Indeed, control of the material quality of any metal is trivial compared with that of the
semiconductor side of the interface between the two, as has been the case in the
development of every technologically significant semiconductor/metal system.
Concerning Schottky barriers, virtually all work reported to date, from the pioneering
work of Mead!*”! in the 1960s on cleaved ZnO surfaces to the flurry of recent work!*®—>?!
done on the best presently available (hydrothermally or pressurized-melt-grown) bulk
single-crystal materials, has been on n-type ZnO due to the historical unavailability of p-
type specimens. Since ZnO is a wide-gap semiconductor with significant partially ionic
bonding character, one might expect'>* Schottky barrier heights on n-type material (¢gy)
to obey the simple Schottky—Mott model'®! that ¢p, = ®y—xs, where @y, is the work
function of the metal and ys is the electron affinity of the semiconductor. Instead, most ¢g,
values for ZnO range from 0.6 to 0.8 eV regardless of metal used, with ideality factors near
unity being more the exception than the rule.*”**! Briefly, Schottky barriers have been
examined for numerous noble metals, including Ag and Au,'2¢=>% pl59-631 3pq pq,146-64-661
as well as metals such as Ni and Ir."*®! Allen er al.'*” have observed that only a small
fraction of the available ¢g, values for these metals from the literature involve “good”
ideality factors (e.g. <1.1), with in general a wide variability in reported barrier height
values for any given metal (see Figure 1.4). Part of the variability is due to surface
polarity: for several metals, including Pt, Pd, and most recently™’*¥ “silver oxide”
(precise stoichiometry not given), substantially higher ¢g,, values have been observed on
Zn-polar than on O-polar {0001} surfaces.'®*”! This is explained in terms of surface-
polarity-dependent band bending due to the large spontaneous polarization of ZnO along
its c-axis."*’! Another part of the variability has been attributed to such factors as lateral
inhomogeneity.*** This causes ¢p, measured by I-V to be lower than that by C-V
measurement, as well as not only a larger, but also a linearly temperature-dependent,
ideality factor.[®* But the most important part of the variability appears to be due to the
influence of surface or near-surface defect states.'**>% For example, Allen and Durbin'*®!
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Figure 1.4 The “best” Schottky barrier height data from the literature for several metals on n-type
ZnO, from Allen et al.”*” Superscripts on element symbols correspond to the sources cited therein.
Wide variability in reported ¢, and generally large ideality factors (>1.1) are typical; a systematic
dependence on surface polarity (Zn-or O-face) is also apparent. Reprinted from M. W. Allen, S. M.
Durbin, and J. B. Metson, Silver Oxide Schottky contacts on n-type ZnO. Appl. Phys. Lett.
91,053512. Copyright (2007) with permission from American Institute of Physics

have proposed that metal-induced gap states in the form of Vo, a known double donor with
level approximately 0.7 +0.2 eV below the conduction band,'®”! can form at the surface
via metallurgical oxidation reaction of the metal (drawing O from the ZnO and thus
forming Vg levels at enhanced concentration in a thin layer near the interface). The
enhanced concentration of Vo deep donors thus formed serve to pin the Fermi level
(thereby causing departure from the Schottky—Mott model of Schottky barrier formation)
and might account for the previously mentioned 0.6-0.8eV range barrier heights
irrespective of metal species, plus poor ideality factor, often observed on ZnO. To support
this hypothesis, the same authors investigated ¢g, for silver oxide (a species already
reacted with oxygen thus needing no more), and found that, unusually, the silver oxide
Schottky barriers exhibited an exceptionally low (for ZnO) ideality factor of 1.06. Several
other authors also have noted the beneficial effect on ideality factor of pre-treating the ZnO
surface prior to metallization with an oxygen-containing chemical®! or plasma:’°!
presumably, such treatment either removes adsorbates, or reduces the near-surface Vo,
or possibly does both, with the specific phenomenological details varying from metal to
metal as well as depending upon inherent material quality of the ZnO specimen itself.

Concerning ohmic contacts, investigations on both n-type!®"# and p-type!”>~""! ZnO
have been performed. Generally speaking, to produce the best n-type ohmic contacts the most
successful approach to date has been a multilayer metallization scheme wherein the bottom
layer (i.e. the layer in direct contact with ZnO) is reactive (especially if that reaction tends to
remove O from ZnO) with nominally small ¢g, to ZnO, and the top layer is a noble metal. For
example, Kim et al. have investigated!”®”* Al/Pt contacts to n-type (n ~ 10'® cm™) ZnO,
both as deposited, and, as a function of post-metallization anneal treatment. They obtain good
specific contact resistance (~1 x 10> Q cm?) even without any anneal; this they attribute to
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Al/O interdiffusion resulting in the formation of a high density of near-surface V defects
which, as we noted earlier in our discussion of Schottky barriers, constitute a double donor.
This effect is enhanced upon annealing to ~300 °C for 1 min, whereupon the specific contact
resistance decreases'’?! to ~2 x 107°Qcm”. However, higher-temperature annealing (to
~600°C) is seen to be deleterious: evidently, an insulating layer of aluminum oxide
compound (presumably Al,O3) forms interfacially (hence an insulator becomes interposed
between semiconductor and metal layers) when the annealing time/temperature become too
high, resulting in an increase (rather than a decrease) in specific contact resistance. A
somewhat analogous set of phe-nomenology is found in connection with a different!’>"4
metallization scheme: Ti/Al/Pt/Au. In this case, annealing beyond even ~200 °C is sufficient
to cause degradation.””*! Finally, additional metallization schemes have been explored. Kim
et al., in addition to examining Ti/Au in early work'®®*! and Al/Pt subsequently,”’%”* have
most recently considered a Re/Ti/Au metallization s.cheme,[7 1 wherein the latter provedtobe
metallurgically stable even following a high-temperature (=700 °C, 1 min) anneal treatment
as well as resulting in superior specific contact resistance of ~2 x 107’ Q cm? (for compara-
ble ZnO doping levels) in comparison with Al/Pt.

Studies of ohmic contacts to p-type ZnO are fewer to date but are becoming increasingly
reported as p-type ZnO material availability and quality steadily improve. In 2005, the
same Korean group (Kim et al.) whose n-type ohmic contact studies were overviewed
above also have looked at p-type material. In one study they employed a Ni/indium-tin-
oxide scheme!”® and in the other a Ni/Au scheme.”> In both, Ni from the metallization
interdiffused and reacted metallurgically with the Zn from ZnO to form many intermetallic
phases, ultimately yielding decent preliminary specific contact resistances (~10*Q cm?)
in each case.l”>7% Lastly, in a separate study of Au/Ni contacts by Mandalapu et al.l””!
involving rapid thermal annealing (=800 °C, 1min), it was conjectured that the good
specific contact resistance (again ~107*Q cm?) was the result of Zn vacancies (due to Zn
outdiffusion), coupled with activated Sb atoms, to increase the surface hole concentration
which enables the formation of ohmic /-V characteristics at the metal/ZnO junction.

1.5 Band Gap Engineering

In this section we consider the prospects and survey the current status of attempts at band
gap engineering within the (Zn,Mg,Cd)O heteroepitaxial system. In analogy with other
semiconductors, the use of heterojunctions to confine carriers and/or light has played an
important role in the performance optimization of modern commercial optoelectronic
devices [e.g. separate-confinement heterostructure (SCH) lasers]. Additionally, tailoring
the band gap permits a range of wavelength-tunability in the device design. Of particular
significance given the present commercial and security interests in achieving UV-range
optoelectronics is the possibility for pushing ZnO to even shorter wavelengths through
alloying with larger-gap materials which are compatible with the crystal structure of ZnO
so as to enable heteroepitaxial integration within a transparent-oxide II-VI ZnO-based
system, in analogy to the (In,Al,Ga)N III-V system. Finally, in the event that adequate
control for device requirements of p-type doping in ZnO proves too difficult to be practical
(especially in the short term), a novel alternative approach might involve the direct
injection of holes via an appropriate heterojunction combination with other suitably
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matched heterostructures including heterovalent combinations with III-V nitrides or with,
as shall be described below, certain spinel compounds. A very brief look at some
possibilities will be considered next.

1.5.1 Homovalent Heterostructures

Theoretically, the hypothetical, wurtzite-equivalent band gaps for MgO, ZnO, and CdO,
all direct, are believed to correspond closely in magnitude to those of the nitrides AIN,
GaN, and InN, respectively, with MgO and CdO each forming a type-I band alignment to
ZnO, and with relatively smaller band offsets (as well as smaller hydrostatic deformation
potentials) expected theoretically for the valence bands in comparison with the conduction
band."”® Experimentally, it is possible to enlarge the ZnO band gap through formation of
wurtzite Mg,Zn, O alloys provided that x is not too large. Similarly, it is possible to
create ZnO based separate-confinement structures through alloying with Cd,Zn;_,0,
again, with the restriction that y remain sufficiently small. Since only relatively recently
has it become possible to fabricate ZnO itself of sufficient epitaxial quality to warrant
extrapolation to ZnO-based heterostructures, presently there is not an extensive body of
research to be found concerning ZnO-based heteroepitaxy.

The pioneering experimental work in this area has been accomplished by a group of
researchers!”® !l based in Japan; this group was the first to significantly extend the
compositional range of achievable (Zn,Mg,Cd)O alloys while retaining a reasonable
degree of material quality.

Figure 1.5 summarizes the experimental state of affairs in terms of achievable ternary
compositions, band gaps, and lattice constants involving Mg,Zn;_,O and Cd,Zn,_,0, as of
2001.%"" Before we consider this figure in detail, it is important not to make too facile a
comparison with the status of much more mature (and from the material-synthesis
standpoint much less formidable) material systems such as Si—Ge, the III-V arsenides,
phosphides, antimonides, or even the nitrides. In sharp contrast to any of the aforemen-
tioned systems, the material constraints imposed by thermodynamics within the (Zn,Mg,
Cd)O system are fundamentally far more difficult to surmount. In particular, both CdO and
MgO crystallize only in the NaCl (i.e. rocksalt) structure whereas ZnO exists only in
wurtzite form. This basic structural incompatibility occurs in no other established
heteroepitaxial system (including the nitrides). Not surprisingly, MgO-ZnO and CdO-Z-
nO pseudobinary systems have extremely limited miscibility: in thermodynamic equilib-
rium, the reported limits in alloy composition are x < 4% for the Mg,Zn;_,O ternary and y
< 2% for the case of Cd,Zn;_,O. Thus, nonequilibrium growth techniques will be essential
to extend these limits; moreover, any structures so produced will be structurally metastable
and subject to phase segregation beyond certain time and temperature limits of device
processing.!*"!

Returning now to Figure 1.5, despite the warning given, the results to date do bode very
optimistically for extending the working wavelength range of prospective ZnO-based
optoelectronics, in particular, in pushing it further into the UV. We see that, in metastable
thin film form, Mg,Zn,_.O films grown by the pulsed laser deposition technique'®'! have
been grown out to Xp.x =~ 33%, corresponding to a direct band gap close to 4.0eV.
Comparable alloy compositions have since been achieved through other nonequilibrium
growth techniques such as plasma-assisted molecular beam epitaxy (P-MBE).'*?! Simi-
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Figure 1.5 lattice constant vs band gap for Mg,Zn;_,O and Cd,Zn_,O ternary films produced
by pulsed laser deposition. Reprinted from T. Makino, et al., Band gap engineering based on
MgZn; _ O and Cd,Zn; _ O ternary alloy films. Appl. Phys. Lett. 78, 1237 (2001).

larly, from the figure we also see that for Cd,Zn;_,O the miscibility limits are even more
stringent than for Mg,Zn; O (metastable y..x = 7%), even in epitaxial form, with the
minimum Band gap (at the most Cd-rich concentration) occurring near 3.0 eV. Fortunately,
the compositional range of metastable wurtzite Cd,Zn,_,O films has since been extended
substantially, with y,.x =~ 69%, corresponding to band gaps as small as ~1.8 eV, through
the use of nonequilibrium growth techniques such as remote plasma-enhanced metal
organic chemical vapor deposition (RPE-MOCVD) which, owing to the use of plasma
excitation, enables epitaxial growth at unusually low substrate temperatures (325-400 °C)
as needed for the formation of the metastable films.**

Recent theoretical studies tend to support the above experimental findings. An ab initio
study of relative thermodynamic stabilities for rocksalt vs wurtzite Mg,Zn, O alloy
hypothetical single crystals by Fan et al.'®¥ has confirmed the oretically, upon comparing
formation enthalpies as the basis for assessing relative thermodynamic stability, that the
wurtzite phase remains more stable than the rocksalt phase for sufficiently low Mg content
(x<37%). (Of course, this assessment merely concerns the relative stability of two
metastable forms: fundamentally, neither wurtzite nor rocksalt Mg,Zn, O are stable with
respect to spontaneous phase segregation into a ZnO + MgO mixture, consistent with the
experimentally well known 4% solubility limit for MgO in ZnO mentioned earlier.)
Similarly, at high Mg concentration (x > 50%), rocksalt theoretically is more stable than
wurtzite.'®* These predictions conform nicely to the empirical observations that metasta-
ble Mg,Zn,_,O layers grown with x <33% are found to consist of uniform wurtzite films
whereas those at high concentrations (over 65%) are found to be uniform rocksalt films,
with films of intermediate composition yielding a wurtzite—rocksalt mixture.’®* The same
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ab initio study'™ also considered Cd,Zn; ;O and reached analogous conclusions;
theoretical results once are again consistent with experiment. Specifically, wurtzite should
be favored over rocksalt structure for Cd content all the way up to y~ 70%.%!

1.5.2 Heterovalent Heterostructures

An interesting way to circumvent the ZnO p-type dopability problem might be to form a
heterojunction with a material which can be doped p-type readily, and then to devise a
device structure which allows the ZnO layer to function as an n-type active layer in the
overall structure. An early step in this direction was reported by Ohta et al.,'®! who
fabricated and demonstrated successfully a working p-n light-emitting diode (LED)
structure involving the heterojunction combination: p-SrCu,0,/n-ZnO. For this device
a hard rectifying I-V diode characteristic was obtained with turn-on at 3 Vand a prominent
electroluminesence (EL) peak at 382nm which the authors attributed to electron—hole
plasma recombination in ZnO.'"™! Both the electrical and spectral characteristics for
this heterojunction LED appear superior to those of a homojunction ZnO LED (epitaxial
p-ZnO on a n-ZnO substrate) reported by Aoki er al.’®® which resulted in a softer and
leakier I-V characteristic as well as an EL spectrum which was much broader and noisier
despite a strong, band-gap-dominated photoluminescence (PL) spectrum. Possibly, the
different outcomes are in part due to the fact that only for the heterojunction device were
all of the active layers entirely epitaxial.[®>*¢

Since these earliest device attempts, much additional work on heterovalent hetero-
structures has been undertaken. To date, the following structures, each involving an
n-type-ZnO layer in combination with a p-type non-II-VI material, have been re
ported: n-ZnO/p-SrCu,0O, (already mentioned above);®! n-ZnO/p-GaN;®*"! n-ZnO/p-
Al Ga, ,N;38 n-ZnO/p-SiC;[Sg] as well as even more exotic heterostructural combina-
tions such as n-ngZnH.O/n-ZnO/p-AIXGa],XN/p-GaN.[90] In 2007, “full-color electro-
luminescence” LEDs were reported, with individual RGB pixel color determined by the
Cd content of a Cd,Zn;_,O quantum well (with y =7%, 17%, and 58% for blue, green, and
red emission at room temperature, respectively).””!! In this device, the appropriate
quantum well was sandwiched between a p-type-SiC layer (substrate) and an n-
Mg 04Zng 960 barrier layer with a capping layer of n-Zn0.°!! Overall, the device results
look encouraging for electrically injected UV ZnO-based emitters but also demonstrate
that achieving good electrically injected UV emission will be considerably more chal-
lenging than merely achieving good optically-pumped emission in ZnO-based materials.

1.6 Spintronics

ZnO-based dilute magnetic semiconductors can be manipulated in these low-dimensional
tailored thin films for various spin-based devices to unprecedented capabilities.'*>°* In these
materials, the transition metal ions are substitutional on the cation sites of ZnO, giving (Zn,TM)
O. In modeling these interactions, one can use the Heisenberg Spin Hamiltonian given by

Her = const.—ZZJgS,--S’j (1.35)

i<j
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where Jj; is the exchange term and S; is the spin generator. There are two cases of exchange
interactions: (1) the d—d superexchange between d electrons of the magnetic ions; and
(2) the sp—d exchange between the d electrons and the band electrons or holes. In general this
interaction is antiferromagnetic for conduction band states and ferromagnetic for valence
band states. One can use the Curie—Weiss law to obtain the Curie temperature, 7, from the
magnetic measurements:

M . C()X
H T—0yx

(1.36)

where M is the magnetization, H is the magnetic field, 7 is the temperature, x is the transition
metal composition, and G, and C, are the Curie—Weiss temperature and the Curie constant
for x = 1, respectively. The Curie constant is expressed as'*"

2
3kg

where g is the intrinsic Landé g factor, n is the number of cation sites per unit volume, C,, is
the Curie constant for x = 1, p is the mass density, w is the molar mass, S is the effective spin
per TM ion (S = 5/2 for n =2), up is the Bohr magneton and kg is the Boltzmann constant.
Using Equations (1.35) and (1.36) one can estimate ®, and C,. The effective exchange
integral between the nearest-neighbor transition ions can be estimated from

Ji_ 3% (1.38)
kg 2z8(S+1)
where z equals the number of nearest neighbors; z = 12 for the wurtzite lattice. A negative
value of J; indicates that the interactions between the magnetic ions are antiferromagnetic,
suggesting that superexchange is likely to be the dominant mechanism.

For an external magnetic field B applied along the z-axis direction, the magnetization
M. of the dilute magnetic semiconductor (DMS) alloy containing Mn** ions is empirically
written as

Mz = (N()<S,(>) +N()Ssa[BS/2(5[.LBB/kBTeff) (139)

where N, is the density of Mn?" ions and Bs,5(x) is the Brillouin function for § = 5/2, S, is
the saturation value for the spin of the individual Mn”" ions and the rescaled temperature is
Tetr=T+ Ty. Along with the distribution of magnetic ions on a DMS lattice, isolated
spins, pairs of spins, and triplets are distributed; hence, the magnetization is dominated by
the paramagnetic response of isolated single spins, which are antiferromagnetically
coupled. However, if a DMS heterostructure is considered, the ferromagnetic sp-d
exchange interaction between conduction electrons and local moments results in the
enhanced electromagnetic spin splitting as

AE = gugB+f () (Noa)(S:) (1.40)

where f{i)) is the wave function overlap between the combined and local moments and « is
the sp—d exchange integral. The spin splitting is dominated by the second term in
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Equation (1.40) because the intrinsic g factor for electrons in ZnO is small.'”! The
exchange integral for the heavy-hole states is ~5 times larger than that for the conduction
band and light hole states. For this reason, the spin splitting is dominated by that of the
valence band states.

Progress toward understanding the (Zn,TM)O band materials and, in particular, the
mechanism limiting the Curie temperature, T, requires careful investigation of the
transport behavior; that is, it requires precise knowledge of the hole density p. The Hall
resistivity in magnetic materials is given by

Py = P +P%, = RoB +Ra(p,, )M (1.41)

where the normal contribution pgy is proportional to the external magnetic field B, Ry =

1/pe and the anomalous contribution p is proportional to the macro-scopic magnetization
M. The term R, arises from the spin-orbit interaction, which include anisotropy between
scattering of spin-up and spin-down electrons. The Hall measurements should be
carried out in the applied magnetic field limit where magnetization is saturated (low T
and high H).

In dilute magnetic systems, ferromagnetism has been accounted for by the formation of
bound magnetic polarons.””>~'%*! The bound magnetic polarons are formed by alignment
of the spins of the transition metal ions with that of a much lower number of weakly bound
carriers such as excitons within a polariton radius. The localized holes of the polarons
interact with the TM impurity surrounding them, thus producing an effective magnetic
field and aligning the spins. The interaction distance grows with decreasing temperature.
Neighboring magnetic polarons overlap and interact via magnetic impurities forming
correlated clusters of polarons. One has a ferromagnetic transition when the size of such
clusters is equal to the size of the sample. This model is inherently attractive for low-
carrier-density systems such as many of the electronic oxides. The polaron model is
applicable to both p-type and n-type materials.'””! Even though the direct exchange
interaction of the localized holes is antiferromagnetic, the interaction between bound
magnetic polarons may be ferromagnetic for large concentrations of magnetic impurities.
This enables ferromagnetic ordering of the Mn®" ions in an otherwise insulating or semi-
insulating material.

Dietl et al. "% and Dietl"'°¥ evaluated the Curie temperature for ZnO. The short bond
length leads to a strong coupling between holes (on anions) and the spin of the transition
metal ions on the Zn site. They showed that the holes in the extended or weakly bound
states mediate the long-range interactions between the localized spins on both sides of the
metal—insulator transition. This allows the use of the mean-field approximation, giving that
a competition exists between the ferromagnetic and antiferromagnetic interactions. The
Tc is proportional to the density of the Mn?" ions and the hole density.

The theory by Dietl et al!'® assumes that ferromagnetic correlations among the
Mn?>" ions, which provide the spin, are mediated by the holes from the shallow acceptors.
This model suggests that the carrier-mediated ferromagnetism in n-type materials may be
observed only at low temperature with shallow donors while high temperatures for p-type
materials with 7¢ > 300K are predicted for ZnO.
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1.7 Summary

In this chapter, we have reviewed aspects of the fundamental electronic band structure and
electrical characteristics of intrinsic and doped ZnO as well as having surveyed recent
important theoretical and experimental developments which, taken together, bode en-
couragingly for the future of epitaxial ZnO for eventual utilization as a UV-range
optoelectronic device material. While ZnO in poly-crystalline form has enjoyed diverse
technological use for decades, only now, through the advent of modern nonequilibrium
crystal-growth techniques, combined with recent key theoretical advances (especially as
concerns the long-standing p-type dopability question) does the promise, long held, of
efficient UV-range epitaxial-ZnO-based optoelectronics finally appear to be reachable. As
we have described, the principal inherent advantage of ZnO—in relation to other compa-
rably wide-gap UV-range semiconductors—is the exceptionally deep exciton binding
energy: at 60 meV, the binding energy of ZnO is three times that of rival GaN and
fundamentally provides a highly efficient excitonic recombination mechanism which
dominates at room temperature and even above. Within only the past decade, remarkable
progress has been made in key areas, all essential to realizing the promise of using ZnO as
the active layers of epitaxial devices. These include: quality improvement of bulk ZnO
(substrate material), experimental demonstration of p-type doping, successes in the
synthesis of heteroepitaxial (Mg,Cd,Zn)O metastable material combinations, and reports
of significant progress in the fabrication of ohmic and Schottky contacts to ZnO. The
advantage to the quality of epitaxy through having available a homoepitaxial substrate
(which is lacking for GaN) cannot be underestimated. To date, numerous demonstrations
of electrically injected ZnO-based LED devices have been made, with preliminary reports
of electrically injected stimulated emission now beginning to appear, showing directly
that, despite the long developmental road which lies ahead (which hopefully will be
shortened some-what through lessons learned from the nitrides) that the future shines
brightly for ZnO. Finally, over the last four years, thanks to a Curie temperature above
room temperature, the potential use of ZnO in spintronics applications appears particularly
promising.
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2.1 Introduction

ZnO is a wide-band-gap semiconductor material and is recognized as having potential for
optoelectronic device applications. Some of the properties that support this assertion are
(a) low threshold power for optical pumping at room temperature,"' ' (b) large exciton
binding energy (60 meV), which may give rise to efficient UV lasing, and (c) a tunable
band gap from 2.8 to 4.0eV."*>! A clear understanding of recombination mechanisms is
important for achieving the potential applications. In pursuit of this goal the emission and
reflection spectra of ZnO have been extensively investigated and the data have been
interpreted in terms of the wurtzite crystal band structure applicable to ZnO. In this study
the intrinsic exciton transitions were observed in emission from several ZnO crystals.

2.2 Free Excitons

The high quality ZnO samples were cut from a 2-in. boule grown by a seeded physical
vapor transport method. Photoluminescence (PL) spectral measurements were made at 2 K
with the sample immersed in liquid He.
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© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-51971-4



30 Optical Properties of ZnO

The free-exciton emission spectra were investigated, with and without a magnetic field
parallel to the c-axis (H|| ¢) and with the electric-field vector either parallel (E || ¢) or
perpendicular (E L ¢) to the c-axis. The experimental data for the case (E || ¢) and (H|| ¢)
are presented in Figure 2.1.

Two weak lines are observed at H=0. (The weak appearance of the I'¢ line is likely
due to the finite momentum of the photon,“o‘m and that of the I's line, to unwanted
collection of light with E not exactly parallel to ¢.) Furthermore, at finite H, we can
explain the strongly split line as I's, and the weakly split line as I's. These assignments
result from the fact that T'g should split as the sum of the electron and hole g-values
(ge +&n), and T's, as the difference (g.—gn). Since the I'g splitting gives g =3.09, and
since g. = 1.95, from references [2,12 and 18], we derive g, = 1.14. This latter number
agrees well with the value g, = 1.2 calculated from the Zeeman splitting of a shallow
neutral-donor-bound exciton.!>'*'®! The next case investigated is E L ¢, H || ¢ shown
in Figure 2.2. Here the I's line is stronger, as expected (it is now allowed), and shows
little splitting, and the I'q line is still weak at H=0 and splits strongly (as g.+ gp) at
finite H.

The reflection and emission spectra, extended to higher energies in the intrinsic region,
are shown superimposed in Figure 2.3. In this case, both the ground state and excited state
emission from the free excitons are observed for the orientation E | ¢. From the emission
spectrum, the exciton binding energies are obtained, assuming the excited states are
hydrogenic. This leads to reliable band gap energies for both the A- and B-bands,
summarized in Table 2.1. Note that the emission spectrum is much more detailed than
the reflection spectrum.

Emission from the C-band is not observed; however, reflection for the orientation
H || ¢ shows both the ground and first excited state of the C-band. The reflection spectra
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Figure 2.1 Second-order PL showing the T's and T's excitons in zero magnetic field as well as in
applied fields H| c, E||c. Reprinted with permission from Donald Reynolds. Copyright
American Institute of Physics
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Figure 2.2 Same as Figure 2.1 except the orientation is now H| ¢, E_Lc. Reprinted with
permission from Donald Reynolds. Copyright American Institute of Physics

for the orientations E L ¢ and E || ¢ are shown in Figure 2.4. The energies of the
reflection minima are given for all three bands. Unfortunately, the reflection peaks do
not directly give the oscillator energies associated with the three bands. The emission
peak gives the energy of the oscillator, and exciton emission is observed for both the
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Figure 2.3 Superposition of first-order emission and reflection spectra. An expanded view of
the excited state emission transitions is shown in the inset. The energies of the emission
transitions are given in Table 2.1. Reprinted with permission from Donald Reynolds. Copyright
American Institute of Physics
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Table 2.1 Parameters pertinent to ZnO

Parameters Values (eV)  Measured PL spectra Derived
A-exciton I's ground state energy ~ 3.3773 X

n=2 energy 3.4221 X

n=23 energy 3.4303 X

Binding energy n=2 0.0597 X
Binding energy n=3 0.0596 X
Band gap energy 3.4370 X
A-exciton T's ground state energy ~ 3.3756 X

n=2 energy 3.4209 X

n=3 energy 3.4288 X

Binding energy n=2 0.060 X
Binding energy n=3 0.0598 X
B-exciton ground state energy 3.3895 X

n=2 energy 3.4325 X

Binding energy 0.057 X
Band gap energy 3.4465 X
Eag, To-T5 0.0095 X

Measured reflection spectra

A-exciton reflection minima 3.3776 X

B-exciton reflection minima 3.3938 X

C-exciton reflection minima 3.4335 X

Ege, T5-T 0.0397 X
Spin-orbit parameter 0.016 X
Crystal-field parameter 0.043 X
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Figure 2.4 Reflection spectra for the orientation E L ¢ and E || c. The reflection minima are as
follows: A, exciton 3.3776eV; B, exciton 3.3938¢eV; C, exciton 3.4335eV; and C (n=2),
exciton 3.4700eV. Reprinted with permission from Donald Reynolds. Copyright American
Institute of Physics
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A- and B-bands. From this one can obtain the energy separation of the A- and B-bands.
One can obtain an estimate of the energy separation of the B- and C-bands from the
reflection minimum of each band, if one assumes that the energy of the oscillator has the
same relationship to the reflection minimum in both bands. This estimate is also
reported in Table 2.1.

The contributions of the spin-orbit interaction and the crystal field perturbation to the
experimentally observable splittings, E;, (which is the energy difference between the A
and B band gaps) and E, 3 (which is the energy difference between the B and C band gaps)
have been calculated by several investigators.””'?! For the case in which the wurtzite
energy levels are treated as a perturbation of those in zinc blende, Hopfield and Thomas!'?!
have derived the relationships:

E =0
S+A S+A)% 2
Ey=——1r — =1 _ZsA
g 2 { 2 } 3 1
S+A S+A)* 2
Es=— - —Z8A
} 2 { 2 } 3 1

where A and 6 represent the contributions of uniaxial field and spin-orbit interaction,
respectively, to the splittings E, , and E, ;. Having observed the excited state transi-
tions in emission from the A- and B-bands, one can make a determination of the band
gap energies, the difference of which gives a reliable energy separation of those bands
of 0.0095eV. The difference between the B and C exciton transition energies is
estimated from the reflection spectra since the C exciton in emission was not observed.
The energies of the reflection minima were taken as the exciton transition energies,
realizing that these are not the energy positions of the oscillators. Since we are
concerned only with the energy difference, this allows an estimate for the value of E, 3.
Assuming that the binding energies of the B and C excitons are reasonably close, this
will also be the difference between the B and C band gaps. This gives an E, 5 value of
0.0397 eV. Substituting the E;, and E; 3 values into the quasicubic model, the spin-
orbit and crystal-field parameters can be estimated. Assuming 6 < A, the spin-orbit
parameter is 16 meV, while the crystal-field parameter is 43 meV. One would expect the
spin-orbit parameter to be small due to the small atomic number of oxygen. The
parameters that have been determined from the exciton spectra of ZnO are compiled
in Table 2.1.

Defect pair spectra have been observed in the ZnO samples being investigated.!'®! This
results in a number of PL lines at slightly different energies due to different pair
separations. These pairs are not of the usual donor—acceptor nature, but behave simply
as neutral-donor complexes; the emission then results from the collapse of excitons bound
to the donors. On the high-energy side of the neutral-donor-bound exciton complex lines is
a similar set of lines, which are excited states of the lower-energy complex structure. These
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excited states are analogous to the rotational states of the H, molecule. A model for the
rotational states was proposed by Rorison et al.!'! to explain their high-magnetic-field
results in InP. In this model, the donor-bound exciton D°,X is considered to be a free
exciton orbiting a neutral donor; one electron was considered to be strongly correlated
with the hole and the other with the donor. Some of the rotator states associated with the
defect-donor-bound excitons in ZnO are shown in Figure 2.5, along with the free exciton
transitions. These transitions are shown for E | ¢ in zero magnetic field, and for an applied
magnetic field oriented H L ¢ and H || ¢. In zero magnetic field, the I's free exciton as well
as the I's exciton associated with D°,X rotator states are observed. When H | ¢ is turned
on, the I'¢ free exciton as well as the I'¢ exciton associated with the rotator state appear.
The 3.3702 eV I rotator state and the 3.3714 eV I'5 rotator state are associated with the
3.3594 eV D°,X transition, not shown here but reported in Reynolds et al.""® When H llc
is turned on, both the I'¢ free exciton and the I'g rotator state show a magnetic field
splitting. Assuming the unallowed I'¢ excitons were I', excitons they would not be
expected to split in a magnetic field since the I'; is a singlet exciton. This is consistent with
a I'; x I'g transition rather than a I'; x I'; transition. It is seen in Figure 2.5 that the I'¢ free
exciton and the I'¢ rotator exciton show essentially the same magnetic field splitting.
Additional splittings are observed on the high energy side of the 3.3702 eV I'q rotator state.
These result from I'¢ excitons associated with other donor-bound excitons, where the I'g
rotators are masked by I's rotators associated with different D°,X lines in zero field. The
defect pair spectra will be further discussed in Section 3.5.
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Figure 2.5 The T's and Ty free exciton transitions along with several donor-bound exciton
rotator state transitions. These transitions are shown in zero field and with applied fields in the
orientations H L c and H || c. In zero magnetic field the lowest energy T's rotator state occurs at
3.3714¢€V. In an applied magnetic field (H L c), the lowest energy T, rotator state occurs at
3.3702eV. In an applied magnetic field of 33.6 kG (H|| c), the split components of the T, free
exciton occur at 3.3752 eV and 3.3746 €V, and the split components of the Ty rotator state
occur at 3.3704 eV and 3.3698 eV. Reprinted with permission from Donald Reynolds. Copy-
right American Institute of Physics
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2.3 Strain Splitting of the I's and I'q Free Excitons in ZnO

A strain splitting of the I's and I'g excitons in ZnO has also been observed. The splitting
of exciton lines in wurtzite crystals when exposed to an applied stress was first reported
by Koda and Langer.”®! In the case of wurtzite crystals all of the orbital degeneracies of
the valence band are lifted by the trigonal crystal field and spin-orbit interactions. The
above phenomena could not be explained by the one-electron band scheme and
deformation potential theory. A theoretical interpretation was provided by Akimoto and
Hasegawa.?!! They found that the combined effects of stress and the electron hole
exchange interaction in a quasicubic model were able to predict the splitting and
polarization pattern of the free exciton. These investigations were extended to several
materials by Langer e al.®* Their investigations primarily involved reflection measure-
ments; as a result the individual excitons that make up the band were not resolved. In the
analysis of Akimoto and Hasegawa?'! only the splitting of the I's exciton was treated.
The I'¢ and I', excitons were not considered since they are forbidden. In the current
experiment the excitons are being observed in emission and both the I's and a forbidden
exciton are resolved. In the absence of a magnetic field the forbidden exciton is only
observed in samples containing in-grown strain. It would be expected that strain would
relax selection rules since it changes the symmetry of the sample. Not only is the
forbidden exciton observed in the presence of strain but it also splits. When viewing the
I's and I'¢ excitons in grating second order, a well-resolved splitting of the I'q exciton is
observed (solid line Figure 2.6). The emission line from the I's exciton is broadened,
suggesting a splitting which is not resolved. In Akimoto and Hasegawa'®'! it was pointed
out that it is the combined effect of strain and exchange coupling which causes line
splitting. If either one is zero, the line splitting is also zero. This allows the identification
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Figure 2.6 Second-order emission spectra in T's, I's free-exciton region of ZnO. Reprinted with
permission from Donald Reynolds. Copyright American Institute of Physics
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of the unallowed exciton as a I'q exciton rather than a I'; exciton since the latter is a
singlet and would not split. These data are therefore consistent with the top valence band
in ZnO having I'y symmetry.

2.4 Photoluminescence from the Two Polar Faces of ZnO

The crystal structure of ZnO is wurtzite and the stacking sequence of atomic layers along
the “c”-axis is not symmetric. As a result, a ZnO crystal surface that is normal to the
“c”-axis exposes one of two distinct polar faces, with (000 I) being considered the O face
and (0001) the Zn face. PL measurements on the two faces reveal a striking difference.
Two transitions are observed in PL from the O face that are not in PL from the Zn face.
These lines are identified as phonon replicas of a particular D°,X transition using energy
separations, excitation dependence, and time-resolved PL measurements. In addition, PL
emission from free excitons and from excited states of donor-bound excitons is found to be
more intense from the O face than from the Zn face.

PL spectra from the O face of the ZnO sample are shown in Figure 2.7(a) for various
excitation intensities. The strong set of lines near 3.36 eV result from neutral-donor-bound
exciton complexes (D°,X) associated with defect pairs..'® The peak at 3.3735eV is
emission from the excited states of the donor-bound excitons, while the peak at 3.3779 eV
is the free exciton emission. Note the strong excitation dependence of the 3.3622 eV line
compared with that of other D°,X lines—at the lowest exciting intensity, it is not even
visible. PL spectra from the Zn face of the same sample are shown in Figure 2.7(b). Except
for a small shift in energy, the D°,X lines behave similarly on both faces. In contrast, the
free exciton and D°,X excited state lines observed in the O-face PL are essentially absent
in the Zn-face PL. A more striking contrast in PL from the two faces is evident in
Figure 2.8, which displays spectra for energies below 3.35 eV. The spectra from the O face
in Figure 2.8(a) display lines at 3.2367 eV and 3.3115 eV that are not evident in the spectra
from the Zn face in Figure 2.8(b). These lines also depend more strongly on excitation
intensity than do the surrounding spectral features, reminiscent of the 3.3622 line in
Figure 2.7(a).

Since the 3.3622eV line results from direct recombination of a particular D°,X
complex, it is suggested that the 3.3115eV line results from collapse of the same
complex along with emission of an E;-TO phonon, and the 3.2367 eV line results from
collapse of the complex with emission of both an E;-TO phonon and an E{-LO phonon.
The observed energy separations imply energies of 50.7 meV for the E,-TO phonon and
74.8 meV for the E;-LO phonon, in close agreement with 50.5meV and 72.3 meV
obtained from Raman measurements.”**! Curiously, no phonon replica is observed
near 3.2874 implying that the D°,X complex does not collapse and excite only a single
E-LO phonon. This may suggest that the coupling between the E;-LO phonon and the
transverse exciton is weak.

Both reduced free-exciton emission and the absence of phonon replicas suggest that the
local crystal environment near the Zn face is different from that near the O face. Perhaps
the Zn face is more subject to atmospheric contamination than the O face. The resulting
surface state defects could lead to band tailing that would absorb the near-band-edge free-
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Figure 2.7 Normalized ZnO PL spectra (above 3.35eV) from (a) the O face and (b) the Zn
face. Excitation intensities are given in the key. The O-face spectra at the two highest excitation
intensities exhibited small shifts in emission energy, possibly from band-renormalization effects.
These shifts were removed from the figure for improved clarity: the 30 W cm™ spectrum was
shifted by +0.59 meV, and the 9W cmi 2 spectrum was shifted by +0.25 meV. Reprinted with
permission from Donald Reynolds. Copyright American Institute of Physics

exciton and excited donor-bound-exciton emissions. The fact that PL. from the Zn face
clearly exhibits the parent D°,X transition [Figure 2.7(b)] but not the phonon replicas
[Figure 2.8(b)] indicates that either the D°,X transition cannot couple to phonons near the
Zn face, or the requisite phonons are not created near the Zn face. Either case might result
if the Zn face is more susceptible to polishing damage than the O face, with the resulting
sub-surface damage affecting the phonon spectrum.

To further verify the identification of the phonon replicas, time-resolved PL was used to
measure the decay lifetimes for the 3.3622 eV, 3.3115eV and 3.2367 eV lines. Results are
shown in Figure 2.9. The data display single exponential decays for all of the transitions
over several times the radiative recombination lifetime. Decay times were obtained from a
least-squares fit of the data to a single exponential for intensities between 0.85 and 0.05.
The decay time for the D°,X transition at 3.3622 eV was 440 ps while the decay times for
the phonon replicas at 3.3115eV and 3.2367 eV were 490 ps and 480 ps, respectively.
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Figure 2.8 Normalized ZnO PL spectra (below 3.35eV) from (a) the O face and (b) the Zn
face. The excitation intensities in the key apply to both (a) and (b). Reprinted with permission
from Donald Reynolds. Copyright American Institute of Physics

Since the phonon replicas presumably result from low-probability decay branches for
the D°,X state, one would expect their intensities to track the decaying D°,X state
population. This would make the replica decay lifetimes match the parent transition
lifetime, as is observed.

2.5 Bound-Exciton Complexes in ZnO

Defect pair spectra have been extensively studied in GaAs.**~* A large number of PL
lines were observed in ZnO resulting from excitons being bound to the defect pairs (the
term “defect” can include both foreign impurities as well as native defects). Several of the
lines were observed to be strongly polarized.”*®! The polarization of the lines suggests that
during growth, defect complexes are preferentially incorporated in certain crystallographic
orientations. The crystal will be strained in the vicinity of the defect pairs with the strain
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Figure 2.9 Time-resolved PL intensity decays for the D°,X line at 3.3622 eV and its phonon
replicas at 3.3115eV and 3.2367eV. Reprinted with permission from Donald Reynolds.
Copyright American Institute of Physics

being oriented in the direction of the pair. This results in the electric vector being parallel
to the strain direction. Similar polarization properties were reported by Langer et al B3
from uniaxial pressure measurements on ZnO crystals.

The defect pairs have the properties of neutral donors and the emission lines result
from the collapse of excitons bound to the neutral donor complexes. The chemical
make-up of the defect pair is not known, but from the PL analysis, it must simulate a
neutral donor. One would speculate that in the growth process the first component of the
pair would be incorporated, perhaps at a lattice site. This would then be conducive to
the incorporation of the second component which would occupy a nearest neighbor
lattice, or interstitial, or more distant site. The pair would then be crystallographically
oriented. Annealing studies show that as the annealing temperature is increased, the
higher energy PL lines disappear and, at an annealing temperature of 800 °C, essen-
tially all of the emission intensity goes into the lowest energy emission line, which is
believed to be the near neighbor alignment. It would appear that annealing results in
defect diffusion which ultimately produces nearest neighbor defect pairs. The PL
spectrum of this final pair also shows polarization properties which are consistent with
defect pair structure.

On the high energy side of the neutral donor-bound-exciton complex lines is a similar
set of lines which are believed to be excited states of the lower energy complex structure.
Similar emission lines have been observed in many other materials, such as ZnSe,[36]
CdTe,”” GaAs,?7**1 and CdS.M These transitions were first interpreted as excited states
of the neutral donor-bound-exciton D°,X but with very little detail as to their nature. Later,
Guillaume and Lavallard™'! proposed a rigid rotation model to explain these excited states
in CdTe. In this model the hole is excited to rotate around the fixed donor, analogous to
rotation of diatomic molecules. This model had difficulty in predicting the observed
energies for the excited-state transitions. A nonrigid-rotator model was subsequently
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Figure 2.10 Neutral donor defect pair spectra in ZnO, first-order spectrum. Reprinted with
permission from Donald Reynolds. Copyright American Institute of Physics

proposed by Ruhle and Klingenstein,"**! which was successful in predicting the excited
state energies in InP and GaAs. A more sophisticated model was applied to the D°,X
ground and excited states by Herbert;**! this model predicts the energy ordering of the
excited states.

A final model was proposed by Rorison et al.'*! to explain their high-magnetic-field
results in InP. In this model D°,X is considered to be a free exciton orbiting a neutral donor;
one electron was considered to be strongly correlated with the hole and the other with the
donor. This model was capable of explaining the relative intensities of the PL transition in
the ground- and excited-state regions of InP.

The neutral donor defect pair spectra are shown in Figure 2.10. The spectra are
recorded in first order and result from excitons bound to the neutral donor defect pairs.
The same spectra recorded in second order are shown in Figure 2.11. In these spectra
more lines are resolved. Defect pair spectra would be expected to show polarization
effects. Local strains oriented in the direction of the pair will result, and the electric
vector will orient in the direction of the strain. Polarization effects are shown in
Figure 2.12. The solid line shows the spectra with the electric vector perpendicular to
the “c”-axis of the crystal, E | ¢. The dashed line shows the spectra with the electric
vector parallel to the “c”-axis of the crystal, E || c. Some of the lines show strong
polarization, indicating the direction of the pairs. This evidence supports the contention
that these emission lines are associated with defect pair complexes. The emission
results from the collapse of excitons bound to the defect pair complexes which simulate
neutral donors. These complexes are shown to have the electronic character of neutral
donors. The magnetic field splitting of the lines is consistent with neutral-donor-bound-
excitons in the wurtzite structure. Plotted in Figure 2.13 is the splitting as a function of
magnetic field, with the crystalline “c”-axis oriented perpendicular to the magnetic field
(¢ L H). The magnetic field data are for the line at 3.36012eV. One would expect a
doublet splitting (with ¢ L H) to arise from an exciton bound to a neutral donor or
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Figure 2.11 Second-order spectrum of defect pair spectra in Figure 2.10. Reprinted with
permission from Donald Reynolds. Copyright American Institute of Physics

acceptor in the wurtzite symmetry. In this orientation the hole g-value in the upper state goes
to zero (g, = gnn co0sh), so the magnetic field splitting results from the electron spin splitting
in the final state. From these data, the electron g-value is measured, giving a value g. = 1.85 in
good agreement with the previously measured g. = 1.95."” A magnetic field splitting for
the orientation ¢ || H was not observed. In this orientation, a contribution from both the
electron and hole spins is expected. The spin-up, spin-down transitions leading to a sum of the
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Figure 2.12 Polarized spectra of Figure 2.11. Reprinted with permission from Donald
Reynolds. Copyright American Institute of Physics
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Figure 2.13 Magnetic field splitting of the 3.36012 eV defect donor-bound-exciton line in the
orientation ¢ L H. Reprinted with permission from Donald Reynolds. Copyright American
Institute of Physics

g-values (g.+ gn), are not allowed. The transitions leading to a difference of the g-values
(g.—gn) are the spin conserving transitions. These transitions are allowed but the resulting g-
value is small so that the splitting is not resolved. The other D°,X transitions showed similar
magnetic field splitting.

Another characteristic of neutral-donor-bound-exciton transitions is the two-electron
transitions."*>! For this case the exciton collapses and the neutral donor returns to the
ground state, or it may pick up energy from the exciton, leaving the electron on the donor
in an excited state, in the final state. The energy of the transition is:

Er = Epx—Ey—AE (2.1)

where Et is the transition energy, Egx is the free exciton energy, Ej, is the energy with
which the exciton is bound to the donor and AE is the energy necessary to put the donor
into an excited state. Transitions of this type are shown in Figure 2.14. The solid curve
shows the donor-bound-exciton transitions (D°,X) at 3.3636¢eV and 3.3614¢V and the
respective two electron transitions at 3.3220eV and 3.3189eV. From these energies, the
donor binding energies can be calculated, assuming the excited states are hydrogenic.
The donor at 3.3636 has a binding energy of 55.5meV; the donor at 3.3614eV has a
binding energy of 56.7 meV. The dashed curve shows the sample after annealing at
800 °C. The D°,X emission essentially goes into the line at 3.3570 eV, for which the two-
electron transitions are n =2, E=3.3137; and n =3, E=3.3058 eV. The n =2 state gives
a donor binding energy of 57.7meV and the n =3 state gives a donor binding energy
of 57.6meV. It is believed that the defect pairs at lower energies are moving closer
together. It also appears that the donor binding energy is increasing as the pairs move
closer together.

As alluded to above, sample annealing moves all of the D°,X emission into the lowest
energy line. It appears that the more distant pairs are the first to break up and move to
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Figure 2.14 Two electron transitions associated with the ground state defect donor-bound
excitons. Reprinted with permission from Donald Reynolds. Copyright American Institute of
Physics

closer spacing. There is a near conservation of the total emission intensity suggesting that
the pairs are not eliminated, but simply reconfigure. The total integrated intensity of all of
the lines as a function of annealing temperature is shown in the inset of Figure 2.15. It is
noted that the total intensity of all of the D°,X lines is conserved within less than a factor of
two. The shift of the emission intensity to the lowest energy line with annealing
temperature occurs rather dramatically between 700 °C and 800 °C. It is also noted that
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Figure 2.15 Integrated intensity of the defect donor-bound exciton lines as a function of
annealing temperature. Reprinted with permission from Donald Reynolds. Copyright American
Institute of Physics
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Figure 2.16 First-order annealing curve for the defect donor-bound excitons. Reprinted with
permission from Donald Reynolds. Copyright American Institute of Physics

the lowest energy line broadens dramatically as the total intensity is culminated in that
line. This may be a strain broadening as all of the pairs move to near neighbor distances.
From the annealing temperatures, an activation energy can be obtained. Using the
expression for first-order annealing:

E/KT;

PLi, |+ PLie_yte; (22)

where the prefactor v = 1.744 x 10'3 (optical phonon frequency),  is the annealing time, E
is the activation energy, and 7; is the annealing temperature; the curve in Figure 2.16 is
obtained. This gives a value E=3.6eV for the activation energy. The activation energies
for the diffusion of Zn in ZnO have been previously determined."*’~**! These activation
energies fall within the range 3.0-3.3eV. Thus an activation energy of 3.6eV would
appear to be a reasonable value for promoting the motion of the defect pairs.

Excited states associated with the D°,X ground state transitions are observed. These are
observed at high resolution in second order, on the high energy side of the ground state
transitions and are analogous to the excited state transitions described above. The
transitions 3.3662 eV (I's) and 3.3670eV (I's) in Figure 2.17 are excited states analogous
to rotational states of the H, molecule. These states are rotational states associated with the
3.3564 eV ground state, and are not electronic excited states. This is the first time these
transitions have been observed when the neutral donor itself is a complex center. As
observed from Figure 2.17, these transitions are on the low energy side of the 3.3772eV
(IT's) and 3.3750eV (I'¢) free-exciton (FE) transitions. The solid curve in the figure
represents spectra with an applied magnetic field of 18 kG. The I'¢ exciton is an unallowed
transition that becomes allowed in the presence of an applied magnetic field. The dashed
curve shows the same transition in zero magnetic field. Note that the rotator state
associated with the I' exciton is observed. The two lowest energy rotation states are
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Figure 2.17 Excited rotational states associated with the defect donor-bound excitons. Note
that T rotational excitons are observed. These are second-order spectra. Reprinted with
permission from Donald Reynolds. Copyright American Institute of Physics

associated with the lowest energy 3.3564 eV D°X transition. The next two lowest energy
rotator states, 3.3714eV (I's) and 3.3702eV (I'¢), are associated with the next lowest
energy 3.3594eV D°,X transition. It is noted that again one of the rotator states is
associated with the I'g exciton. Other rotator states associated with the I'g exciton are most
likely not resolved since they would come in the energy region where they would not be
resolved from other I's rotator states. This is the first observation of rotator states
associated with the I'¢ unallowed exciton, and lend support to the model that the exciton
itself rather than the hole is rotating.'*’

Following the arguments of Guillaume and Lavallard,"*!! using the Hellmann—Feynman
theorem, one derives the energy difference:

AE = J(J+ 1)oEp/r? (2.3)

for the rotator states. J is the rotational quantum number, Ep, is the binding energy of the
donor, o = m./m, and r is the radius of the excitonic molecule. According to Akimoto and
Hanamura,®*'r is between 1.44 and 3.47 times the Bohr radius of the free exciton. From
the observed data, one obtains an average value of Ep =56.9 meV. Assuming r to be twice
the Bohr radius one obtains AE ~ 6 meV. This agrees satisfactorily with the experimental
value of 10.6 meV. Taking the experimental value of 10.6 meV, and inserting it into
Equation (2.3), a value of 1.5 is obtained for the Bohr radius, which is in the same range
1.44-3.47 given in Linder."*®! One would expect the Bohr radius to be reduced in ZnO due
to the greater binding energy.

The energy level diagram of the transitions shown in Figures 2.14 and 2.17 is shown
in Figure 2.18, for the as-grown sample and for the sample after an 800 °C anneal. The
fourteen transitions in the as-grown sample reduce to five after annealing. The energies
of the transitions are shown. It is noted that after annealing, all of the higher energy D°,
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Figure 2.18 Energy level diagram showing the transitions in Figures 2.14 and 2.17. The
energies of the transitions as well as their identities are given for the as-grown sample and for the
sample after an 800°C anneal. Reprinted with permission from Donald Reynolds. Copyright
American Institute of Physics

X transitions disappear and only the lowest energy D°,X transition remains. If one
assumes that the higher energy excited rotator transitions result from the rotation of
the exciton, the I's and I' excitons are labeled. For the two lowest energy D°,X states,
the I's and I'¢ rotator states are clear, but for the two highest energy D°,X states the I'g
rotator states will not be resolved from the I's rotator states. After annealing, only two
excited rotator states remain and they are clearly identified with the application of a
magnetic field.

2.6 Similarities in the Photoluminescence Mechanisms of ZnO and GaN

The III-V nitrides have recently attracted much attention because of their large band
gaps, high thermal conductivities, and high melting points. Many of the problems
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encountered by researchers working with these materials are the lack of consistent high
quality material. The highest quality GaN grown to date has been grown by hydride
vapor phase epitaxy (HVPE), molecular beam epitaxy (MBE), and by metal organic
chemical vapor deposition (MOCVD) on a variety of substrates. The lattice mismatch,
as well as the stacking order mismatch between many of the currently used substrate
materials and GaN, is substantial. The substrate mismatch leads to strain-induced defects
and dislocations. Efforts are now being made to obtain closely lattice-matched substrates
that will minimize strain-induced defects. One of the promising materials that provides a
close lattice match to GaN is ZnO, which also has the wurtzite stacking order. In
addition to having the same crystal structure and close lattice match, ZnO also exhibits
optical properties similar to those observed in GaN. It is found that models used to
explain a specific property in one material may be applicable in explaining a similar
property in the other material. In particular the well known broad yellow band in GaN
and a similar broad band, historically referred to as the green band in ZnO, appear to
have similar origins.

A number of studies have been devoted to the origin of the yellow band in GaN.
Controversy still exists, however, concerning the position if the electronic levels giving
rise to the transition that produces the yellow band as well as the complex nature of the
deep level. Ogino and Aoki®" as well as Hofmann et al.°* propose a model in which the
transition between a shallow donor and a deep level gives rise to the yellow band.
Alternatively Glaser et al.®¥ propose a model in which the transition proceeds from a
deep level to an effective mass acceptor. Here it is shown that the transition responsible for
the green band in ZnO supports the model of Ogino and Aoki'®"! and Hofmann ez al.!**!
and can also account for the very large width of the band. This same explanation may also
apply to the yellow band in GaN.

Representative PL spectra from GaN exhibit free- and bound-exciton transitions near
the absorption edge. At somewhat lower energies a series of donor—acceptor pair lines are
observed (zero phonon line at 3.2880 eV) where the zero phonon line is followed at lower
energies by phonon-assisted transitions. These transitions are shown in Figure 2.19
(dashed curve). The transition at 3.2880 eV results from the recombination of a shallow
donor and a Si acceptor. It is recognized that Si is an amphoteric impurity in GaN and
normally produces donor states. The transitions at 3.1973 eV and 3.1050 eV are phonon-
assisted transitions. The transition at 3.2167 eV results from the recombination of the
shallow donor with the Mg acceptor. This transition is close to the first phonon
transition associated with the Si acceptor. The assignment of the Si and Mg acceptor
transitions is based on the published binding energies of these acceptors as well as the
knowledge that the MBE reactor probably contained residual Mg, resulting from
previous Mg doping.

The transitions observed in ZnO, shown in Figure 2.19 (solid curve), are remarkably
similar to the established donor—acceptor pair transitions in GaN. The donor—acceptor
pair bands have been previously identified in ZnO."***! The first donor-acceptor
transition occurs at 3.3219eV with phonon replicas at 3.2167eV and 3.1449eV. The
phonon replicas in the two spectra are separated by the longitudinal optical phonon
energies associated with the respective materials. While the identity of the donors and
acceptors in ZnO is unknown, the similarity of the band gaps of ZnO and GaN
together with the appearance of the pair transitions in the same energy region would
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Figure 2.19 Donor—acceptor pair transitions in GaN (dashed curve) and in ZnO (solid curve).
The zero phonon transitions along with their phonon replicas are identified in the text.
Reprinted with permission from Donald Reynolds. Copyright American Institute of Physics

indicate that the donor and acceptor binding energies are not greatly different in these
two materials.

At somewhat lower energies than the donor—acceptor pair transitions (2.2-2.3 eV) the
well-known yellow band is observed in GaN as shown in Figure 2.20 (dashed curve). This
band is seen in high conductivity MBE material (N deficient) and disappears in semi-
insulating material (N rich). A similar band, historically called the green band, has been
observed in ZnO and is also shown in Figure 2.20 (solid curve). It has been shown in ZnO

intensity (a.u.)

3.250 2.875 2.500 2.125 1.750
energy (eV)

Figure 2.20 The yellow emission band (dashed curve) observed in GaN and the green
emission band (solid curve) observed in ZnO. The structured peaks occurring on the high
energy side of the green band are separated in energy by that of the longitudinal optical phonon
in ZnO. Reprinted with permission from Donald Reynolds. Copyright American Institute
of Physics
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that the relative intensities of the phonon-assisted peaks and the green band depend
markedly on the electrical conductivity of the samples, the intensities of the two peaks
becoming nearly equal at high conductivities.>*>>! It has also been shown that the
conductivity of ZnO is affected strongly by excess Zn, with the conductivity increasing
rapidly with increasing Zn concentration.”® Similar studies show that the conductivity of
GaN decreases with increasing N concentration.®® These similarities suggest that the
green band in ZnO and the yellow band in GaN may be associated with a related defect
mechanism.

The stoichiometry considerations discussed above suggest certain point defects as
viable candidates for the yellow band in GaN and the green band in ZnO. That is, in
Ga-rich GaN, we would expect high quantities of the N vacancy Vy, Ga interstitial Ga;
and/or the Ga antisite Gay. In Zn-rich ZnO, the analogous defects would be Vo, Zn; and
Zno. Recent theoretical calculations™®”) in GaN predict shallow donor states for Vi and
Ga; but mid-gap unfilled levels for Gay. The latter defect could presumably act as a double
donor or double acceptor since the neutral state contains two electrons in a four fold
degenerate level. Thus, from this point of view, it is possible that the yellow band in GaN
involves Gay, and the green band in ZnO involves Zng.

Experiments by Ogino and Aoki®" and by Hofmann et a suggest that the yellow
band in GaN results from the recombination between a shallow donor and a deep level.
The complex nature of the deep level is unclear. Ogino and Aoki®"! propose a complex
consisting of a Ga vacancy and a C on a N site (Cy). Hofmann ez al.>*! propose that the
deep level may be a double donor though an acceptor cannot be ruled out. Suski et al.!*®!
suggest that the deep level is an antisite (Ng,). Neugebauer and Van de Walle™® report that
their calculations show that the complex consisting of a Ga vacancy and Cy as well as the
Nga are thermodynamically unstable.

They propose that the deep level is a Ga vacancy or related complex. It is clear that a
consensus has not been reached on the make-up of the deep level.

A modulated structure is observed on the high energy side of both the green band in
ZnO and the yellow band in GaN as shown in Figure 2.20. The modulated structure
can be explained from the model shown in Figure 2.21. The PL emission results from
the recombination between the shallow donor level and the deep level. Hot electrons
in the conduction band are pumped up by the HeCd excitation source. Peaks in the PL
emission band occur whenever the energy of the PL peak coincides with the sum of
the energies of the donor level plus an integral multiple of a principal optical phonon
energy. At adjacent energy values an equilibrium number of electrons will arrive at the
donor level and thus take part in the recombination with the deep level. The deep level
will also have accompanying excited states due to interaction with local vibrational
modes as well as lattice modes. It would be expected that the dominant transition
would occur between the shallow donor and the ground state of the deep level.
Transitions will also occur between the shallow donor and the excited states of the
deep level, with reduced oscillator strengths. This model agrees with the model
proposed by Ogino and Aoki®" and by Hofmann et al.°* for GaN and has the added
advantage that it can explain the width of the emission band. The width of the yellow
band in GaN and the green band in ZnO is extremely broad and would not be
explained by the width of the impurity levels. The energy separation between the
modulated peaks in ZnO and GaN corresponds to the longitudinal optical phonon

11521
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Figure 2.21 Model to explain the green-band emission in ZnO. Band model in K-space shows
the conduction band, the shallow donor level (SD), the deep level ground state (DL-CS), and
the deep level excited states (DL-ES). The longitudinal optical phonons are designated as (LO).
The energies of the above states are all related to the valence band. Reprinted with permission
from Donald Reynolds. Copyright American Institute of Physics

energies in their respective materials: 0.072eV in ZnO and 0.092eV in GaN. It is
noted in Figure 2.20 that the modulated structure does not occur on the low energy
side of the bands. This would be expected since the phonons that are involved in
cascading hot electrons from the conduction band to the donor level are not involved
with the low energy emission. This emission is accounted for by recombination of
donor electrons with excited states of the deep level. The microscopic nature of the
deep level is uncertain; it may be a complex center whose excited states consist of
both local vibrational modes and lattice modes. These excited states are so distributed
that they do not produce a resolvable modulated structure on the low energy side of
the green band.

If one now assumes that there is a relationship between the green band in ZnO and the
yellow band in GaN, then a similar model would apply to the latter. This would support the
model of Ogino and Aoki”'! and Hofmann et a/.'>*! and would also explain the very large
width of the yellow band. The modulated structure observed for the green band in ZnO
could not be accounted for by the alternative model, proposed by Glaser e al,'>*! to
explain the yellow band in GaN. In Glaser et al.’s model the electrons transfer from a
shallow donor to the deep state in a nonradiative process followed by radiative decay from
the deep state to a shallow acceptor.
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2.7 The Combined Effects of Screening and Band Gap Renormalization on
the Energy of Optical Transitions in ZnO and GaN

Free-carrier screening will modify a spherical Coulomb potential, resulting in a
reduced exciton binding energy. This will result in a blue shift of the optical
transitions associated with both free excitons and bound excitons. The effects of
free-carrier screening have been reported in both bulk materials such as Ge!®*?! and
GaSe!®! and quantum-well structures.!®*~°%! In this paper we report on the position of
the optical transitions in both GaN and ZnO crystals when they are excited simulta-
neously with two lasers. This experiment involves a HeCd laser at 3250 A which
excites free electrons and holes, and an Ar" ion laser at 5145 A, which excites
electrons from the valence band to an intermediate level in the band and then from the
intermediate level to the conduction band. The increased number of free electrons
excited by the Ar™ ion laser will effectively screen the free exciton transitions as well
as the bound exciton transitions. Screening results in a decrease in the binding energy
of both types of transitions. In ZnO, both the free- and bound-exciton transitions show
a red shift as the exciting intensity of the Ar" ion laser is increased. The same
transitions in GaN show essentially no energy shift with increased exciting intensity of
the Ar" ion laser. The increased number of free electrons excited by the Ar" ion laser
also produce many-body effects in intrinsic semiconductors, which lead to a renor-
malization of the band gap. The renormalization results in a red shift of the optical
transitions due to reduction of the band gap energy. The energies of the optical
transitions are then the resultant of the blue shift due to screening and the red shift due
to renormalization.

The steady-state concentration of additional electrons cannot be calculated since the
cross-sections for the various transitions are not known. An estimate of the number of
electrons participating in the screening process can be made if one assumes that substantial
screening will occur when the Debye length and the Bohr radius are comparable. Free
carrier screening modifies the Coulomb potential ¢ ~ e/4ncr by adding a multiplicative
factor, exp(—/1), where r is the distance from the center of the charge, and 4, the Debye

length, given by:!®”!

ME KT/ ne)? (2.4)

The major part of the charge cloud will be at the Bohr radius ag = 0.529¢/m . In GaN
m ~0.22 and €~9.5 giving a Bohr radius of ~22A. The Debye length will be
comparable when negr~ 1 X 10" cm™. In ZnO the dielectric constant is smaller, 8.12 vs
9.5, and the mass is larger, 0.318 vs 0.22, giving a smaller Debye length as well as a
smaller Bohr radius. Therefore, roughly the same number of free electrons will produce
substantial screening in ZnO as well.

Having an estimate of the number of free electrons required for the screening process,
one can estimate the screened donor binding energy from the common empirical
relationship used to describe donor screening

1
ED = ED()*C(N]ZJ (25)



52 Optical Properties of ZnO

where Ep is the screened donor binding energy, Ep is the unscreened donor binding
energy, and the suggested value of a for n-type GaN is a ~2.1 x 10 meV cm.**! For
ZnO we can approximate a as [(€zno/€gan)(M* Gan/M* zno)]l@gan giving a value «
~1.2x 10°meV cm. One sees that the screening in ZnO is somewhat weaker than
that in GaN. Assuming 1x10'®cm™ free electrons, one calculates from Equation (2.5)
a reduction in the donor binding energy in ZnO of ~2.7meV due to screening.
From screening alone, this should result in a blue shift of the donor-bound-exciton
(D°,X) transition.

The transition energy of D°,X is the free exciton energy minus the energy with
which the exciton is bound to the donor. By Haynes’s rule!’”! the exciton is bound to
the donor by some fraction of the donor binding energy. It would be expected that the
free exciton binding energy will be screened very similar to that of the donor binding
energy. Therefore, in the screened case, the D°,X transition energy will be that of the
screened free exciton energy minus the energy with which the exciton is bound to
the screened donor. A reasonable estimate of the blue energy shift of D°,X with
screening would then be obtained from Equation (2.5). The D°, X PL spectra as a
function of Ar" ion laser intensity are shown in Figure 2.22. The D° X intensity
decreases as the Ar' ion intensity increases, as expected. As the excitons are screened
from the donors, the D°, X decay route is eliminated as one of the processes by which
excitons are dissipated. Therefore, as more excitons are screened from the donors, the
D°,X intensity will decrease and the free exciton intensity will increase. This is
verified in Figure 2.23 where the free exciton intensity is plotted as a function of the
Ar? ion laser intensity. Here the I's and T’y free excitons are clearly identified. One
other feature is observed in both the D°,X spectra and the free exciton spectra and that
is the energy red shift.
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Figure 2.22 Intensity and energy position of the D,°X transitions in ZnO as a function of the
Ar" jon laser intensity. Reprinted with permission from Donald Reynolds. Copyright American
Institute of Physics
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Figure 2.23 Intensity and energy of the free-exciton transitions in ZnO as a function of the Ar*
ion laser intensity. Reprinted with permission from Donald Reynolds. Copyright American

Institute of Physics

The GaN sample was excited in exactly the same way as the ZnO sample. Making the
assumption of 1 x 10'® cm™ free electrons for GaN, then from Equation (2.5) a reduction
in the donor binding energy of ~4.5 meV due to screening is obtained. The PL emission
spectra from GaN as a function of Ar" ion laser intensity are shown in Figure 2.24.
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Figure 2.24 The PL emission spectra from GaN as a function of the Ar* ion laser intensity.
Reprinted with permission from Donald Reynolds. Copyright American Institute of Physics
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The D°,X emission peak (3.4809eV) as well as the ionized-donor-bound-exciton
(D",X) peak (3.4762eV) are dominant when the Ar" ion laser intensity is zero. As
the Ar" intensity is increased, more free electrons are created which neutralize the
ionized donors, and at the highest Ar™ intensity the ionized donor-bound excitons are
essentially all neutralized. The D°,X centers experience an increase in numbers as the
ionized donors are neutralized, but they also experience a decrease due to screening. At
the highest intensity of the Ar* ion laser the free exciton associated with the A valence
band (3.4875¢eV) is the dominant transition and the free exciton associated with the B
valence band (3.4951¢eV) is clearly evident. In GaN, as in ZnO, the bound excitons
decrease in intensity while the free excitons increase in intensity with an increase in the
Ar" ion laser intensity. The top solid line in Figure 2.24 shows the reflection minima,
which coincide with the A- and B-band free excitons. In the case of GaN, the bound and
free excitons do not show an obvious blue or red shift as the Ar" ion laser intensity
is increased.

The additional electrons excited by the Ar™ ion laser may also result in many-body
effects in an intrinsic semiconductor, which will lead to a renormalization of the
fundamental energy gap. The renormalization reduces the energy gap as shown in
Figure 2.25. In this figure, the energy shift is estimated from density functional theory
within the local density approximation using the Hedin— Lundquist parameteriza-
tion.!”"! Other parameterized forms exist and yield similar results.!”*! The reduction of
the renormalized energy gap, as a function of electron density, is shown for both GaN
and ZnO in Figure 2.25. Here it is seen that renormalization reduces the ZnO band gap
more than the GaN band gap for the same electron density. The PL energy positions are
determined by a combination of renormalization and screening, the former giving a red

electron energy shift (meV)
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Figure 2.25 The reduction of the renormalized energy gap as a function of electron density for
both ZnO and GaN. Reprinted with permission from Donald Reynolds. Copyright American
Institute of Physics
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Table 2.2 The blue and red energy shifts of the optical transitions in both ZnO and GaN as the
electron density is increased

Sample Electron Renormalization Screening blue
density (cm™) red shift (meV) shift (meV)

ZnO 5x10'" 4.5 2.1

GaN 5x10" 3.5 3.6

ZnO 1x10'° 5.7 2.7

GaN 1x10" 4.5 4.5

shift and the latter an offsetting blue shift. For a given electron density, the blue shift can
be obtained from Equation (2.5) and the red shift from Figure 2.25. Taking electron
densities within an order of magnitude of those calculated to give substantial screening,
the blue and red shifts for both ZnO and GaN are given in Table 2.2. From the table, one
would expect to observe an increasing red shift of the exciton transitions from ZnO as
the Ar™ ion laser intensity is increased. In the case of GaN, essentially no shift in the
energy positions of the exciton transitions would be expected. These predictions are
verified in Figures 2.22-2.24

These results show that the energy positions of optical transitions are modified when
additional free electrons are introduced into the system. The energy positions are
determined by the combined effects of screening and band gap renormalization resulting
from the additional free electrons. This study establishes trends for the optical transition
energies, but is not intended to give the exact energy positions.

2.8 Closely Spaced Donor-Acceptor Pairs in ZnO

Closely spaced donor—acceptor pair spectra have been observed in the PL radiative
recombination of selected donor bound exciton complexes in ZnO single crystals, that
have been ion implantation-doped with H and Zn atoms and subsequently annealed in a
nitrogen (N,) atmosphere at temperatures in the range of 700-800 °C.1”*! Observations of
the donor—acceptor pair spectra are explained as the bound states of Hopfield’s bound
exciton complex model,””*! in terms of the effective mass approximation of the wurtzitic
ZnO energy band structure.

The closely spaced donor—acceptor pair spectra for a H-implanted ZnO sample are
shown in Figure 2.26; sample A (solid line), was implanted into the O face, while
sample B (dashed line), was implanted into the Zn face. Both samples were then
annealed in N, vapor at 700 °C for 1 h. The sample implanted into its Zn face shows an
emission line at 3.2888 eV, and an LO phonon replica at 3.2155 eV, the same energies
as observed for the implanted sample prior to annealing. The sample implanted into
the O face shows an emission line at 3.2845eV, and an LO phonon replica at
3.2118eV. It is noted that the higher energy emission lines at 3.3223 and 3.3356eV
do not show an energy shift with N, annealing. It was reported by Hopfield,'’* that
when donor—acceptor pairs are close enough together, they can bind neither an
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Figure 2.26 Comparison of ZnO faces, H-implanted. Reprinted with permission from Donald
Reynolds. Copyright American Institute of Physics

electron nor a hole but they can bind an exciton. The exciton has an interaction energy
with the donor and acceptor ions and this interaction energy is negative. This will
move the transition to lower energy, as is observed. It is believed that the emission
lines at 3.2888 and 3.2155¢eV are associated with more distant spaced pairs that bind
an electron and then an exciton. These lines are observed from the O face. The
emission lines at 3.2845 and 3.2118¢eV, from the Zn face, result from more closely
spaced pairs that bind only the exciton. The energies are shifted due to the total
interaction energy of the exciton with the donor and acceptor ions.

In the same samples, emission lines are observed at higher energies of 3.3606 and
3.3567 eV, as shown in Figure 2.26 (inset). Here again, from the O face (solid line), the
higher energy line is much more intense; however, when the Zn face (dashed line) is
examined, the line intensities are reversed, showing a shift to lower energy with annealing
in N,. As was observed with the lower energy lines, it is believed that the line at 3.3606 eV
results from more distant spaced pairs that bind an electron and then the exciton, whereas
the line at 3.3567 eV results from closely spaced pairs that bind only the exciton. The
energy shift is comparable with that of the lower energy lines at 3.2888 and 3.2845¢V,
suggesting that we are observing the interaction energy of the exciton with the closely
spaced donor—acceptor pair ions.

Similar spectra from Zn-implanted ZnO samples are shown in Figure 2.27. Here again,
sample A (solid line) is implanted into the O face and sample B (dashed line) into the Zn
face. The samples were then annealed, in this case at 800 °C, for 1 h in N, vapor. Here we
note that there are lines at 3.2903 and 3.2173 eV that are observed from the Zn face
(dashed curve), whereas there are lower energy lines at 3.2836 and 3.2123 eV that are
observed from the O face (solid curve). The energy shift to a lower energy is observed on
the opposite face from that which was observed for the H-implanted samples.
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Figure 2.27 Comparison of ZnO faces, Zn-implanted. Reprinted with permission from Donald
Reynolds. Copyright American Institute of Physics

Again, as in the H-implanted samples, higher energy lines are observed at 3.3618 and
3.3571¢eV, as shown in Figure 2.27 (inset). In the Zn-implanted samples, the line at
3.3618 eV does not shift to a lower energy after annealing in N,, when viewed from the Zn
face (dashed line), while the more intense line at 3.3618 eV does shift to a lower energy at
3.3571eV in the O face sample (solid line). Here again the shift to a lower energy is
believed to be caused by an exciton bound to a closely spaced pair. This shift was observed
from the O face, and it was also observed from the lower energy line at 3.2903 eV. The
energy shift from the two faces of the Zn-implanted samples is reversed from those of the
two faces of the H-implanted samples.

The Zn implant will not penetrate as deeply into a sample as will the H implant. When a
sample is annealed in N5, N ions will in-diffuse to occupy O sites near the surface, and pair
with donor-created sites near the surface. The more closely spaced pairs will form near the
surface, which in our case will be the O face. This accounts for the observation of the shift
to lower energy when observing the O face in Zn-implanted samples. In the H-implanted
samples, the H ion will penetrate deeper into the sample. In this case, when the sample is
annealed in N, vapor, the N ion must diffuse deeper into the sample to create acceptors
closer to the donors. It is believed that the acceptor results from N ions replacing O sites
and that these dominant acceptor sites are near the crystal surface, when viewing the O
face. Therefore, in the H-implanted samples, the closely spaced, donor—acceptor pairs
would not be created near the O surface. The N ions will diffuse deeper to occupy O sites
nearer the donors which may be H interstitials. This would result in the energy shift
occurring when observing the Zn face, as is shown, and would account for the reversal of
the faces in Zn-implanted and H-implanted samples. It is believed that the acceptor in the
donor—acceptor pair results from a N ion occupying an O site. The source of the donor is
not established and will require more study.
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2.9 Summary

We have observed the I's and ' free excitons associated with the top valence band in ZnO,
as well as these same excitons associated with rotator states. The unallowed, I'¢ excitons,
split in an applied magnetic field in both states, giving a g-value of 3.09, which is the sum
of the electron and hole g-values. This is the predicted splitting for the I'q exciton from
effective mass and group theory, which is consistent with the top valence band having I'g
symmetry. We have also observed the splitting of the I'q exciton due to combined strain
and electron—hole spin exchange, which also reflects the I'g symmetry of the top valence
band in ZnO.

Many bound-exciton transitions are observed in ZnO, and these include excitons bound
to neutral and ionized centers, as well as complex centers, like defect pairs. In this case,
many lines are observed which are related to the donor—acceptor spacing in the defect pair
complex. Free-to-bound and bound-to-bound transitions are observed which are not
associated with excitonic transitions. The well-known green band is associated with pair
spectra where the transition energy is associated with the donor—acceptor separation.
Similarities in some of the optical transitions in ZnO and GaN have also been observed.
This is to be expected since these materials have the same crystal structure and their band
gaps are similar.
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Electrical Transport Properties in
Zinc Oxide

B. Claflin and D. C. Look
Semiconductor Research Center, Wright State University, Dayton, OH, USA

3.1 Introduction

Zinc oxide (ZnO) is a truly remarkable and versatile material. It has long been used for a
wide variety of commercial applications ranging from phosphors, ceramics, abrasives, and
as a pigment for paints, to serving as the active (UV-absorbing) ingredient in sunscreen, a
key component in cosmetic and medical ointments, a source of Zn for mineral fortification
in foods, and as an additive for plastic and rubber processing.!"*! It also possesses useful
semiconducting properties which were identified in the naturally occurring mineral form,
zincite, for crystal radio receivers,'”) and led to early electrical and optical characterization
efforts.'*® However, as-grown, unintentionally doped ZnO is almost always found to be
n-type because of high concentrations of background donors, so this early work focused
primarily on surface effects'’ ' for catalysis and gas sensing applications''?! and on the
photoresponse!'*! of the material. The inability to identify a suitable p-type dopant for ZnO
limited progress in the development of electronic devices since p-n homojunctions could
not be formed. This doping asymmetry is fairly common in wide band gap semiconduc-
tors;“‘Hg] similar problems have limited the development of diamond films?®! and
initially slowed the progress of GaN-based devices.*'! However, demonstrations of
GaN-based blue light-emitting diodes (LEDs) in the early 1990s and diode lasers'** 2!
in the mid-1990s generated a renewed interest in the electrical and optical properties of
ZnO. Reports of successful p-type ZnO growth!?*?! a few years later, while viewed with
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considerable skepticism, sparked an ongoing debate about doping and fueled interest in the
material as well. Intensive research efforts were initiated aimed at a number of electronic
and optoelectronic device applications such as blue/UV light emitters and detectors,
energy efficient white lighting, transparent thin film transistors (TTFTs) as well as
transparent conductors for large area displays to provide a more cost effective alternative
to tin-doped indium oxide (ITO). LEDs and laser diodes (LDs) aim to take advantage of
the large band gap (E, ~3.35eV at room temperature) and large free exciton binding
energy (~60 meV)>* in ZnO, and have been demonstrated'*>! to produce blue/near-UV
emission. Combining such an efficient UV emitter with appropriate phosphors for solid-
state white lighting could save as much as $130Byr " in the USA by the year 2025
according to some estimates.*”-**! For electronic applications, ZnO TTFTs operating at
frequencies in the GHz range have recently been demonstrated.**! However, to take full
advantage of the promise of these devices, it is necessary to understand the bulk electrical
characteristics of ZnO as well as the influence of impurities, defects and surface layer
effects on transport properties. In this chapter, these fundamental aspects of the material
are reviewed and some of the major challenges that remain to be solved are discussed. One
of the most common and powerful probes of the electrical properties in semiconductors is
the temperature-dependent Hall effect since it provides a wealth of information about
charge transport in these materials including details about carrier scattering and about the
donor and acceptor levels which control n- and p-type doping. We will begin with a brief
review of the basic theory of the Hall effect for bulk conduction in a single band.
Extensions of these concepts will then be presented which allow for quantitative analysis
of conduction by surfaces as well as mixed conduction effects which can play an important
role in the performance of p-type samples.

3.2 Hall-Effect Analysis

3.2.1 Single-Band Conduction

Carrier transport can be accurately described by the Boltzmann transport equation which

can be generalized to include photo-excited carriers: !

o . . of B
SRR A S ) (m)COHJrG R=0 (3.1)

Here fis the occupation distribution function in phase space, G is the generation rate and R
is the recombination rate of photo-excited carriers. Using the relaxation time (1)
approximation (RTA) to the Boltzmann transport equation, the current, conductivity, and
Hall coefficient for n-type material are given by:!*!!

E, = —neu Ey (3.2)

Ry=—2=—2/__T (3.3)
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for nondegenerate electrons (Boltzmann statistics) where electric and magnetic fields are
applied in the x- and z-directions, respectively. Equations (3.1)—(3.5) can also be used to
describe nondegenerate hole transport by making the substitutions n — p and e — -e. The
relaxation time arises from carrier scattering by a variety of mechanisms:

- - - R |
= riil -‘r‘L’aCl +Tpo + Tpe T Tais (3.6)

where the most common scattering sources include ionized impurities (t;;), acoustic
phonons (t,), polar-optical phonons (zp,), the piezoelectric potential (t,) and charged
dislocation defects (74;5), each with its own scattering rate (inverse relaxation time) which
simply add to produce the total scattering rate as shown. Standard approximations for these
scattering mechanisms have been developed**™* and provide the connection between
experimental Hall-effect measurements and intrinsic materials parameters of interest as
well as donor, acceptor, and dislocation concentrations. For completeness, expressions for
these scattering modes are listed below (constants and materials-related parameters are
listed in Table 3.1):

29/2n8(2)(m*)1/2E3/2

Ti(E) = e*(2Na +n)[In(14+y)—y/(1+y)]

(3.7)

Table 3.1 Physical constants and ZnO specific materials
parameters for Hall-effect analysis

% 1.055 x 10°>%)s

e 1.602 x 1077 C

kg 1.380 x 1023 K™

m* 0.3*me=2.73 x 10" kg
£0(300K) 8.12*¢=7.19x 10" Fm™
£5,(300K) 3.72%¢=3.29 x 107" Fm™
Too 837K

E, 15eV

P 5.675 x 10 kgm™

s 6.006 x 10°ms™

P 0.21

pe 1
Clatt 5.2069 x 107'%m
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for scattering from ionized impurities in nondegenerate, n-type material where & is the
static dielectric constant, y = 8&ym kgTE/(i%¢*n), kg is the Boltzmann constant, and 7 is
Planck’s constant divided by 2x. This is the well-known Brooks—Herring formula which is
valid™“® when ka./2>> 1, where a, is the Bohr radius. Equation (3.7) can be applied to
p-type samples by replacing (2N + n) with (2Np + p). The relaxation time for acoustic
mode deformation potential scattering is:

B TCh4pdS2E_1/2
2122E} (") kT

Tae(E)

(3.8)

where py is the density, s is the speed of sound in the material and E| is the deformation
potential. Since scattering from polar optical phonons is inelastic, we can only get an
approximate expression for the relaxation time:'*'*”]

z (E) . 23/27'Ch2(erpo/T_1)[0.5446E1/2 +0'5888(kBTp0)1/2_0'1683(kBTp0)71/2E]
" g Tpo (m*) (s —£5")

o

(3.9)

where T, is the Debye temperature and &, is the high-frequency dielectric constant.
Polar-optical mode scattering can be significant at room temperature and above, but this
scattering weakens considerably in ZnO for 7' < ~150K and the RTA analysis provides
quite accurate results. The relaxation time for acoustic mode piezoelectric-potential
scattering can be written:

232112 EV/2
tpe(E) = —— 200 (3.10)
P2 (m*) kT
where P = (hpzz/pszso)” 2 is the coefficient of piezoelectric coupling. Finally,
2 \3/2
h?’ggc%alt <l + 8111]}[2}. 8)
Tais(E) = (3.11)

Ndism*e4i4

for scattering from dislocations, where ). = (eokpTle®n)"? is the screening parameter.
Since dislocation densities of 10'°cm 2 and higher are quite common for ZnO samples
grown on non-native substrates, this mechanism can be very important and may reduce the
room temperature Hall mobility to values uy <100cm?V's™ for epitaxial samples.

We can use these analytic expressions for the dominant carrier scattering mechanisms to
fit experimental Hall mobility data as a function of temperature, wy(7). Of particular
interest is the scattering from ionized impurities, which usually dominates at low
temperatures. Using Equation (3.7), we can determine the concentration of acceptors,
Na, in n-type material or the donor concentration, Np, for p-type material. In practice, it is
necessary to simultaneously fit both uy(T) and ny(7) since the carrier concentration
appears in Equation (3.7). The fit of ny(T) provides shallow donor concentrations and
donor energies through the charge-balance equation (CBE):
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Np,
n—+Ny = —_— (3.12)
§ Zi:l—’_n/d)l)i

where the sum extends over separate donor levels, i, and

nl)l / 7[':1)_0’
bp, = S T NeT e Tt (3.13)
81;

For each donor, g¢/g; is a degeneracy factor, Nc = 2(2nm, kg)>?/h? is the effective density
of states at 1 K, Ep is the energy of the ith donor and Ep = Epg,—ap,T. For effective-mass-
like donor levels, the analysis can be generalized to account for hydrogenic-type excited
states:

Epo;

e T

by, = 5% eTo N T3/
b8y

(3.14)

(-1 Epo;
1+ E;anze 72 ) kgT

where it is assumed that g;/go = j2 (similar to the H atom) and ap is assumed to be the same
for each excited state as in the ground state (i.e. independent of j).
Similar expressions can be derived for p-type samples, where the CBE becomes:

Na,
p+Np = —_— (3.15)
zi: 1 +n/d)Ai
with
81; AL 3/2 _Eao;
ba, de"B NT""e FeT (3.16)

where N/V:2(2717;1;1613)3/2/}13 and Ea =Eao—aaT. Note that the degeneracy factor,
g1/80, 1s inverted from the analogous term in Equation (3.13) because the degeneracies
refer to electrons rather than holes."!

3.2.2 Two-Band Mixed Conduction

One important special case of two-layer conduction in ZnO involves a thin conducting
n-type layer on p-type bulk material. In this case, for transport by electrons in the
conduction band and holes in the valence band, the current, conductivity, and Hall
coefficient take the form:™!!

jx :jpx +jnx (317)

o =0y +on = e(pp, +nu,) (3.18)

B Rpa'g —|—Rn0'§ B p,u,lzj—np,ﬁ

= 3.19
(o-P +0-n)2 e(p/“'p +n/‘1’n)2 ( )

Ry
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The sign of Ry is used to assign the sample ‘type’ from a given Hall-effect measure-
ment; a sample will be classified as n-type if pp) <nu; or as p-type when pu >npu;.
Notice that when pp,f’ = n,uﬁ the Hall coefficient Ry=0. This feature results in a
singularity in the apparent carrier concentration [Equation (3.3)] when a simple single-
band analysis is used and a change of sign for Ry across this transition. Likewise, since the
Hall mobility is derived from the Hall coefficient and conductivity [Equation (3.4)], it will
g0 to zero when p,u,g = nu?. These behaviors provide clear signatures of the presence of
mixed conduction effects.

3.2.3 Conducting Surface Layers

As was pointed out in the introduction, ZnO surfaces are highly reactive and surface
conducting or depletion layers can dramatically change the electrical characteristics of the
material. For such a case, where the carrier concentration and mobility are depth
dependent, the analysis provided above can be generalized:

d d
Ogq = JO’(Z)dZ = €JI’I(Z)M(Z)dZ (3.20)
0 0
d
Rqua'fq = Jn(z),uz(z)dz (3.21)

where o and Ry, denote sheet (areal) quantities (cm ) rather than volume quantities
(cm ™). For the simple case of a two-layer system, with a thin surface conducting layer on a
thick, bulk sample, the effective mobility and carrier concentration can be determined
explicitly:

g+ neul

- (3.22)
Ny oy, + ns g

(o + gy’

Ny Ly + s g

The impact of such conductive surface layers on Hall-effect measurements can be
substantial, as seen in Figures 3.1 and 3.2. Recent work!*’~**! has extended this analysis
to provide more quantitative information about the characteristics of the surface. Examples
of surface effects will be discussed in more detail later.

3.3 Donor States and n-type Doping

As-grown, unintentionally doped ZnO generally exhibits n-type conduction, with

typical electron concentrations on the order of n ~10"°-10"" cm . For such samples,
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Figure 3.1 Representative temperature-dependent Hall-effect data and two-layer model fits
showing the impact of a surface conducting layer on carrier concentration

temperature-dependent Hall-effect measurements usually show one or more shallow
donors with binding energies in the range of Eq ~30-75meV.”'">3! Surprisingly, a
definitive assignment for the source of these background carriers has not been clearly
established and this question continues to be actively studied and debated.”>*' Measured
values of the room temperature electron mobility are typically ue ~200cm? V' s for
high quality samples and peak values ppeac >2000 cm? V' s have been observed at low
temperature. Material prepared by vapor-phase-growth typically exhibits the highest
mobility although melt-grown material can sometimes have peak values that are almost
as high. Hydrothermal ZnO shows lower values of mobility, sometimes much lower, partly
because of much higher background acceptor impurity concentrations.

Sample HYD #1
600

bulk electrons

400

I“I meas (Cm2 V_1 5_1)

Il<— combined bulk and
surface electrons

_/ surface electrons
0

0 100 200 300
T(K)
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Figure 3.2 Representative temperature-dependent Hall-effect data and two-layer model fits
showing the impact of a surface conducting layer on carrier mobility
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3.3.1 Native Point Defects — Donors

Basic bonding chemistry tells us that native point defects, such as oxygen vacancies (Vo)
or zinc interstitials (Zn;), should be donors, and for many years it was widely believed that
these defects were responsible for the intrinsic n-type behavior observed'®>®! in uninten-
tionally doped material, since ZnO growth is often performed under Zn-rich conditions.
This explanation continues to be cited frequently in the current literature even though there
is no direct evidence to support the assignment of these defects as the dominant
donors.!"®37-381 While variations in stoichiometry do appear to play an important role
in determining the surface conductivity of ZnO,"”! this native defect model was chal-
lenged™’ for bulk transport by theoretical calculations that suggested that Vo and Zn; do
not have shallow levels, but are in fact deep donors, and have high formation energies in n-
type material.>*%%°7! However, it was quickly realized that Zn; is actually a shallow
donor, but the formation energy is still high. Electron paramagnetic resonance (EPR) and
positron annihilation spectroscopy (PAS) measurements'®*"# have reported that the Vo
donor level is deep, and that it is not observed in as-grown material. Electron irradiation
experiments, which have been used to produce point defects in ZnO,””'~""! show that Vo is
stable up to 400 °C.I® These irradiation experiments have also demonstrated’>’® that
Zn; is actually a shallow donor (E4 ~ E.—30 meV), but for n-type growth conditions, the
Zn; concentration should still be very low because of its high formation energy. In addition,
the Zn; defect diffuses rapidly at 500°CY*3! 5o it is unlikely to be stable at room
temperature.!”*! Ton bombardment experiments indicate point defects are unstable above
~300°C.[82:83]

There has been some debate whether the Zn anti-site defect (Zn occupying an O
sublattice site, Zne) is a shallow or deep donor®*°" but recent work'*! suggests that it
induces a lattice distortion resulting in a shallow level. However, Zng has an even higher
formation energy than either Vg or Zn; defects, so it is not expected to be present in any
significant quantity, especially in n-type material. No evidence of electrical or optical
activity for the Zng level has been observed experimentally.

Recent theoretical analyses'®~®?! conclude that isolated native defects are not respon-
sible for the high residual electron concentration found in unintentionally doped material.
There is, however, some experimental evidence that complexes® involving Zn; and
acceptors such as N or Li substituting for O (No, Lip) may exist as shallow donors in n-
type material and have low enough formation energies to be produced in significant
concentrations. Density functional calculations indicate that such defect complexes can
form through Coulombic interactions®! or as a result of quantum mechanical hybridiza-
tion effects.’®® It has even been suggested recently that an atfractive interaction between
Vo and Zn; may exist and produce a donor defect complex (Vo-Zn;) with a low formation
energy.®® A complex between a deep Vo donor and an unidentified shallow donor has
been observed using optically detected EPR.®!

For intentionally doped material, the formation energies of Vg, Zn;, and Zng defects are
large enough under n-type growth conditions that even the shallow levels should have low
enough concentrations that they will not influence the electrical transport properties.
However, in p-type material, since the Fermi level (Eg) is close to the valence band
maximum, these defects will have lower formation energies, especially under Zn-rich
growth conditions, and may limit p-type doping through self-compensation.
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3.3.2 Substitutional Donors

The group II elements, Al, Ga, and In, are all well-known donors'®*11 when

substituting in the Zn sublattice, and recent work?# indicates that B is also a donor,
as expected. One or more of these elements is almost always present in ZnO, as seen by
photoluminescence (PL) measurements,”>*>?! and they are the most common dopants
used to produce n-type material, with electron concentrations in the mid-10?°cm™
range[87’91] achieved easily. The donor levels'>! for Al (Eq~E.—52meV), Ga (Eq~E,
—55meV), and In (Eq~ E.—63 meV) are all in the range of values observed in undoped
material, so residual concentrations of one or more of these impurities are likely to
contribute to the background carriers responsible for the bulk n-type conductivity in these
films.'**!

There have also been a few reports of n-type doping with the group VII elements, F or
Cl, replacing 0.77'! High electron concentrations have been achieved using the alkali
halides, with measured mobilities comparable to those seen for doping with group III
metals. However, F and Cl are not commonly seen as residual impurities in unintentionally
doped material, and they are unlikely to be utilized for intentional doping given the safety
and environmental issues associated with them. The ease of doping ZnO with group III
metals makes them preferable.

A number of transition metals have also been investigated as potential dopants, such as
Fe, Cr, Co, Ni, Mn, Mo and v, [6:83,104-113] However, these elements do not provide shallow
levels and their impact on the electrical properties of ZnO is quite limited. The main
interest in these impurities is for potential magnetic/spintronic applications.!'!?!!%

Hydrogen has also been suggested as a promising shallow donor candidate;!'!5~''"]
given the potentially important role played by H in the electronic properties of ZnO, it will
be discussed separately, and in more detail in the next section.

3.4 Hydrogen

Subjecting ZnO to annealing in a H ambient or exposure to H plasma has long been known
to increase its conductivity.!*'?*'?*l Hydrogen diffuses easily in ZnO, with early
measurements indicating an activation energy for diffusion, E,=0.91eV,!®!2*121]
although more recent studies have determined a much lower value, E,=0.17 eV,[123 !
and indicate that all of the H can be removed from a sample by annealing at 7' > 500
°C.'#3-139 1n most semiconductors, H is an amphoteric impurity,!'*'! incorporating as an
H™ acceptor in n-type material and as an H* donor in p-type material. However, this is not
the case in ZnO, where calculations using density functional theory show interstitial H
incorporates only in the H" donor configuration for all Fermi level positions'''>! because
of the strong O-H bond. Experiments using EPR and muon spin rotation confirmed this
doping behavior and determined a donor energy level of Eq ~ E.—30 meV.!"'*!"8] Similar
values for the H donor level, Eq~ E.—25-70 meV,m’1 18,119,125,127.132-134] are determined
by electrical and optical measurements. However, infrared (IR) spectroscopy measure-
ments looking at O-H and O-D (deuterium) vibrations suggest that H occupies the anti-
bonding configuration but this molecular complex is unstable at room temperature.''?>'3¢!
More recent theoretical work suggests that H can form complexes with Zn vacancies
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(V2" or substitute in the O sublattice by forming multi-center bonds, "' although
there is some disagreement about the latter.!'38! Of course, H™ can also serve to passivate
acceptors in ZnO, as has been observed in several reports,27-76-84:133.135. 1391991 pagiy
ation of acceptors by H can significantly impact the electrical properties if the acceptor
concentration is large,!**'%! as shown in Figure 3.3 for a hydrothermal ZnO sample. If a
sample with a high concentration of acceptors is exposed to H at sufficient temperature for
diffusion to occur, passivation of these acceptors will increase the Fermi level by
repopulating existing donors that were ionized as a result of compensation, as can be
seen in Table 3.2.

3.5 Acceptor States and p-type Doping

The development of reproducible and stable p-type doping in ZnO has proven to be a
very difficult problem.!'>"! For most of the twentieth century, the inability to identify
any shallow acceptors resulted in a widespread belief that it was impossible to dope ZnO
p-type. Not surprisingly, early reports of successful p-type doping®®27-333! were largely
dismissed, but as a result of a large amount of work over the past decade, a general
consensus has begun to emerge that p-type material does, in fact, exist. Reports are even
beginning to appear''*>~'>*! which claim to have produced stable p-type films. Consider-
able skepticism still remains'"*® but a concerted effort is now underway to produce better
p-type material and to develop a detailed understanding of the physics of acceptor states in
ZnO. In general, films require thermal annealing treatments, often in air or an O, ambient,
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Figure 3.3 Increase in electron density produced by forming gas anneal and best-fit two-layer
Hall-effect model. No new donor levels introduced and no change in N, for the two dominant
donors, but significant reduction in N 4 most likely caused by passivation with H. Reprinted with
permission from B. Claflin and D. C. Look, J. Vac. Sci. Tech. B 27, 1722 (2009). Copyright
2009, American Vacuum Society
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Table 3.2 Best-fittwo-layer Hall-effectmodel parametersforhydrothermal ZnOsampleindifferent
states. Donor concentrations unaffected by annealing in forming gas but acceptor concentration

decreases most likely as a result of passivation. Reprinted with permission from B. Claflin and D. C.
Look, J. Vac. Sci. Tech. B 27, 1722 (2009). Copyright 2009, American Vacuum Society

Sample Np (50 meV) Np (400 meV) Na
10" cm™ 10" cm™ 10" cm™
As-received 1.228 1.5 1.215
After photo-Hall 2.0 2.0 1.98
Forming gas anneal 2.0 2.0 1.2

to exhibit p-type characteristics.?%%-12%137121 Ope of the challenging aspects of
developing p-type ZnO is the low value of the hole mobility — typically around
w ~1em? Vs at room temperature. Similar limitations are also seen in p-type GaN.
Such low hole mobilities make Hall-effect measurements difficult because the Hall
voltages involved are small, and other effects, such as persistent photoconductivity in
Zn0,'93164 apnd sample homogeneity,'®'%®! can significantly impact the results.

3.5.1 Native Point Defects — Acceptors

Theoretical calculations indicate that the Zn vacancy (Vz,), O interstitial (O;), and O anti-
site (O,) are acceptorslsgfszl with V7, having the lowest formation energy of all the
acceptor-type native point defects. For n-type material grown under O-rich conditions, V,
is expected to be the dominant acceptor, and this has been confirmed experimental-
1y."21%91 The V,, defect has been well-characterized by PAS measurements since in n-
type material the ionized vacancy is negatively charged and traps positrons easily.
Temperature-dependent Hall-effect measurements on unintentionally doped ZnO depos-
ited by seeded-vapor growth[mg] show small concentrations of V,,, (low 10" cm*3), which
account for all of the background acceptors observed in this sample. However, these
measurements do not provide any information about the V,, acceptor energy level because
these defects function as compensation centers in n-type material and thus do not require
thermal activation to be ionized. The V, acceptor concentration is determined by fitting
temperature-dependent mobility data, involving Equations (3.4-3.11), and in particular, by
analysis of ionized impurity scattering at low temperature using Equation (3.7). In p-type
material, the high formation energy of Vg, precludes its generation in significant
concentrations.!®?!

The O; defect is predicted to be unstable at the tetrahedral lattice site,'®* inducing a
lattice relaxation to form a split interstitial defect, O;(split), which is effectively an O,
molecule embedded in the ZnO lattice.'®” The Oj(split) defect is expected to be
electrically neutral for all positions of the Fermi level. However, interstitial O can also
occupy the octahedral lattice site, O;(oct) as a deep acceptor. The theoretical formation
energy for Oj(oct) is very high and it is not expected to be present in any significant
concentration. Similarly, O, is predicted to have the highest formation energy of all the
native acceptor point defects and is expected to have negligible concentrations. There have
been no experimental observations of either O;(oct) or Oz, defects, even after high-energy
electron irradiation.



72 Electrical Transport Properties in Zinc Oxide

3.5.2 Substitutional Acceptors

The most obvious acceptor dopant for ZnO is substitutional N on the O site
(No),BP%170-1721 gince these two elements have similar ionic radii, which allows for a
high N solubility. Successful Ny doping has been confirmed using EPR and X-ray
photoelectron  spectroscopy  (XPS)!3%1731741and  concentrations as high as
[N] ~ 10'°-10%! cm > have been demonstrated.'?175718% Recent reports indicate a surface
polarity dependence to N incorporation, with higher levels for Zn-face growth at low
temperatures.''®'"! However, only weak p-type electrical behavior has been observed (see
Figure 3.4) in N-doped ZnO samples,?®1631641751 while in several reports, n-type
conduction is seen!*®'8%1831 degpite the p-type dopants. Furthermore, in a few cases,
the p-type conduction that has been observed in N-doped samples is unstable over
time,"'>"'*4 although the mechanism responsible for this degradation has not been clearly
established. Measured values of the N acceptor energy range from E,~ E, 4 90-200
meV [26:4753163. 16418571901 ity 3 value quoted frequently of E,~ E,+ 165 meV.>?
Several theories have been proposed to explain the difficulty of producing p-type ZnO
by N-doping:"" (i) limited N solubility;"** (ii) self-compensation by the formation of
Zn; or Vg defects for low concentrations of N, and Zng defect complexes at high N
concentrations;!'?*'*4 (iii) formation of N-N complexes that produce donor levels which
compensate the N acceptor levels;!!>8:15%:173-1741951 apq (iv) compensation by donors as a
result of unintentional impurity doping, particularly H.'"'3''"1 A5 discussed above, high
levels of N incorporation have been demonstrated in ZnO, and the formation energy of
Zng is too large, even under Zn-rich growth conditions, to produce significant concentra-
tions of anti-site defects, so these mechanisms are not likely to limit p-type doping with N.
Compensation by unintentional donors, N-N complexes, or Vo defects, because of their
low formation energy in p-type material, are more reasonable explanations for the weak
p-type behavior observed™”® but more effort is needed to clarify this issue.
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Figure 3.4 Weak p-type behavior observed in N-doped ZnO sample grown by MBE. D. C. Look,
B. Claflin, Ya. I. Alivov, and S. J. Park. The future of ZnO lightemitters, Phys. Stat. Sol. A. 2004. 201.
2203. Copyright Wiley-VCH Verlag CmbH & Co. KGaA. Reproduced with permission
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Other group V elements, P, As, and Sb, also have been investigated as p-type dopants,
with surprising success,!?0"!131527154.160-162.185.196-2201 ice these ions are significantly
larger than 0% and are expected to have low solubility for incorporation into the O
sublattice.'?*'**! In addition, theoretical calculations predict deep acceptor levels for
these dopants.8>171712211 However, temperature-dependent photo-Hall-effect measure-
ments have unequivocally demonstrated p-type doping'®*'®* in P-doped ZnO via
observation of a mixed conduction transition from p- to n-type behavior, according to
Equations (3.19) and (3.20), under exposure to above band gap light, as shown in
Figure 3.5. The n-type conduction persists, even after the light source is removed, but
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Figure 3.5 Mixed conduction transition from p- to n-type conduction for P-doped ZnO sample
under UV illumination in vacuum. The sample exhibits n-type PPC when the light source is
removed which slowly decays if the sample is annealed at 400 K or exposed to air. Reprinted
from J. Cryst. Gr., 287, 16, B. Claflin, D.C. Look, S.J. Park, G. Cantwell, Persistent n-type
photoconductivity in p-type ZnO, 16-22, Copyright (2006) with permission from Elsevier
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the original p-type state can be restored by modest annealing in vacuum in the dark.''®¥!
Further evidence of successful p-type doping is provided by reports of light emission
from ZnO homojunction LEDs!7%-180-222=2301 yy5ing group V dopants for the p-layer.
Hole concentrations as high as p=1.7 x 10" cm™!"*®! and mobilities as high as uy
=393cm’V's! at room temperature'®" have been reported for P-doped samples,
although mobilities closer to uy, ~1 cm? V' s are more common. Since simple substitu-
tion of P, As, or Sb for O is unable to account for the shallow acceptor levels observed,
defect complex models have been proposed'®-*!**2! which involve the group V dopants
incorporating in the Zn sublattice (anti-site substitutions) and spontaneously generating
two neighboring V,, defects. These models predict acceptor levels of E, ~ E, + 180 meV
for P and E, ~ E, + 150 meV for As."® These values are in agreement with experi-
mentally determined values, E, ~ E, + 120—150 meV for P,!1332%=21 g E 4 100-180
meV for As,1?%2092331 and E, ~ E, + 115-200 meV for Sb.?'%218 However, much higher
acceptor energies, E, ~ E, +336-400meV for P, have been reported recently,** and
there is some theoretical disagreement about the stability of the group V anti-site — 2V,
defect complex.'®®! In addition, XPS measurements suggest P substitutes on the O
Site,[zoo,zm,zom while evidence for Asy, anti-site incorporation has also been reported,[235 !
so this question is not settled. At present, no other models have been proposed which can
account for the observed p-type conduction produced by P, As, and Sb doping, or the low
acceptor energies measured experimentally.

Efforts have also been made to produce p-type ZnO through substitution of group Ia
(Li, Na, K) or Ib (Cu, Ag, Au) dopants in the Zn sublattice,[6’146’236_25” instead of
replacing O with a group V element, to introduce shallow acceptor levels. First-principles
calculations predict acceptor energies of E, ~ E, +40-90 meV for Li, E, ~ E, + 110-170
meV for N, and E, ~ E, + 320 meV for K.14¢1701 [ ithjum has been shown to induce
ferroelectric behavior'®®240-244-2481 apd has long been known to diffuse easily in ZnO at
moderate temperatures. A historical review of group Ia doping in ZnO,**! including
recent results, indicates that Li and Na produce similar shallow acceptor levels (E, ~ E,
-+ 300meV) which do not induce significant lattice relaxations, as well as deep acceptor
levels, E,~ E,+800meV for Liz, and E, ~ E, +600meV for Nag,, with large lattice
relaxations.”*”! To achieve useful p-type conduction, even with these shallow group Ia
acceptor energies, requires a doping concentration of greater than 10°° cm,'**®! which
has not been realized to date. The hole concentration goes through a maximum of
p=6.0x 10" cm™ with increased Li doping, and for high concentrations ([Li]
> 1.2%), 123811 i interstitials (Li;), which act like donors, compensate the Liz, acceptors
and pin the Fermi level in the gap. As a result of this amphoteric self-compensation, ZnO
samples doped with group Ia elements generally exhibit semi-insulating behavior.
Similarly, bulk, unintentionally doped ZnO crystals grown using the hydrothermal
method, exhibit high resistivity or semi-insulating characteristics because of Li incorpo-
ration from the mineralizer. The effectiveness of p-type doping using group Ib elements
faces similar limitations as the group Ia elements. Theoretical investigations suggest deep
acceptor levels for Cu (E, ~ E,+700meV), Ag (E, ~ E,+400meV), and Au (E,~E,
+ 500 me V), although experimentally determined values are shallower, E, ~ E, 4 380
meV for Cu, E,~ E, +200meV for Ag, and E, ~ E, +450meV for Au.”>*! However,
even for these shallower acceptor energies, high doping concentrations are needed,
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without the formation of self-compensating donor centers, to produce the hole densities
required for practical applications.

Finally, attempts have been made to produce p-type ZnO by intentionally introducing two
dopants simultaneously, also known as co-doping (not to be confused with doping using the
transition metal Co). In fact, a patent has even been awarded in the United States for p-type
ZnO growth using the co-doping approach.>>¥ Still, these efforts have been viewed
skeptically!! 131631982551 apnd generally fall into two categories: (i) doping with two
acceptor-type elements (groups Ia, Ib, and V);!!%189190.256=2581 4 (ij) incorporation
of one acceptor-type and one donor-type impurity.'47-19%:224:259=266] The o0als of the added
process complexity associated with co-doping are:'8*1922672681 (§) to increase the
solubility of the acceptors; (ii) to reduce the acceptor ionization energy; and (iii) to
decrease the formation of self-compensating donor-type defects. Hole concentrations as
high as p ~ 10" cm™ and mobilities, uy, ~ 140167 cm? V' s, have been reported for co-
doped samplest*®2242%! byt these values are surprisingly high and should be viewed
cautiously.!"**'¥ As pointed out above, N and P are reasonably shallow acceptors and can
be incorporated in high concentrations into the lattice without the addition of another
dopant. A recent report utilizing co-doping of Li and N**®! determined a N acceptor level
similar to that seen for N doping without Li, E, ~ E, + 138 meV. Likewise, it is not clear if
the intentional addition of compensating donor centers, which are predicted to form
acceptor-donor-acceptor complexes,”'** will be beneficial in any practical application
since it is the excess acceptor concentration, No—Np, that ultimately controls the resulting
electrical properties. Another immediate consequence of intentionally adding donor
impurities will be an increase in ionized impurity scattering from the charged
compensation centers which may result in a reduced hole mobility.**?** Since the
hole mobility in p-type ZnO is already quite low, u,~ 1cm”*V's™, any process that
will potentially decrease it further will not be attractive. However, one possible exception to
this limitation is co-doping with an acceptor-type impurity and H as the donor, combined
with a post-growth anneal to remove the H and activate the acceptor.*”'4¢~148] Thjg
approach has been used successfully with Mg and H co-doping to produce p-type
GaN.?>2%%1 The addition of H during p-type ZnO growth will shift the Fermi level
farther into the gap, away from the valence band. As a result of this shift in Ef, the formation
energy for acceptor incorporation will be reduced and the formation energy for the creation
of native donor defects increases, suppressing the formation of compensation centers.
However, first principles pseudopotential calculations indicate an energy barrier of at least
1.25eV for dissociation of H-N bonds.""*!! Another problem is that if substitutional
Ho!''71281 is removed by post-growth annealing, it will leave behind a Vg defect, so a
compensating donor still remains, limiting the effectiveness of this approach. Co-doping
with H has not been systematically investigated in a controlled manner to evaluate its
effectiveness. However, since H is often present during film deposition, especially for
vapor-phase transport, hydrothermal, and metal organic chemical vapor deposition
(MOCVD) growth, and p-type conduction is only observed following post-growth
annealing, this mechanism may already be in widespread use serendipitously, although
poorly controlled. This lack of process control over H during growth may contribute to
some of the variation in film characteristics reported in the literature. A careful study of the
growth parameter space, including H, would be helpful to address this question.
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3.6 Photoconductivity

Early work on ZnO'® showed that exposure to above band gap light usually results in an
increase in conductivity, i.e. photoconductivity (PC). Fast and slow photoconductive
processes were identified; the fast process produces a small effect and is reversible in
vacuum when the light source is removed. This fast process can also be observed using
longer wavelength light, below the absorption edge, and is most likely related to
excitations from electronic levels in the forbidden gap. In contrast, the slow process
produces a much larger effect, increasing the conductivity in some cases by several orders
of magnitude before saturating, and is irreversible in vacuum. ®'4%1%%27% Thjs latter effect
is also known as persistent photoconductivity (PPC), and, like the PC, is usually observed
to be n-type in ZnO. These PPC effects slowly decay as a result of modest thermal
annealing treatments'®'® or by exposure to dry O, or air.®!'**?7%27!] Temperature-
dependent photo-Hall-effect measurements show that the PC and PPC can have a
significant impact on surface conduction. Figure 3.6 shows temperature-dependent
Hall-effect and photo-Hall-effect data''**! for an as-received, hydrothermal ZnO sample,
which has a surface layer that dominates the conduction at low temperature (7' < 60 K)
and bulk conduction controlled by two donor levels, E4; ~ E.—50 meV and E4, ~ E.—400
meV, for T > 100 K. In the surface layer, the electron concentration is nearly independent
of temperature (i.e. the carriers are degenerate), and they have a very low mobility,
Me surf < 30 em? Vg, compared with the experimentally measured bulk value of
Me butk ~ 300 em? Vst at 60K. It is important to note that the electron concentration
shown in Figure 3.6(a) is presented as a volume concentration, which assumes uniform
bulk conduction throughout the sample, because Hall-effect measurements only determine
a sheet carrier concentration. At high temperature, this assumption is usually valid and the
analysis provides accurate results. However, at low temperature, where conduction
proceeds primarily through the surface layer, this analysis underestimates the electron
density in the surface layer by a factor dbu]k/dsurf"“g' Unfortunately, it is very difficult to
determine the thickness of the surface layer, although a minimum thickness for this layer
can be estimated.'*®! Under vacuum illumination with blue/UV light, produced by a 150 W
halogen lamp and passing through a CS 7-59 notch filter with a peak transmission at
3.35¢eV, the surface conduction dominates the electrical transport over almost the entire
measurement range [see Figure 3.6(a)]; conduction through the bulk of the sample is only
observed at the highest temperatures investigated. It is not surprising that the PC has a
significant surface component since the absorption coefficient at the band edge, «
is~2x 10°cm™ at room temperature'®’?! so the absorption depth of the light, d is ~ 0.1
pm. The resulting PPC, when the sample is returned to the dark, exhibits an increase in
surface conduction compared with the as-received state, now dominating the transport
characteristics for T < 120 K. When the PPC is subsequently allowed to fully decay,
following exposure to air, surface conduction is no longer observed at any tempera-
ture,[mz] and the 50 meV donor level controls the electron concentration over five orders of
magnitude, down to Ay~ 3.0 X 108cm™. This volume concentration determines an
upper limit for any possible surface sheet charge in the sample, ng, s~ 1.67 x 10" cm 2.
These results, in conjunction with previous observations, suggest that irradiation with band
gap light in vacuum modifies the surface, most likely through desorption of O-containing
species. An alternate model of the PPC in ZnO based upon metastable charge state
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Figure 3.6 Temperature-dependent Hall-effect and photo-Hall-effect measurements on hydro-
thermal ZnO showing dramatic changes in surface conducting layer resulting from UV light
illumination in vacuum and subsequent exposure to air. Reprinted with permission from B. Claflin
and D. C. Look, J. Vac. Sci. Tech. B, 27, 1722 (2009). Copyright 2009, American Vacuum Society

configurations of Vo has been suggested'®”! but in this case it is not clear that it can explain
the absence of a surface conducting layer following vacuum illumination or the sensitivity
to gas ambient, particularly O.

The n-type PPC can have a particularly significant impact on p-type material, in some cases
producing a mixed conduction transition from p- to n-type, and ultimately producing solid n-
type Hall-effect measurements, as shown in Figure 3.5. Even weak light exposure can
produce important PPC effects in p-type material, in large part as a result of the substantial
difference in electron and hole mobilities, ' ®* as seen in Figure 3.7. Since the Hall coefficient,
RH, varies as p;u —nu? [Equation (3 19)] for reasonable room temperature values of

n~ 200 cm Vl ! and Mp ~1cm 2V's™, an electron concentration as low as 7~ 2.5
X 1012 cm > can substantially distort a Hall- effect measurement for a sample with a hole
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Figure 3.7 Llarge difference in measured electron and hole mobilities in the same N-doped
ZnO sample. Hole mobilities measured in the dark and electron mobilities measured under UV
illumination. Reprinted from J. Cryst. Cr., 287, 16, B. Claflin, D.C. Look, S.J. Park, G. Cantwell,
Persistent n-type photoconductivity in p-type ZnO, 16-22, Copyright (2006) with permission
from Elsevier

concentration of p~ 1 x 10" cm™. This effect could be even more pronounced at low
temperatures since peak electron mobilities can be higher than u, ~2000cm®V~"s™'. Such
mixed conduction effects may help to explain some of the unusually large room temperature
hole concentrations that have been reported for p-type material.

3.7 Summary

As a result of recent, worldwide research, considerable progress has been made toward
understanding and controlling the electrical properties of ZnO, particularly the develop-
ment of stable and reproducible p-type material. There is no doubt that p-type ZnO exists,
and intensive efforts are now underway to develop higher quality material which will
support commercialization of electronic devices based on ZnO p-n homojunctions.
Significant challenges remain to be solved, in particular the development of improved
growth processes to reduce native defects and background impurity levels. Hydrogen
impacts the electrical properties of ZnO in several different ways and understanding the
details of these interactions and learning how to control them will play a key role in future
progress. Likewise, recent advances have demonstrated the importance of surface con-
ducting layers but more work is needed to either suppress or enhance them depending on
the requirements of specific applications.
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4

/Zn0O Surface Properties and
Schottky Contacts

Leonard J. Brillson
The Ohio State University, Columbus, OH, USA

4.1 Historical Background of Schottky Contacts on ZnO

With the development of exciting new optoelectronic and microelectronic device applica-
tions for ZnO, there is now renewed interest in the understanding and control of its
electrical contact properties. Transparent thin film transistors, blue/UV light-emitting
diodes (LEDs) and lasers, high electron mobility transistors, electronic nanostructures, and
spintronics all require metal contacts and an understanding of metal-ZnO interfaces and
processing techniques. Historically, there has been considerable research devoted to the
surface physics and chemistry of ZnO, in large part due to the strong effect that surface
and polarity have on ZnO interface charge transfer. This chapter will examine the results
of surface and interface research produced over the past fifty years in the context of
Schottky barriers.

The challenge of ZnO surfaces and interfaces is evident from the wide and variable
range of Schottky barriers measured for the same metal on the ZnO surface. In the case of
Au/ZnO diodes, Schottky barrier heights ®gp can range from 0 to 1.2 eV, depending on the
experimental conditions. Similarly wide n-type ®gg' energy ranges are observed for Pt/
ZnO and Ta/ZnO diodes. Furthermore, high work function metals exhibit lower than
expected @3y Since the ZnO electron affinity yzno = ~4.2 eV, @g' should be Py—xzn0 =
5.65—4.2=1.45eV for Pt, whereas measured @gp are limited to 0.96eV for air-exposed
surfaces and 0.75 eV for high vacuum-cleaved surfaces. Wide barrier variations are evident for
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other high work function metals such as Pd and Au with various air-exposed treatments. This
strong dependence on surface preparation indicates that extrinsic factors such as crystal quality
and surface treatment have a large effect on ZnO barrier heights. Understanding these
variations is the aim of this chapter.

4.1.1 ZnO Surface Effects

Investigations of ZnO surfaces and interfaces under controlled ambient conditions, i.e.
in an ultrahigh vacuum (UHV) chamber, began in the 1960s with the pioneering work of
G. Heiland on ZnO surface conductivity. Analogous to Schottky barrier formation, gas
adsorption on ZnO involves charge transfer at the semiconductor interface that alters the
carrier concentration within the surface space charge region. Band bending that induces
charge accumulation near the surface changes the surface conductivity in a manner
similar to transistor action. For adsorbate-induced band bending, however, charge
transfer between the surface and the adsorbate replaces the gate bias action of the
transistor. This effect is especially pronounced for wide band gap semiconductors
such as GaN, ZnO, and other metal oxides whose intrinsic carrier concentrations are
very low.

In the case of ZnO, surface conductivity is strongly dependent on gas adsorption.
Figure 4.1 illustrates the effect of ZnO exposure to oxygen or atomic hydrogen on the
semiconductor’s charge distribution, band bending, and electron concentration.'"!

Oxygen adsorption on clean ZnO surfaces results in charge transfer of electrons to the O
atoms, producing a negatively charged surface and positively charged donors within the
surface space charge region. This n-type (upward) band bending results in a surface band
bending ¢Vp and a carrier concentration n(z) that decreases toward the surface.
Conversely, adsorption of atomic hydrogen on ZnO results in charge transfer from the
adsorbate to the semiconductor. This produces a positively charged surface and negatively
charged acceptors within the surface space charge region. This p-type (downward) band
bending moves the conduction band edge below the Fermi level, inducing an accumulation
of electrons near the surface. In both cases, the carrier concentration #(z) near the surface
differs by orders-of-magnitude from the bulk carrier concentration ng. These charge
transfer processes are the basis for a variety of ZnO thin film and nanostructure gas
Sensors.

Elemental surface composition and bonding can significantly affect ZnO interface
charge transfer. As an example, conductivity changes of ZnO surfaces with gas exposure
exhibit an orientation dependence. Hydrogen exposure increases conductivity o faster on
oxygen-terminated surfaces while oxygen exposure increases o faster on Zn-terminated
surfaces. Figure 4.2 illustrates the change in sheet conductance for atomic hydrogen on
Zn- vs O-terminated ZnO surfaces.

For mobility 1 and carrier density », the sheet conductance g is defined as:

/
gD:q()J u-ndz (4.1)
0

integrated over a layer thickness /. With initial H exposure, g increases to values over
an order of magnitude higher on the oxygen face vs the zinc face. Ultimately, g values
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Figure 4.1 ZnO surface (a) charge distribution, (b) band bending and (c) electron concen-
tration before and after transient exposure to oxygen and atomic hydrogen. Oxygen depletes
the surface of electrons, while atomic hydrogen induces electron accumulation. Reprinted from
G. Heiland, Polar surfaces of zinc oxide crystals, Surf. Sci. 13, Issue 1, 72—-84. Copyright (1969)
with permission from Elsevier

for the two surfaces converge since the final band bending and sheet conductance
depend on the energy and density of the states, regardless of the rate of charge transfer.
Nevertheless, Figure 4.2 shows that the chemical composition and bonding of the outer
surface layer affects the rate of charge transfer at adsorbate—semiconductor interfaces.
Since hydrogen donates electrons to the ZnO for both polar surfaces, one expects the
same band bending and charge transfer once the adsorbate—semiconductor bonding
forms the same localized states. However, the surface atom termination affects the rate
at which chemical bonding and impurity centers form and at which charge transfer takes
place. Such temporal effects play an important role in the sensitivity and response of
ZnO devices. Furthermore, hydrogen and, to a lesser extent, oxygen can diffuse into
metals such as Pd, Pt, and Au, thereby affecting the metal-ZnO Schottky barrier. The
sensitivity of ZnO to hydrogen and oxygen indicates that specific surface chemical
treatments can have pronounced electronic effects that can dominate Schottky barrier
formation.
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Figure 4.2 Sheet conductance vs time for atomic hydrogen exposure to Zn- terminated vs
O-terminated ZnO surfaces. The O-terminated surface exhibits over an order of magnitude
larger response. Reprinted from G. Heiland, Polar surfaces of zinc oxide crystals, Surf. Sci. 13,
Issue 1, 72-84. Copyright (1969) with permission from Elsevier

4.1.2 Early Schottky Barrier Studies

Schottky barrier studies of metals on ZnO began in the mid 1960s as part of a larger effort
to understand semiconductor surface states and Fermi level pinning. Mead prepared clean
metal-ZnO contacts by cleaving ZnO crystals in a stream of evaporating metal within a
high vacuum chamber.””! He observed a relatively wide ® ' range, in contrast to more
covalent compound semiconductors such as GaAs and Si. Kurtin ez al. interpreted this
covalent—ionic contrast in terms of surface states more likely to form due to higher bond
disruption with covalent lattice termination.”*’ Nevertheless the @' range was still
smaller than that expected with different ®y. Indeed, Brillson showed that ZnO @'
appeared to saturate for high work function metals whether plotted vs @y, or the interface
heat of reaction AHg, a measure of the metal reactivity with a semiconductor." Such
saturation is evident for both ionic and covalent semiconductor—metal junctions in general;
it indicates states in the semiconductor band gap that limit Fermi level movement.
Mead’s early work also highlighted the different barrier heights measured by current—
voltage (I-V), capacitance—voltage (C-V), and internal photoemission spectroscopy (IPS).
These differences underscore the need to use more than one measurement technique in
determining Schottky barriers because of, e.g., image force lowering, lateral barrier
inhomogeneities, nonuniform doping, recombination, and parasitic capacitances. In
addition, diodes formed on ZnO prepared by chemical methods in air can introduce
interfacial dielectric layers that alter Schottky barriers significantly. Until the past few
years, most Schottky barrier studies have not involved surfaces prepared under clean
conditions, leading to a wide array of barrier heights and a lack of predictability.
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4.2 Recent Schottky Barrier Studies

With the increased interest in ZnO for device applications, researchers have readdressed
ZnO Schottky barriers under more systematic conditions. Central to such efforts have been
barrier studies on well-characterized ZnO single crystal surfaces prepared in high vacuum
or UHV. In addition, researchers have investigated the role of impurities and defects in
limiting efforts to achieve p-type ZnO, critical for ZnO LEDs and lasers. In the course of
examining impurities and defects in general, researchers have now found considerable
evidence that defects play an important role in Schottky barrier formation as well. Thus
ZnO crystal quality has become a significant factor in ®gg measurements.

4.2.1 Surface Cleaning in Vacuum

The preparation of clean metal-ZnO surfaces is challenging for all but UHV-cleaved
surfaces. Cleaved surfaces require bulk crystals, whereas commercial ZnO is typically
available only in thin film or platelet form. Surface cleaning by ion bombardment
results in damaged surfaces with high concentrations of defects. High temperature
annealing in vacuum or an oxygen ambient also damages the ZnO surface (see below).
On the other hand, a remote oxygen plasma provides a viable method of cleaning ZnO
surfaces.

Coppa et al. measured Schottky barriers on ZnO Zn-polar (0001) and O-polar (000I)
surfaces prepared by oxygen (20% O,/80% He) plasma treatment in a UHV chamber.
Their surface characterization of untreated ZnO polar surfaces showed significant
hydroxide and carbon contamination.”*®’ Annealing in a remote oxygen plasma at 525°C
for 30 min removed all detectable hydrocarbons and left less than half a monolayer of OH
as measured by X-ray photoelectron spectroscopy (XPS). Their studies also showed the
effect of different temperatures, treatment times, and conditions of subsequent cooling on
surface chemical composition, microstructure, and electronic structure.® Significantly,
they also found that annealing at higher temperatures, e.g. 600-700°C, in just a pure
oxygen ambient could eliminate all surface adsorbates but resulted in thermal decompo-
sition of the ZnO surface that degraded the surface microstructure. The latter result is
significant since thermal annealing in oxygen has sometimes been used by researchers to
prepare ZnO for surface electronic studies. Overall, metal diodes to ZnO cleaned with a
remote oxygen plasma at elevated temperatures display large differences in /-V char-
acteristics as a function of surface preparation.

Strzhemechny et al.,”’! Mosbacker et al.™® and Dong et al.”®! have prepared clean ZnO
(0001) and (000I) surfaces using a room temperature remote oxygen (20% 0,/80% He)
plasma (ROP) in a UHV chamber. XPS measurements showed complete hydrocarbon and
nearly complete OH removal along with a clear low energy electron diffraction pattern.'®!
Atomic force microscopy (AFM) showed no significant surface disruption by the remote
plasma treatment. However, this ROP treatment produced a dramatic change in ®gg for Au
diodes from ohmic for as-received surfaces to rectifying with =V barriers of 0.5-0.6 eV.'®!
Ohmic Au/ZnO contacts are frequently observed for air-exposed ZnO surfaces and have
been attributed to an accumulation layer induced by OH adsorbates. OH removal appears
to eliminate this accumulation layer.
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4.2.2 Surface Cleaning Effects on Impurities and Defects

Besides removing surface hydroxides, the ROP treatment also removes H from within the
ZnO surface.””! This is evidenced by a strong reduction in the photoluminescence (PL)
intensity of the I, peak attributed to H in ZnO.!"" The effect of such H is to introduce new
shallow donors that increase n-type carrier concentration.

Another important effect of ROP treatment is to remove subsurface defects. The
presence of electronically active defects and their increase with proximity to the ZnO
surface was first shown by researchers using depth-resolved cathodoluminescence spec-
troscopy (DRCLS). See, for example, Brillson"''" for a review of this technique.
Essentially, an incident electron beam penetrates the solid surface, producing a cascade
of secondaries that lose energy by creating first plasmons and then by impact ionization
and formation of electron—hole pairs. These electron—hole pairs recombine via transitions
involving band-to-band transitions, band-to-defect transitions or transitions due to forma-
tion of new dielectric phases. The rate of electron—hole pair creation reaches a maximum
at depths that increase with increasing electron beam energy Eg. For energies in the range
of 0.1-5keV, these depths are only a few tens of nanometers or less. For minority carrier
diffusion lengths on this scale, it is possible to resolve variations in electronic features as a
function of depth on a nanometer scale. With decreasing Ep, the ratio of 2.5eV “green”
deep level emission intensity /(DL) due to deep level native point defects relative to the
3.3eV near band edge (NBE) luminescence intensity /(NBE) increases.

Figure 4.3(a) illustrates cathodoluminescence spectra for a ZnO(000I) surface measured
with low energy incident electron beams. Besides the NBE peak at 3.3eV, there is
pronounced mid-gap emission at ~2.5 eV, commonly termed “green” emission. The ratio
of this deep level emission intensity /(DL) vs the near band edge emission intensity
I(NBE) increases with decreasing Ep and proximity to the free ZnO surface.'™
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Figure 4.3 (a) DRCL spectra of ZnO(000I) showing increase of deep level “green” lumines-
cence with decreasing Eg. (b) I(DL)/I(NBE) vs incident beam energy and its reduction with
ROP processing
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This increase occurs within the first 50-100 nm and indicates a segregation of native
point defects toward the free ZnO surface. Also shown in Figure 4.3(b) is the reduction of 7
(DL)/I(NBE) with ROP processing, indicative of the sub-surface reduction in native point
defects. As Section 4.4 will show, the presence of such defects can have major effects on
the measurement of Schottky barrier heights.

4.3 The Influence of Surface Preparation on Schottky Barriers

A wide range of Schottky barriers are observed for a given metal on ZnO, depending on
surface preparation prior to metal deposition. Over the past decade, researchers have
explored the effect of different chemical treatments in order to develop reliable rectifying
contacts. A summary of these results appears in Table 4.1.

Table 4.1 lists ®gg' for various metals on ZnO surfaces prepared by different
methods.'*%!>73%! Entries in Table 4.1 are described not only in terms of surface treatment
and measurement technique used but also by crystal quality. The importance of crystal
quality will become apparent in the next section. Table 4.1 shows that ®¢g' ranges from
1.2eV down to ohmic, depending on the metal and on surface treatment. Reliably p-type
ZnO0 is still under development. A wide ®gg' energy range is observed even for the same
metal, e.g. Pt, Au, and Ta. This strong dependence on surface preparation indicates that
extrinsic factors such as crystal quality and surface treatment have a large effect on ZnO
barrier heights. In general, ®gp(C-V)> Pgp(/-V), with the exception of Ag oxide.
Similarly, with the exception of Ag, low work function metals such as In, Al, and Ti
yield low dgps. (Ag oxidizes easily, producing high barrier heights that depend on the
degree of oxidation.) These results indicate that tunneling lowers ®gg(/-V) except where
interfacial oxide layers form.

The influence of ZnO surface preparation and ZnO bulk crystal quality is evident from
transport measurements. /-V measurements of current transport across the metal—
semiconductor interface follow the thermionic emission relationship:

J = A*T?exp(—q®sp /kpT){exp[(qV—JRs) /nksT]—1} (4.2)

where J is the current density, 7 the temperature, V the applied voltage, Rg the series
resistance and n the ideality factor.

From Table 4.1, the highest @' values obtained from /-V experiments can be plotted
vs ideality factor, as shown in Figure 4.4. Figure 4.4 indicates n values considerably larger
than unity, due to image force lowering, thermionic field emission, and lateral contact
inhomogeneity.*®! Higher @' values for Zn-polar vs O-polar surfaces are also evident
from this plot, which features mostly air-exposed ZnO. UHV clean metal-ZnO contacts
also display higher ®gg' values for Zn-polar vs O-polar surfaces as well.!

Note the high ®gg values of Ag—ZnO even though the Ag work function of 4.26 eV is
much less than that of, e.g., 5.65 eV for Pt. This is attributed to the oxidation of Ag, which
increases the Ag work function substantially.”*"’

Allen et al. also investigated the effect of ZnO growth methods on the /-V character-
istics.** Figure 4.5 illustrates I~V plots for hydrothermal vs melt-grown ZnO as well as
their different polar or nonpolar surfaces.
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Table 4.1 @' measurements by various techniques vs orientation and crystal quality for

metals on ZnO surfaces prepared by different cleaning methods. The metal column includes
the corresponding work function. Reprinted from H.B. Michaelson, The work function of the
elements and its periodicity, J. Appl. Phys. 48, 4729. Copyright (1977) with permission from
American Institute of Physics

Metal qdgs" (eV) Ideality  Surface Measurement  Ref.
factor treatment technique

Pt (5.65) 0.75 nonpolar — Vac-cleave IPS (2]
Pt 0.42 (0001) 3.45 HD, ROPT1A -V [16]
Pt Ohmic (0001) NA LD, ATMA =V [16]
Pt 0.39 (0001) 1.00 LD, ROP1A -V [16]
Pt 0.61 (0001) 1.70 PLD, AG =V [21]
Pt 0.85, 0.73 (0001) 1.77 ATMA, LA c-V, -V [22]
Pt 0.96 (0001) 1.1 OCA =V [23]
Pt 0.6 (0001) 3.1 OCA -V [23]
Pt 0.70 (0001) 1.5 UVOA =V [28]
Pt 0.93, 0.89 (0001) 1.15 HPA c-V, -V [32]
Pt 0.55 (0001) 2.0 CCA % [33]
Pt 0.72, 0.68 (0001) 1.2 CCA c-V, -V [33]
Ir (5.27) 0.65 (0001) 2.62 HD, ROP1A =V [16]
Ir 0.69 (0001) 1.58 HD, ROP1A -V [14]
Ir 0.54 (0001) 1.66 LD, ATMA =V [16]
Ir 0.64(0001) 1.36 LD, ROP1A -V [14]
Pd (5.12) 0.68 nonpolar — Vac-cleave IPS (2]
Pd 0.59,0.61,0.60 — Acid etch IPS, C-V, I-V  [12]
Pd 0.73, 0.53 (0001) 1.3 ROP2 c-v, -V (9]
Pd 0.68, 0.61 (0001) 1.2 ROP2 c-V, -V (9]
Pd 1.14, 0.81 (0001) 1.49 AG c-V, -V [24]

PLD
Pd 0.74 (000+1) 2.0 Acetone -V [25]

Acid etch

0.60 (000+1) 1.4 -V
Pd 0.83 (0001) 1.03 HPA -V [26]
Pd 1-1.2 (0001) 1.8 HPA c-V, -V [27]
Pd 0.55 (0001) 2.0 CCA -V [33]
Pd 0.59, 0.59 (0007 1.2 CCA -V, C=vV [33]
Au (5.1) 0.65 nonpolar — Vac-cleave IPS (2]
Au 0.645,0.67,0.66 — — CCA IPS, C-V, -V  [12]
Au 0.67,0.60 (0001) 1.86, ROPHT, ROPRT -V [13]

1.03

Au 0.71 (0001), 117, ROPHT, -V (31]

0.60 (0001) 1.03 ROPRT [31]
Au Ohmic (0001) NA LD, ATMA -V (2]
Au 1.2, 0.81 (0001) 1.2 LD, ROP2 c-V, -V (9]
Au 1.07, 0.77 (0001) 1.3 LD, ROP2 c-V, -V (9]
Au 0.48 (0001) 1.30 LD, ROP1A -V [14]
Au Ohmic (0001) NA LD, ROP1, 650°C |-V [15]
Au 0.43 (0001) 3.57 HD, ROPT1A -V [14]
Au 0.46 (0001) 1.56 LD, ATMA -V [14]
Au 0.48 (0001) 1.30 LD, ROPT1A -V [16]
Au Ohmic (0001) NA ATMA =V [17]
Au 0.63 (0001) 1.15 HPA -V [17]
Au 0.65 (0001) — ATMA -V [18]
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Table 4.1 (Continued)

Metal qdg" (eV) Ideality  Surface Measurement  Ref.
factor treatment technique
Au 0.66 (0001) ZnO:N 1.8 OCA % [20]
Au 0.37 (0001) ZnO:N 3.5 OCA I5l% [20]
Au 0.71, 0.70 (0001) 1.4 CCA -V, &=V [33]
Au 0.70, 0.69 (0001) 1.1 CCA -V, -V [33]
PEDOT:PSS 0.9, 0.7 (0001) 1.2 HT, CCA -V, C-=V (36]
(5.0)
Ti (4.33) <0.3 nonpolar — Vac-cleave -v (2]
Ti Ohmic (0001) NA OCA I5% [29]
Cu (4.65) 0.45 nonpolar — Vac-cleave -V (2]
Al (4.28) 0.0 nonpolar — Vac-cleave -V (2]
Ag (4.26) 0.68 nonpolar — Vac-cleave IPS (2]
Ag 0.92,0.89(1120) 1.33 AG -V, -V [19]
Ag 0.69 (0001) s ATMA -V (18]
Ag 0.84 (1120) 1.5 O; plasma =V (30]
Ag 0.80, 0.78 (0001) 1.2 CCA -V, -V [33]
Ag 1.11, 1.08 (0001) 1.08 CCA highest =V, ¢=V [34]
Ag 0.80, 0.77 (0001) 1.1 CCA -V, -V [33]
Ag 0.99, 0.97 (0001) 1.06 CCA highest -V, ¢V [34]
Ag oxide 1.20, 0.93 (0001) 1.03 HT, OCA, OPS -V, &=V [35]
(~5.0)
Ag oxide 0.99, 0.79 (0001) 1.04 HT, OCA, OPS -V, &=V [35]
Ag oxide 1.03 (0001) 1.14 MG, OCA,OPS % (35]
Ag oxide 0.98, 0.89 (0001) 1.10 MG, OCA,OPS -V, &=V [35]
Ag oxide 1.02 M-plane 1.10 MG, OCA,OPS -V [35]
Ta (4.25) Ohmic (0001) NA ROP1A -V [15]
Ta Blocking (0001) NA LD, ROP1A, -V [15]
350°C
Ta Blocking (0001) NA LD, ROP1A, -V [15]
550°C
Ta Ohmic (0001) NA HD, ROP1A -V [15]
Leaky (0001) NA HD, ROP1A, -V 15]
550°C
In (4.12)) <0.3 nonpolar — Vac-cleave -V (2]

Crystal quality:Low defect (LD); high defect (HD); pulsed laser deposited (PLD); hydrothermal (HT); melt-grown (MG).
Surface treatment: Vacuum cleaved in stream of evaporating metal (Vac-cleave); H;PO,, HCI, deionized water (Acid
etch); chemically cleaned and air-exposed (CCA); laser annealed (LA); remote oxygen plasma cleaned at high temperature
(ROPHT), plus room temperature re-exposure (ROPRT); room temperature remote oxygen plasma for 1 h and air exposure
(ROP1A) or for 2 h without breaking vacuum (ROP2); hydrogen peroxide and air exposed (HPA); acetone, trichloroethy-
lene, methanol and air-exposed (ATMA); organic clean and air exposed (OCA); UV ozone and air-exposed (UVOA);
oxygen-plasma sputtered (OPS); as-grown (AG).

Measurement technique: Internal photoemission spectroscopy (IPS); current-voltage (/-V); capacitance-voltage (C-V).

Here ®gp values decrease with increasing n, due to inhomogeneity that produce a
distribution of barrier heights as well as tunneling contributions to the transport. Barriers
with n values approaching unity are considerably higher than those for conventional
nonideal contacts. Also Ag oxide contacts exhibit higher ®gg for Zn-polar vs O-polar
surfaces similar to those reported for elemental metals.

Barrier inhomogeneity can also account for the difference between barriers measured by
I-V vs C=V. Von Wenckstern et al. have compared eftective barrier heights ®gp_ ¢ for
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Figure 4.4 N-type barrier height &' vs ideality factor n for the highest reported barriers on
ZnO. Reprinted from M.W. Allen, S.M. Durbin, and J.B. Metson, Silver oxide Schottky contacts
on n-type ZnO, Appl. Phys. Lett. 91, 053512. Copyright (2007) with permission from American
Institute of Physics

Pd on ZnO measured by I-V with barriers measured by C-V, (DSB,CV.HO' Figure 4.6(a)
illustrates @gp cfr, Psp, cv and their difference (inset) vs temperature.

Lateral fluctuations in ®@gp can be modeled by a Gaussian distribution of barrier heights
with a standard deviation o around a mean value ®gpg ,, (for zero bias) according to:41!

Dsp o (T) = Dspom(T)—q0?/2kp T (4.3)

The Figure 4.6(a) inset line yields o. Figure 4.6(b) shows the variation of ®gg ¢ With 1/7,
which should be linear if o in Equation (4.3) is temperature independent. Both ®gp ,, and
o can vary with applied voltage V4 with proportionality factors p, and p3, respectively,
according to:

Dspm = Pspom +p2Va (4.4a)

and

o =g, +p3Va (4.4b)

such that the ideality factor is given (for temperature-independent p, and ps3) as:
n=1/[1=p; +ep;/(2ksT)] (4.5)

The slope and straight line fits in Figure 4.6(b) yield p, and p;. In this Pd study,
o = (125 + 15) meV."** This approach provides a method for quantifying the homogene-
ity of Schottky barriers.

Pearton et al. have reviewed Schottky barriers to chemically treated ZnO and noted that
barrier heights do not seem to follow the difference in metal work functions.'**!
They identified Au and Ag contacts on epiready ZnO(0001) surfaces cleaned with just
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Figure 4.5 Room temperature -V characteristics (a, b) and effective ®sz values vs ideality
factors (c, d) for silver oxide diodes on hydrothermal and melt bulk ZnO and for different
surface orientations. Reprinted from M.W. Allen, S.M. Durbin, and J.B. Metson, Silver oxide
Schottky contacts on n-type ZnO, Appl. Phys. Lett. 91, 053512. Copyright (2007) with
permission from American Institute of Physics

organic solvents as Schottky contacts with the lowest reverse current values. However, the
low thermal stability of these contacts to ZnO limits their use in device applications.

As already mentioned, high work function metals exhibit lower than expected ®gg' based
onaZnO electron affinity yz,0 = ~4.2 eV. Highest Au @' were measured for ROP-cleaned
surfaces of low defect (LD) density ZnO. Highest Pd ®gg were measured for hydrogen
peroxide oxidized surfaces. The increased barrier with oxidized interfacial layers indicates a
dipole contribution to ®gp. Similarly, the blocking contact formed at the Ta—ZnO interface
indicates the formation of a Ta oxide layer."'*'*! Indeed, cathodoluminescence (CL) spectra
of the Ta—ZnO interface reveal the presence of a Ta,O3-like layer. On the other hand, H
diffusion can form a dipole at the Pd—ZnO interface that lowers ®gp. !

4.4 The Influence of Defects on Schottky Barriers

While many barrier variations can be ascribed to interface preparation, other extrinsic
factors appear to play a role. Only recently have factors such as crystalline
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Figure 4.6 (a) Effective barrier height ®sg o, Psp cv and ®’sp cy vs temperature for Pd/ZnO
(0001). The inset shows the difference between ®sp o and ®’sp ¢y with the line through the
origin yielding the standard deviation . (b) ®sg o and 1/n-1 vs 1/T. Reprinted from H. von
Wenckstern, Mean barrier height of Pd Schottky contacts on ZnO thin films, Appl. Phys. Lett.
88, 092102. Copyright (2006) with permission from American Institute of Physics

quality, impurity content, and native point defect concentration become serious
considerations.

In this regard, Schottky barrier measurements should take into account the fact that the
quality of ZnO crystals can vary dramatically, depending on the growth method, annealing
conditions, and subsequent polishing or etching. Figure 4.7 displays four examples of
DRCLS spectra taken from ZnO crystals grown from the melt or by hydrothermal
methods."*! Each low temperature spectrum contains near band edge features including
phonon replicas as well as broad deep level features at ~2.1 and 2.4eV.

The depth U, of peak electron—hole pair creation rate varies with incident beam energy
Eg such that Uy =155, 85, 300 and 990 nm for Eg =2, 5, 10 and 20 keV, respectively, for
the bare ZnO surface. Figure 4.7(a) and (b) are from the same crystal grower yet near band
edge (NBE) emission in (a) is an order of magnitude higher but has a much less uniform
distribution of deep level defects at 2.1 and 2.4 eV than in (b). Specifically, deep level
emission in Figure 4.7(a) increases by nearly two orders of magnitude between the near-
surface and the bulk. NBE emission in Figure 4.7(c) is even higher than in (a) plus there is
no measurable deep level emission. In contrast, Figure 4.7(d) shows DRCL spectra from a
hydrothermal crystal grown by a different vendor from (a) and (b) that exhibits orders of
magnitude lower NBE, high deep level emissions, and significant lower uniformity with
depth. This figure shows that defect concentrations can vary by orders of magnitude, not
only from different growers but also with depth on a nanometer scale.

To illustrate the effect of native point defects on /-V features, Figure 4.8 shows how
contacts to remote oxygen plasma (ROP)-cleaned ZnO(000I) surfaces can change from
ohmic to Schottky-like as surface impurities and sub-surface native point defects are
removed. The contributions of surface contamination, sub-surface H, and native point
defects can be separated at different stages of this conversion process. As in Figure 4.3,
DRCLS of a ZnO surface shows that the ~2.5eV increases proportionally as excitation
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Figure 4.7 10K DRCL spectra of ZnO crystals from the same supplier (a) and (b) grown
hydrothermally, (c) melt growth, and (d) grown hydrothermally by a second vendor. All
spectra recorded at constant power and optical resolution

occurs closer to the surface. Figure 4.8(a) illustrates this increase in the 1(2.5eV)/I
(3.36 eV) ratio vs depth of peak excitation rate.">! It also shows the strong decrease of this
ratio with ROP treatment within the outermost few tens of nanometers.

Furthermore, this defect ratio continues to decrease even after 30 min ROP processing,
which XPS and low-energy electron diffraction measurements show cleans the surface
completely. Figure 4.8(b) shows the effect of these treatments. Au diodes on the as-
received surface are ohmic. With 30 min ROP surface cleaning, the /-V characteristic
becomes asymmetric with ®¢g' =0.44 eV and ideality n > 5. Additional ROP processing
further increases rectification: ®gg' increases to 0.51 eV while n decreases to 1.51. Such
studies show that sub-surface defects rather than surface contaminants determine the
Schottky barrier changes.

Hydrogen within ZnO can act as donors, as predicted theoretically” and observed
experimentally,"*>*®! which in turn can lead to heavy n-type doping that narrows the
surface space charge region and promotes tunneling. This is evident from
the ohmic contact (straight line) formed on ZnO exposed to a remote H plasma in
Figure 4.8(b).

[44]
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Figure 4.8 (a) DRCLS ratio 1(2.5eV)/1(3.36 eV) vs depth of peak excitation vs ROP treatment
time. (b) I-V characteristics of Au/ZnO(000I) diodes on these surfaces change: (i) as-received
and chemically etched (AR); (ii) with 30 min ROP cleaning; (iii) 60 min ROP cleaning; and (iv)
subsequent H plasma exposure. Reprinted from L.J. Brillson, et al., Dominant effect of near-
interface native point defects on ZnO Schottky barriers, Appl. Phys. Lett. 90, 102116. Copyright
(2007) with permission from American Institute of Physics

Figure 4.9 further illustrates how the density of native point defects within the ZnO
crystal before metallization strongly affects Schottky barriers. Figure 4.9(a) shows
1(2.5eV)/1(3.36eV) DRCLS intensity ratios for ROP-cleaned ZnO crystals with “high”,
“medium” and “low” defect concentrations. Figure 4.9(a) shows that the defect ratios can
vary by over two orders of magnitude for different ZnO crystals."'*!

Figure 4.9(b) shows that the reverse currents vary by two orders of magnitude for Au
contacts to these surfaces. "High” defect ZnO shows nearly ohmic behavior, "medium”
defect ZnO shows only weak rectification, while the strongest rectification appears for the
“low” defect ZnO. In general, @' are higher for “low” vs “high” defect ZnO crystals with
correspondingly lower ideality factors."'*! The direct correlation between reverse current
leakage and defect density underscores the importance of using low defect crystals in
Schottky barrier research.

The presence of defects and other electrically active sites are strongly affected by
surface preparation as well. Besides the defect variations with depth into the surface
space charge regions shown in Figure 4.7, sizeable variations in ZnO surface potential
are evident that depend sensitively on surface cleaning and polishing. In Figure 4.10(a),
DRCLS spectra show relatively low defect emissions within 40 nm of the free surface
but orders-of-magnitude higher defects deeper into the crystal.*”] This reduction is due
to a chemomechanical polishing that achieves near-monolayer surface roughness as
pictured in the AFM map in Figure 4.10(b). Notwithstanding this apparently smooth
surface, a KFPM map obtained simultaneously with the AFM map shows surface
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Figure 4.9 (a) Defect-to-NBE intensity ratio vs depth for “high”, “medium” and “low” defect
density ZnO. (b) Corresponding |-V characteristics. Reprinted from L.J. Brillson, et al.,
Dominant effect of near-interface native point defects on ZnO Schottky barriers, Appl. Phys.
Lett. 90, 102116. Copyright (2007) with permission from American Institute of Physics

potentials that vary by well over 100 meV on the same surface on a scale of hundreds of
nanometers. In general, one finds larger variations in potential across otherwise smooth
surfaces in crystals with relatively high DRCLS defect emissions below the surface.
Such potential variations are even larger for surfaces with larger rms roughness and
surface asperities.*”! Similar potential variations across hundreds of nanometers in other
crystals can easily account for the distribution of Schottky barrier heights discussed in
Figure 4.6.

Hydrothermal
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1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50

Photon Energy (eV)

(a) (b) (©)

% Y 325
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Figure 4.10 (a) DRCLS of chemomechanically polished ZnO(0001). (b) AFM surface topog-
raphy map of the same crystal with corresponding root mean square (rms) roughness. (c)
Simultaneously acquired Kelvin force probe microscope (KFPM) map. Reprinted from D.R.
Doutt, et al.,, Impact of near-surface native point defects, chemical reactions, and surface
morphology on ZnO interfaces. J. Vac. Sci. Technol. B. 26, 1477. Copyright (2008) with
permission from American Vacuum Society
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4.5 The Influence of ZnO Polarity on Schottky Barriers

Several studies indicate that, as with air-exposed ZnO contacts, metals on Zn-polar
surfaces yield significantly higher ®gg than on O-polar surfaces. This is evident from
Table 4.1, and Figures 4.4 and 4.5 for several metals. It can be attributed to higher sub-
surface defect concentrations for O-polar crystals.””) DRCLS, C-V, and deep level
transient spectroscopy (DLTS) studies show that Zn-face diodes have higher barrier
heights, lower sub-surface deep level defects, and lower sub-surface free carrier con-
centrations than O-face diodes of the same ZnO crystal. Figure 4.11(a) illustrates the ratio
Iper/Ingg of 2.5 eV deep level defect to near-band-edge emission for Zn and O faces of the
same ZnO crystal, both before and after chemical and ROP cleaning and as a function of
depth below the ZnO surface. Defect emissions are always higher for O-face surfaces.'!
Figure 4.11(b) shows the effect of these differences on Au and Pd Schottky barriers on the
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Figure 4.11 (a) Ratio Iper/Inge Of 2.5 eV deep level defect to near-band-edge emission for Zn
and O faces of the same ZnO crystal, both before and after chemical and ROP cleaning. Zn-
terminated surfaces have lower deep level defect densities.”! (b) C2 -V plots for Au and Pd
diodes on Zn-polar and O-polar surfaces of ROP-cleaned ZnO."' Inset shows higher carrier
densities for the O-polar surfaces. (c) DLTS trap emissions vs depth for 32 nm Au on ZnO(0001)
showing an increase in trap £8 with decreasing depth. Reprinted from Z.-Q. Fang, et al., Surface
traps in vapor-phase-grown bulk ZnO studied by deep level transient spectroscopy, J. Appl.
Phys.104, 063707. Copyright (2008) with permission from American Institute of Physics
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same ROP-cleaned surfaces. Zn-polar surfaces yield higher Schottky barriers than O-polar
surfaces for both Au and Pd UHV-deposited contacts formed immediately after ROP
cleaning.

The inset in Fig. 4.11(b) illustrates the change in carrier concentration vs depth obtained
from C -V measurements for all four diodes. The O-face ZnO exhibits substantially
higher carrier densities vs the Zn-terminated surface, apparently from additional acceptors
near the Zn-polar surface.'*®! Furthermore, strong increases in carrier density are apparent
for both surfaces in the 70-100 nm depth range. (C—V measurements at shallower depths
may be subject to forward bias effects.)

Associated with these defect and doping effects, DLTS reveals a strong increase in trap
states approaching the surface. Figure 4.11(c) illustrates DLTS spectra taken from one of
the Au- ZnO(000I) diodes in (b), showing an increase in trap feature E8 located 0.9eV
below the conduction band.'*®! This feature increases by over an order of magnitude
relative to the bulk E3 trap signal as depth decreases from ~180 to ~60nm. Thus both
doping and trap densities are changing dramatically with distance to the free surface. It is
also significant that the trap depth of 0.9 eV corresponds closely to an energy level ~2.5eV
above the valence band, consistent with the 2.5 eV defect emissions in Figures 4.3 and 4.7.
Overall, Figure 4.11 emphasizes the strong coupling between polarity, native point defects
and doping at or near the ZnO surface.

4.6 The Influence of Chemistry

Chemistry also plays a role at metal-ZnO interfaces. There is a qualitative difference
between reactive vs nonreactive metal-ZnQO interfaces. Metals such as Al, Ta, Ti, and Ir
that react with ZnO to form oxides produce defects associated with oxygen vacancies,
whereas metals such as Au, Pd, and Pt that form eutectics with Zn produce defects
associated with zinc vacancies. Depending on the density of defects and the extent of
reaction in the sub-surface region, reactive metals can form either ohmic or blocking
contacts.!'*13!

Finally, native point defects created by chemical reaction and diffusion at the
metal-ZnO interface produce large changes in barrier height. Figure 4.12 illustrates the
creation of new native point defects at the Au— and Al-ZnO interfaces.''*! The ability to
excite CL emission from interfaces is particularly useful for studying localized electronic
states at metal-semiconductor interfaces. In turn, these states can be related to the
Schottky barriers that form with charge transfer across the interfaces. Figure 4.12
illustrates CL spectra for ZnO(000I) surfaces with and without a metal overlayer. The
Figure 4.12(a) insert illustrates a metal overlayer on clean, ordered ZnO along with the
incident electron beams and exciting photons. For the 30 nm thick metal overlayers shown,
the probe depth of 2keV into the bare ZnO is equivalent to the depth excited by 5keV
through the metal.

In the case of Au on ZnO(000I) both the metallized and bare surface ZnO show almost
identical spectra with defect emission almost three orders of magnitude below the NBE
emission. This Au/ZnO diode exhibits rectifying /-V characteristics. In the case of Al on
ZnO(0001), Figure 4.12(b), the metallized surface reveals an increase in the deep level
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emission centered at 2.5eV by nearly an order of magnitude. This increase signifies the
creation of new defect states within a depth of only a few nanometers from the metal
interface. Significantly, these new states occur at the same energy of native point defects
that are intrinsic to the ZnO crystal. This Al/ZnO diode displays ohmic /-V characteristics.

In the case of the same Au/ZnO(000I) diode at different annealing temperatures,
Figure 4.12(c), little or no change takes place in the spectra for temperatures up to 550 °C.
With a 650 °C anneal, however, a new emission appears centered at ~2.0eV. This peak
corresponds to emission frequently seen in bulk ZnO and has been attributed to Zn
vacancies. Recent experiments on implanted ZnO in fact show a strong correlation as a
function of depth between the density of Zn vacancies or vacancy clusters obtained from
positron annihilation spectroscopy (PAS) with the intensity of the ~2eV ZnO deep level
emission measured by DRCLS.*! Likewise, the 2.5eV feature is commonly associated
with oxygen vacancies.['¥

Consistent with the effect of interface metal-ZnO chemistry on Schottky barriers, the
defect emissions and the Schottky barrier characteristics show corresponding changes as a
function of annealing temperature. The CL features shown in Figure 4.12 match the
changes in I-V characteristics as a function of temperature. Figure 4.13 illustrates /-V
characteristics for Al, Au, and Ta vs 1-h anneal at the temperatures indicated. For Al,
Figure 4.13(a) shows that the diode retains its ohmic character with increasing anneal
temperature. This is expected since Al continues to react at higher temperatures with O in
ZnO to create more O vacancies. Figure 4.13(b) shows the dramatic change from
rectifying to ohmic as the annealing temperature nears the Zn—Au eutectic temperature
and Zn vacancy-related defects are created."'! Figure 4.13(c) displays another chemically
driven change in diode properties. Here Ta reacts strongly with ZnO to produce Ta oxide
and forms a blocking contact in addition to new O vacancy-related defects. The result is
that the reverse current characteristic decreases by nine orders of magnitude.!'' Interest-
ingly, even the zero bias point of the /-V curve is displaced due to a built-in dipole at the
Ta—ZnO interface. For ZnO crystals with higher initial defect densities, this blocking
feature also appears at intermediate temperatures. However, reverse current leakage
increases with higher temperature annealing as the additional defects provide hopping
conduction pathways through the barrier layer.

Figures 4.12 and 4.13 lead to several conclusions: (1) metals on semiconductors can
induce the formation of localized interface states; (2) these new states appear at energies
corresponding to point defects native to the bulk semiconductor; and (3) the nature of the
chemical interaction between metal and ZnO determines what states form and at what
temperature. The appearance of new states in Figure 4.12(c) occurs at a temperature just
above the Au—Zn eutectic temperature (625 °C), consistent with the extraction of Zn from
the ZnO. Conversely, the formation of new states at AI-ZnO interfaces is consistent with
the formation of a metal oxide that extracts oxygen from the ZnO. Indeed, the behavior
exhibited by these Au and Al diodes on ZnO are characteristic of many other metals. Thus
relatively unreactive metals such as Au, Pd, and Pt that form eutectics with Zn display
rectifying /-V characteristics and increases in ~2.1eV defect emission, particularly at
elevated temperatures. Conversely, more reactive metals such as Al, Ta, and Ir react
with the crystal’s oxygen to form oxides and display ohmic behavior. This can explain the
@' vs AHR plots for metals on ZnO that show characteristic “S-shape” plateaus in barrier
height for reactive vs unreactive metals.!*!
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Recently, Allen and Durbin recognized the role of metal-ZnO chemical reaction in
forming oxygen vacancies and gap states that “pin” the Fermi level, pointing to the
increase in @gy' with free energy of formation of its metal oxide® [see Figure 4.14(a)].
Robertson et al. find a similar trend for an even wider set of metal oxides®®!! (see
Figure 4.14(b)]. Allen and Durbin noted that their Ag oxide contacts were unlikely to form
such oxides with ZnO and thus enabled less Er pinning. The role of native point defects in
Er stabilization was first noted in studies of metal-InP interfaces, where outdiffusion of
anions or cations promoted by the interface chemistry leads to two distinct Schottky
barrier levels, depending on the anion/cation nonstoichiometry.”**) Metals that react
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Figure 4.14 (a) Free energy of metal oxide formation per O atom vs metal work function for
common metal contacts to ZnO. Reprinted from M.W. Allen and S.M. Durbin, Influence of
oxygen vacancies on Schottky contacts to ZnO, Appl. Phys. Lett. 92, 122110. Copyright (2008)
with permission from American Institute of Physics (b) Experimental values of MOy per O atom
vs work function for a wider range of metals. Reprinted from J. Robertson, O. Sharia, and A. A.
Dembkov, Fermi level pinning by defects in HfO2-metal gate stacks, Appl. Phys. Lett. 91,
132912. Copyright (2007) with permission from American Institute of Physics (c) Transition in
Schottky barrier with interface chemical reactivity for ZnO and other compound semiconduc-
tors. Reprinted from L.J. Brillson, Transition in Schottky Barrier Formation with Chemical
Reactivity, Phys. Rev. Lett. 40, 260. Copyright (1978) with permission from American Physical
Society
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strongly with semiconductor anions form low or zero barriers while relatively unreactive
metals form high barriers. Figure 4.14(c) illustrates the transition in @gg' for ZnO with
interface heat of reaction,

Ay = (1/%)[Hs (CA)—Hr(M(A)] (4.6)

for the reaction M + (1/x)CA = (1/x)[M A 4+ C] for metal M, anion A, and cation C,
where M, A is the most stable metal-anion reaction product.'54' In this case, C =7n and
A =0. Metals that form oxides form low barriers while relatively unreactive metals that
only form eutectics with Zn form barriers in the ~0.7 eV range. This transition in Schottky
barrier between two limiting values is common to most if not all compound semicon-
ductors, regardless of ionicity. Together with the observed formation of native point
defects at the metal-semiconductor interface with electronic states in the band gap,
Figure 4.14(c) demonstrates that the same chemically induced defect principle applies to
ZnO as well. Overall, these interface-specific states indicate that native point defects can
play an important role in Schottky barrier formation.

Along with the increase in defect emission measured with DRCLS at the intimate
metal-ZnO contact, the corresponding I-V characteristics show increased leakage or
current blockage, depending on whether or not the metal forms an interfacial oxide. These
ZnO results demonstrate that native point defects resident in the bulk crystal as well as
similar defects produced by chemical interaction at the ZnO interface have a strong effect
on Schottky barrier formation. This finding has broad significance for Schottky barrier
studies given Figure 4.7 and the orders-of-magnitude difference in defect densities and
density variations with depth between ZnO crystals grown by different growth methods —
hydrothermal, melt, vapor phase transport, and molecular beam epitaxy, the same growth
method but different sources, and even crystals grown by the same method from the same
source! Low defect ROP-cleaned ZnO displays higher Schottky barriers and lower
idealities than the corresponding metal diode on ROP-cleaned high defect material.!'¥!
Similarly, low defect ZnO shows much lower increases in defect creation and depth
redistribution than high defect ZnO. Thus considerable evidence exists to suggest that
Schottky barrier features depend heavily on native point defect densities resident in the
crystal prior to diode formation. Therefore, a knowledge of these defect concentrations and
their depth distribution is a prerequisite for Schottky barrier studies.

4.7 Charge Transport and Extended Metal-ZnO Schottky Barriers

The effects described thus far can be represented schematically in terms of a competition
of several interface charge transport mechanisms as well as in terms of chemically active
interface material structures. Figure 4.15(a) represents these charge transport mechanisms
schematically. Here thermionic emission of carriers over the Schottky barrier is augmented
by tunneling through the barrier and hopping transport through states within the band gap.
Impurities or defects that increase carrier density inside the surface space charge region
will decrease the barrier width, thereby increasing the contribution of tunneling to the
overall current. Similarly, increasing defect concentrations near the semiconductor surface
enables charge movement through the semiconductor depletion region, especially at defect
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Figure 4.15 (a) Competing charge transport mechanisms in ZnO including thermionic
emission, tunneling, and hopping transport through defect levels in the band gap. (b)
Schematic band diagram of extended metal-semiconductor interface including reacted and
interdiffused regions with associated changes in band bending and interface dielectric phases

densities at which the gap state wave functions begin to overlap. Indeed, if enough defects
are introduced, e.g., by near-surface segregation or surface mechanical damage, the
otherwise Schottky barriers become ohmic.

Beyond the multiple channel charge transport pictured in Figure 4.15(a), Figure 4.15(b)
illustrates how chemical interactions at the microscopic metal-ZnO interface alter the
classical Schottky barrier picture.l>>3®! Metal-ZnO reactions can introduce new dielectric
layers that block transport or change the effective work function at the intimate junction.
The chemical interactions evident in Figure 4.12 demonstrate that such interactions are
common in ZnO and other oxides. Figure 4.15(b) also shows changes in the band bending
region of the semiconductor due to semiconductor anion and/or cation outdiffusion as well
as metal or other impurity indiffusion that change the effective carrier concentration at
different depths. Such chemical changes thereby contribute to the tunneling and/or
hopping transport pictured in Figure 4.15(a).

These charge transport mechanisms are in fact more general than ZnO alone,
extending to compound semiconductors overall. They highlight the importance of initial
semiconductor crystal quality, surface preparation, contact formation, subsequent thermal
or other processing, and the resultant interface chemical reaction and/or and diffusion
leading to the formation of electronically active states within the semiconductor
band gap.

Based on these factors, controllable ZnO Schottky barriers require at minimum:
(1) high quality single crystals whose defect concentrations are several orders of
magnitude below unintentionally doped crystal concentrations; (2) surface preparation
that removes chemical contamination such as hydroxides and hydrocarbons without
creating surface asperities beyond monolayer roughness levels; (3) contact formation
by metal deposition that does not introduce additional near-interface contamination,
reaction, or other semiconductor disruption; and (4) any subsequent thermal processing
kept below temperatures at which that particular metal-semiconductor reaction can occur.
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For high barriers, Table 4.1 shows that high work function metals such as Au, Pd, and Pt
are good candidates although ambient gas diffusion through Au and Pd introduces
interface dipoles that can alter the barriers. Ag provides relatively high barriers once
oxidized and if the final reaction product is thermally stabilized. Ta reacts to form Ta oxide
interlayers that block transport effectively. However, excessive annealing coupled with
high background defect densities can degrade the blocking layer. In this regard, Ir is found
to yield relatively high barriers due to its high work function, weak reactivity with ZnO,
and stability in air. A new strategy to avoid interface chemical interaction is to use high
work function and chemically inert conducting polymers to form high barriers.*®! For
ohmic contacts, low work function metals such as Al, Ti and In are good candidates in low
defect ZnO as long as they do not react to form blocking oxides. Reactive metals such as
Al and Ti will also form interface defects that promote hopping transport.

4.8 Conclusion

Schottky barriers to ZnO show a wide range of phenomena and electronic behavior. These
can all be directly tied to the chemical and structural changes that researchers are now
beginning to probe systematically on an atomic scale. Work on ZnO contact has only
recently been carried out on high quality material, nearly free from complicating factors
such as impurities, morphological and native point defects. These advances will help
accelerate our understanding and control of ZnO electrical contacts.
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Native Point Defects and Doping in ZnO

Anderson Janotti and Chris G. Van de Walle
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5.1 Introduction

Controlled introduction of impurities (“doping”) forms the basis of much of semiconduc-
tor technology; indeed, p-type (acceptor-doped) and n-type (donor-doped) layers and the
junctions between them control carrier confinement, carrier flow, and ultimately the device
characteristics. Achieving both n-type and p-type conductivity has traditionally proved to
be a challenge in wide-band-gap semiconductors.

The doping can be affected by the presence of native point defects such as vacancies
(Vz, and V), self-interstitials (Zn; and O;) and antisites (Zng and O,). Such defects may
cause self-compensation: e.g. when one tries to dope the material p-type, certain native
defects that act as donors may spontaneously form and compensate the deliberately
introduced acceptors. In ZnO, specific native defects have long been believed to play an
even more important role. As-grown ZnO frequently exhibits high levels of unintentional
n-type conductivity, and native point defects have often been invoked to explain this
behavior. In particular, the oxygen vacancy and the Zn interstitial, which act as donors,
have most often been mentioned as sources of n-type conductivity in ZnO. We will see
there is no convincing evidence that this is actually the case.

A lot of progress has been made in the last few years in our understanding of impurities
and native defects in ZnO: the availability of higher-quality bulk crystals and epitaxial
layers has allowed for better experiments, and first-principles calculations have provided a
sound theoretical foundation.
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In Section 5.2 we discuss the theoretical framework for describing incorporation of
defects and impurities, reviewing the results of different approaches to overcome the band-
gap problem in density functional theory (DFT). Section 5.3 focuses on results for native
point defects, paying particular attention to the oxygen vacancy, which has frequently (and
incorrectly) been invoked as the source of n-type conductivity in ZnO. Section 5.4
discusses donor impurities, and Section 5.5 acceptor impurities. The chapter ends with a
brief discussion of isoelectronic impurities in Section 5.6.

5.2 Theoretical Framework

The equilibrium concentration of an impurity or native defect is given by:
= Nﬁitesexp(iEf/kBT) (5 1)

where Ef is the formation energy, N 1s the number of sites the defect or impurity can be
incorporated on, kp is the Boltzmann constant, and 7 is the temperature. Equation (5.1)
shows that defects with a high formation energy will occur in low concentrations.

The formation energy is not a constant but depends on the growth conditions. For
example, the formation energy of an oxygen vacancy is determined by the relative
abundance of Zn and O atoms, as expressed by the chemical potentials uz, and po,
respectively. If the vacancy is charged the formation energy depends further on the Fermi
level (Eg), which acts as a reservoir for electrons. Forming an oxygen vacancy requires the
removal of one oxygen atom; the formation energy is therefore:''~*!

1
Ef(Vg) == E[Ot(vg) - Elot(ZnO) + EEtOl(OZ) + /,LO + qEF. (5.2)

Eiot(V3), Eiot(ZnO) and Ey,(O,) are the total energies of ZnO with an oxygen vacancy in
charge state g, ZnO perfect crystal, and an O, molecule, respectively, and are usually
calculated using a supercell that is periodically repeated in the three dimensions.
The oxygen chemical potential ug is the energy of the O reservoir, and Ef is the Fermi
level. Similar expressions apply to the other native defects and to the various impurities.

The chemical potentials po and uz, depend on the experimental growth conditions,
which can be either Zn-rich or O-rich (or anything in between). They should therefore be
explicitly regarded as variable in the formalism. However, in thermodynamic equilibrium
it is possible to place bounds on the chemical potentials. The O chemical potential yg is
subject to an upper bound given by the energy of O in an O, molecule, corresponding to
extreme O-rich conditions (ug™ = 0); similarly, the Zn chemical potential pz, is upper
bounded by the energy of Zn in zinc metal, corresponding to extreme Zn-rich conditions
(ug2* = 0). It should be kept in mind that these chemical potentials, which are free
energies, are temperature and pressure dependent.

The upper bounds in pp and uz, defined above lead to lower bounds given by the
stability of ZnO:

lizn + o = AH((ZnO) (5.3)
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where AH{ZnO) is the formation enthalpy of ZnO. The upper limit on the O chemical
potential (u35* = 0) then results in a lower limit on the Zn chemical potential:

ppa = AH(ZnO) (54)

Similarly, the upper limit on the Zn chemical potential (1)}2* = 0) results in a lower limit
on the O chemical potential:

§Bn — AH(ZnO) (5.5)

By combining Equation (5.4) or Equation (5.5) with Equation (5.3), we observe that the
host chemical potentials thus vary over a range corresponding to the magnitude of the
enthalpy of formation of ZnO. The calculated values of AH{(ZnO) are usually in good
agreement with the experimental value of —3.61 eV."!

The Fermi level Eg in Equation (5.2) is usually referenced to the valence-band
maximum (VBM). It is not an independent parameter, but is determined by the condition
of charge neutrality. In principle equations such as (5.2) can be formulated for every native
defect and impurity in the material; the complete problem (including free-carrier con-
centrations in valence and conduction bands) can then be solved self-consistently,
imposing charge neutrality. However, it is instructive to examine formation energies as
a function of Ef in order to examine the behavior of defects and impurities when the
doping level changes.

Defects and impurities often introduce levels in the band gap; these transition levels can
be obtained based on the calculated formation energies. The transition level &(q + 1/q) is
defined as the Fermi-level position for which the formation energies of charge states ¢ + 1
and ¢q are equal. The experimental significance of this level is that for Fermi-level positions
below &(q+ 1/g), charge state g+ 1 is stable, while for Fermi-level positions above
&(q+ 1/q), charge state ¢ is stable.

Calculations for native point defects in ZnO have been performed with a variety of
methods, but in this Chapter we will limit the discussion to calculations based on state-of-
the-art first principles techniques. Such calculations, used to derive E, in Equation (5.2),
do not require any adjustable parameters or any input from experiment. They are based on
DFT," usually using the local density approximation (LDA) or generalized gradient
approximation (GGA), using a supercell geometry and ab initio pseudopotentials. Details
of the computational approach can be found in the literature.!>>

5.3 Native Point Defects

Density functional calculations for native point defects in ZnO have been reported by
several groups.'*2° However, the fact that the band gap of ZnO is severely underestimated
by the commonly used LDA or GGA functionals makes the interpretation of the
calculations very difficult. Defects often induce occupied states in the band gap. These
states have a certain ratio of valence- vs conduction-band character and, therefore, their
positions with respect to the VBM can be underestimated. This uncertainty affects the
prediction of transition levels and formation energies, leading to potentially significant
errors, especially in the case of wide-band-gap semiconductors such as ZnO.
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Different approaches to overcome the DFT-LDA or -GGA deficiencies in predicting
band gaps have been employed in the investigation of point defects in ZnO. These include
self-interaction corrections, the LDA + U, and the B3LYP and HSE hybrid func-
tionals.>*142% Although uncertainties still exist in the numerical values of formation
energies, important qualitative conclusions can be extracted.

Most of the calculations agree that oxygen vacancies and zinc vacancies are the lowest
energy defects, followed by the Zn interstitial and the ZnO antisite. Oxygen interstitials
and O, antisites were found to be high in energy. The defects that are favored under
Zn-rich conditions (Vp, Zn;, and Zn) all act as donors, while those that are favored under
O-rich conditions (Vz,, O;, and Og,) all act as acceptors. In Figure 5.1 we show the
calculated defect formation energies as a function of Fermi level from Janotti and Van de
Walle.'®! These results were obtained using an extrapolated scheme based on LDA and
LDA + U calculations, as discussed in the literature.[®1%13!

Despite the qualitative similarities, it is important to discuss the differences between the
results given by the various approaches employed to calculate transition levels and
formation energies of defects in ZnO. Calculations that are based purely on LDA or
GGA functionals carry a large uncertainty in the transition levels and formation energies
due to the severe underestimation of the band gap of ZnO. In these cases, transition levels
related to defects that induce (single-particle) states in the band gap can be significantly
underestimated. When these single-particle states are occupied with electrons, the
formation energies for the relevant charge states will be underestimated as well.

In an attempt to overcome this issue, Zhang et al. included empirical corrections to the
bare DFT-LDA results.”® As a main result, they have found that Vg, has a high formation
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Figure 5.1 Formation energies as a function of Fermi-level position for native point defects in
ZnO for Zn-rich (a) and O-rich (b) conditions. The zero of Fermi level corresponds to the
valence-band maximum. Only segments corresponding to the lowest-energy charge states
are shown. The slope of these segments indicates the charge state. Kinks in the curves indicate
transitions between different charge states. Reprinted from A. Janotti and C. G. Van de Walle,
Native point defects in ZnO, Phys. Rev. B 76, 165202. Copyright (2007) with permission from
The American Physical Society
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energy in n-type ZnO, with the &(2 +/0) transition level located in the upper part of the
band gap. Lany and Zunger"'”! performed LDA + U calculations, which partially correct
the band gap, and used these results to correct the position of the VBM in ZnO. Otherwise,
the results were based on LDA and a rigid shift of the conduction-band minimum (CBM)
to correct the band gap, while leaving the positions of deep levels unchanged. Lany and
Zunger obtained the Vg (2 +/0) transition level at ~1.6eV above the VBM.

Using LDA + U, Paudel and Lambrecht concluded that the Vg (2 + /0) transition level
is located near the VBM.!"®! Their scheme includes an application of U to the Zn s states
that dominate the character of the conduction band, in addition to applying U to the Zn d
states. This seems to go against the nature of the LDA + U correction, which is intended to
correct the energies of localized states that are underbound in LDA. While the semicore Zn
d states are indeed quite localized, the Zn s states that make up the conduction band are
clearly delocalized extended states. Since the Vg related state in the gap has a large
contribution from Zn s states, the application of U to Zn s states will also affect the position
of the Vg related state in an unphysical way.

Janotti et al. recognized that LDA + U affects both valence and conduction bands of
ZnO™" and that the single-partice defect states are corrected according to their valence- vs
conduction-band character. Because LDA + U only partially corrects the band gap, an
extrapolation scheme based on the LDA and LDA + U calculations was then employed to
obtain gap-corrected transition levels and formation energies that can be quantitatively
compared with experimental results.'®'#!5]

Using the B3LYP hybrid functional, Patterson carried out calculations of Vg in
Zn0."% The B3LYP results for the electronic structure of Vo in ZnO are consistent with
those obtained by Janotti and Van de Walle.'>'*'5] However, Patterson’s interpretation
of the transition levels based on the results for the single-particle states is not correct.
The position of the transition levels cannot be directly extracted from the position of the
single-particle states. Transition levels must be calculated based on differences in
formation energies (as explained in Section 5.2). This is particularly important for
defects which exhibit very different lattice relaxations in different charge states, which
as we will see is the case of Vg in ZnO.

Oba et al. recently performed calculations for point defects in ZnO using the HSE
hydrid Functional.'”®! The calculated single-particle band structure for oxygen vacancy
using the HSE is shown in Figure 5.2.%”! The position of the transition levels in the HSE
are in good agreement with the results of Janotti and Van de Walle.'” However, the
formation energy of Vj, is relatively low, indicating that these defects would be present in
significant concentrations in n-type ZnO. This is inconsistent with the results of recent
experiments on ZnO single crystals, in which electron paramagnetic resonance (EPR)
signals identifying oxygen vacancies are not present in as-received crystals.*?! Oxygen
vacancies are observed only after irradiating the samples with high energy electrons.

5.3.1 Oxygen Vacancies

The oxygen vacancy has frequently been invoked as the source of unintentional n-type
conductivity in ZnO. However, all density functional calculations indicate that this
assignment cannot be correct. According to DFT calculations/¢-3:11:12:14.16.17.19.20] 'y |
is a deep rather than a shallow donor and, consequently, cannot contribute to n-type
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Figure 5.2 Band structure for the ZnO perfect crystal, and oxygen vacancy (Vo) in the neutral
and +2 charge states obtained using the HSE hybrid functional. The zero in energy corresponds to
the valence-band maximum in the perfect crystal. Reprinted from F. Oba, A. Togo, I. Tanaka, /.
Paier, and G. Kresse, Defect energetics in ZnO: A hybrid Hartree-Fock density functional study,
Phys. Rev. B 77, 245202. Copyright (2008) with permission from The American Physical Society

conductivity. Although the calculations reported in the literature differ on the values for
transition levels and formation energies due to the different approaches to correct the band
gap, they unanimously agree that Vg, is a deep donor. According to Figure 5.1, the (2 4 /0)
transition level is located at ~1 eV below the CBM, i.e. Vg is stable in the neutral charge
state in n-type ZnO. The oxygen vacancy is a “negative-U” center, implying that £(2 4/ +)
lies above &(+/0) in the band gap.!®'*! As the Fermi level moves upward, the charge-state
transition is thus directly from the 42 to the 0 charge state.

It should be noted that, while Vg cannot contribute to the n-type conductivity in ZnO
because it assumes the neutral charge state when the Fermi level is near the CBM, it can be a
source of compensation in p-type ZnO. In this case, V assumes the 42 charge state when the
Fermi level is near the VBM and has relatively low formation energies as shown in Figure 5.1.

An alternative way to express the negative-U behavior of Vg, is to say that Vj is always
higher in energy than either Vé+ or V3, for any Fermi-level position. The positive charge
state is thus never thermodynamically stable. This is an important finding, because it is
the positive charge state, with its unpaired electron, that is detectable by magnetic
resonance techniques. An EPR signal associated with V should thus not be observed
under thermodynamically stable conditions. It is, of course, possible to create oxygen
vacancies in the 41 charge state in a metastable manner, for instance by excitation with
light. Once generated, V~ does not immediately decay into the +2 or neutral charge state
because of energetic barriers. These barriers are associated with the large lattice relaxa-
tions that occur around the oxygen vacancy; " these relaxations are very different for the
different charge states as shown in Figure 5.3. Therefore, it is possible to detect EPR
signals due to V upon photoexcitation at low enough temperatures, but if the excitation is
removed and the temperature is raised, these signals decay.
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Figure 5.3 Ball and stick model of the local atomic relaxations around the oxygen vacancy in
the (a) neutral, (b) +1 charge state and (c) +2 charge states. In the neutral charge state, the
four Zn nearest neighbors are displaced inward by 12% of the equilibrium Zn-O bond length.
In the +1 charge state, the four Zn nearest neighbors are displaced outward by 3%, and for the
+2 charge states the displacements are outward by 23%. Local structure of the zinc interstitial
(d), zinc antisite (e), and zinc vacancy (f).

Vlasenko and Watkins have carried out optically detected electron paramagnetic
ressonance (ODEPR) experiments using high quality ZnO single crystals.'**! They report
very interesting results related to oxygen vacancies that are in good agreement with the
first principles results shown in Figure 5.1. First, the EPR signals related to Vg could be
detected only after irradiating the ZnO samples with high energy electrons. This indicates
that oxygen vacancies are not present in the as-grown (or as-received) ZnO single crystals,
supporting the results shown in Figure 5.1, in which Vg has a high formation energy in n-
type ZnO. Recent experiments by Evans et al. also confirm that the EPR signals related to
oxygen vacancies are not detectable in as-grown ZnO single crystals, but only after
irradiation.**!

Secondly, Vlasenko and Watkins have reported that Vj can be observed only upon
excitation with photon energies above ~2 eV.** Evans et al. report an threshold excitation
energy of 2.1 eV.[** These results clearly confirm that V4 is not thermodynamically stable
as discussed in the literature./®'*! Moreover, the excitation energy is in good agreement
with the optical transitions extracted from the calculated configuration coordinate diagram
from Janotti and Van de Walle,''*! reproduced in Figure 5.4.

5.3.2 Zinc Interstitials

Zinc interstitials are stable at the octahedral interstitial site as shown in Figure 5.3(d). The
£(2+/+) and &(+/0) levels of Zn; lie above the CBM,®%] implying that the zinc
interstitial will always donate electrons to the conduction band, thus acting as a shallow
donor. Note that electrons can be trapped in an extended (hydrogenic) state around Zn; at
low temperatures.
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Figure 5.4 Calculated configuration coordinate diagram for V3, Vg and V3™ for Fermi energy
(EF) at the conduction-band minimum (CBM). The arrow represents an optical transition from
V3 to VF in n-type ZnO. Reprinted from A. Janotti and C. G. Van de Walle, Oxygen vacancies
in ZnO, Appl. Phys. Lett. 87, 122102. Copyright (2005) with permission from American
Institute of Physics

Under n-type conditions (Fermi level high in the band gap), Zn, has quite a high formation
energy, even under extreme Zn-rich conditions,'®®'> as shown in Figure 5.1. Zinc inter-
stitials are thus unlikely to be responsible for unintentional n-type conductivity. Note that the
formation energy of Zn;"? decreases rapidly when the Fermi level moves lower in the band
gap; the zinc interstitial is thus also a potential source of compensation in p-type ZnO.

The fact that Zn interstitials act as shallow donors was experimentally established by
heating ZnO crystals in Zn vapor followed by a rapid quench;**' Hall measurements
indicated the appearance of a shallow donor with ionization energy of 51 meV.!*!

Evidence for Zn interstitials as shallow donors also resulted from high-energy electron
irradiation experiments by Look e al.*®! The donor was identified as a Zn-sublattice
defect based on a much higher production rate for the Zn (0001) face than for the O (0001)
face, and was found to have an ionization energy of 30 meV. Alternatively, it was
suggested that a Zn-interstitial related complex could be responsible for the observations.
Look et al. suggested that Zn,-Ng would form under N ambient conditions and contribute
to the unintentional n-type conductivity.”*”’

5.3.3 Zinc Antisites

First-principles calculations'®® have found Zng, antisites to be higher in energy than the
other donor-like native defects (Vo and Zn;). The calculations of Oba et al.”’! found Zng to
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be comparable in energy with V under Zn-rich conditions. Recent calculations revealed a
large off-site displacement of the Zn atom,'® as shown in Figure 5.3(e). All calculations
agree that zinc antisites behave as shallow donors, however they have high formation
energies in n-type ZnO. Zinc antisites could potentially play a role under nonequilibrium
conditions, for instance under irradiation.””® When created, they would contribute to
n-type conductivity.

5.3.4 Zinc Vacancies

Zinc vacancies have high formation energies in p-type ZnO, but their formation energies
are low enough in n-type ZnO (Figure 5.1) to occur in modest concentrations.''! They
would introduce a small amount of compensation. The relaxations around V, in the 2
charge state is shown in Figure 5.3(f).

Several EPR observations of zinc vacancies have been reported. EPR signals with g
factors in the range 2.0018-2.056 were observed in irradiated single crystals by Taylor
et al.”® Tt was proposed that one subset of these lines would be due to Zn vacancies.
Galland and Herve!® observed lines with g factors between 2.0024 and 2.0165 in
irradiated single crystals, also attributing them to Zn vacancies. Recent first-principles
calculations'® indicate that the zinc vacancy is indeed a deep acceptor with low formation
energy in n-type ZnO. Zinc vacancies are also a likely cause of green luminescence in
ZnO,[ﬁ’ﬂ as discussed in Section 5.3.5.2.

5.3.5 Defect Migration

When studying point defects in ZnO, it is also important to know their mobility in the ZnO
lattice. Point defects mediate self-diffusion and impurity diffusion, and often play an
important role in impurity incorporation during growth and processing. Neumann summa-
rized experimental results up to 1981 for diffusion of host atoms as well as impurities in
Zn0.% Values for activation energies of Zn self-diffusion range from 1.9 to 3.3 eV, while
activation energies for oxygen self-diffusion vary in a much wider range, from 1.5to 7.5 eV.

We note that interpreting these results or using them in a predictive manner is not
straighforward. It is important to keep in mind that the activation energy for self-diffusion is
the sum of the formation energy of the defect responsible for self-diffusion and the migration
energy of the defect. The latter is a well defined quantity, which can be obtained from density
functional calculations as the energy difference between the saddle point along the migration
path and the initial or stable state. The first term in the activation energy, however, namely the
formation energy of the defect, strongly depends on the experimental conditions, as should be
clear from Equation (5.2): details of Fermi-level position and, in particular, chemical
potentials can cause large changes in the formation energy. It is usually not straightforward
to assess how the environmental conditions will affect the formation energy and hence the
activation energy for self-diffusion. This explains the wide spread in the reported values, and
makes it difficult to offer predictive values.

Tomlins et al.®" reported an activation energy of 3.86eV for self-diffusion of Zn in
ZnO, and suggested that Zn self-diffusion is controlled by a vacancy mechanism. The
activation energy is the sum of the formation energy of the defect responsible for self-
diffusion (either the Zn vacancy or the Zn interstitial, in this case) and the migration energy
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of the defect. Based on experiments involving heating crystals in Zn vapor followed by
rapid quenching, Thomas reported a migration barrier of 0.55eV for Zn interstitials in
Zn0.”* Recent density functional calculations revealed that Zn interstitial migrates
through a kick-out mechanism with a very low migration barrier of 0.57 eV.!®) However,
because the formation energy of the Zn interstitial is very high in n-type samples, even
under Zn-rich conditions, it is unlikely that Zn interstitial mediates Zn self-diffusion in the
samples that have been studied to date, which are invariably n-type. Instead, it is more
likely that Zn self-diffusion is mediated by Zn vacancies which require a higher energy
barrier of 1.40eV, but have a much lower formation energy in n-type ZnO.'!

Note that a migration barrier of 0.57 eV implies that Zn interstitials are mobile at room
temperature; zinc interstitials are thus unlikely to occur as isolated interstitials, but will
have a high tendency to either diffuse out of the sample or to bind with other defects or
impurities. This renders it less likely that Zn interstitials can contribute to unintentional n-
type conductivity in ZnO.

For diffusion of oxygen in ZnO, Tomlins and Routbort'*?! reported an activation energy
between 3.6eV and 4.2 eV. Here the point defect responsible for diffusion would be the
oxygen vacancy or the oxygen interstitial. Oxygen interstitials can be stable as deep
acceptors at the octahedral interstitial site, or as a split interstitial, where the extra oxygen
atom shares a regular lattice site with a host oxygen atom.!®'> Oxygen interstitials at the
octahedral site [Ofoct)] have a low migration barrier, but in order to contribute to self-
diffusion they would ultimately need to become substitutional again, by exchanging
positions with oxygen atoms at the regular lattice sites. Calculations indicate that this
process involves a high energy barrier.'®! Oxygen split interstitials have high formation
energies and cannot explain the results of Tomlins and Routbort either.!**! Since Tomlins
and Routbort stated that their experiments were performed in semi-insulating crystals,
first-principles calculations thus indicate that oxygen self-diffusion is mediated by doubly
ionized oxygen vacancy (V3 +) with a calculated activation energy of 4.5 eV.!©

5.3.5.1 EPR Observations of Point Defects in ZnO

There are numerous reports of EPR measurements of oxygen vacancies in the literature;
they are summarized in Table 5.1./! The observations fall into two broad categories: those
with g & 1.96, and those with g ~ 1.99. The g~ 1.99 line has been consistently assigned to
oxygen vacancies, and we support that assignment. Indeed, this signal has only been
observed after irradiation of the samples, clearly indicating it is related to a point defect.
Also, it has been found that illumination is necessary to observe the center, consistent with
the theoretical result that some type of excitation is required in order to generate the
paramagnetic +1 charge state.

Smith and Vehse!*®! were the first to provide a conclusive assignment of the g~ 1.99
EPR line to the oxygen vacancy in ZnO. Using a ZnO crystal that had been irradiated by
high-energy electrons, they observed that the g =~ 1.99 center is light sensitive (light being
essential to create the V' charge state). They also observed hyperfine interaction lines
associated with the ®’Zn neighbors of the vacancy. Similar hyperfine structure was
observed by Gonzalez et al.'*” Soriano and Galland">*! have also shown that illumination
is necessary to detect the g = 1.99 line, and measured its decay after illumination is turned
off. The light sensitivity and metastability is consistent with the current model of oxygen
vacancies in ZnQ.!%1%-14
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Table 5.1 Overview of electron paramagnetic resonance observations of donors in ZnO

g value Sample Treatment Assignment Reference
gn=1.956, g, =1.955 single crystal  1150°C, 7h els. bound [33]
at donors
gn=1.957, g, =1.956 powder 900°C, 2h Vo [34]
gn=1.956, g, =1.955 single crystal - els. in CB [35]
or donor band

g~1.96 powder 975°C, 1-20h [36]

g=1.9539 powder - Vo [37]

g=1.9564,1.9600 powder 575K, vac+ O, [38]

gn=1.9576, g =1.9557  single crystal - Vo [39]

g=1.9557 powder - Vo [40]

g=1.956 powder - Vo [41]

g = 1.955 powder 930°C, H, Vo [42]
then O,

gn1=1.9573, g, =1.9557  powder - Vo (43,44]

g=1.9564, g=1.9596 powder 700-900°C, Vo [45]
NZ/HZ

gn=1.9570, g, =1.9551  single crystal - delocalized els.  [46]

gn=1.957, g, =1.956 single crystal - shallow donors  [47]

gn=1.9948, g1 =1.9963  single crystal irradiation, Vo [48]
illumination

gn=1.9948, g1 =1.9961  single crystal irradiation Vo [28]

gn=1.9945 single crystal irradiation, Vo [49]
illumination

gn=1.9945 single crystal irradiation, Vo [50]
illumination

gn=1.9948, g1 =1.9963  single crystal irradiation, Vo [51]
illumination

gn=1.9951, g, =1.9956  single crystal irradiation, Vo-Liz, [51]
illumination

gn=1.9945, g, =1.9960  single crystal irradiation, Vo [22]
illumination

Reprinted from A. Janotti and C. G. Van de Walle, Native point defects in ZnO, Phys. Rev. B 76, 165202. Copyright (2007)
with permission from The American Physical Society

Table 5.1 also contains many references reporting a g =~ 1.96 EPR line, also assigned to
oxygen vacancies in ZnO. However, scant evidence for this was offered. For instance, no
hyperfine interactions were observed for the g =~ 1.96 line. It is much more likely that the
g~ 1.96 signal is associated with electrons in the conduction band or in a donor band, as
originally proposed by Miiller and Schneider™®®! and most recently confirmed by Garces
et al.*" and Evans et al.'**! The tendency for authors to assign the g &~ 1.96 line to V, was
probably largely based on the prevailing hypothesis that oxygen vacancies were the donors
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responsible for the unintentional n-type conductivity — a hypothesis that we now know to
be incorrect.

An overview of experimental observations of the g ~ 1.96 line up to 1970 was given by
Sancier,*®! who also favored assigning the g~ 1.96 line to electrons in the conduction
band. A critical review of results up to 1981 was given by Neumann,'>*! who observed that
doping with Al, Ga, or In increases the intensity of the g~ 1.96 signal. This behavior is
consistent with the g =~ 1.96 signal being due to delocalized electrons, but would be hard to
reconcile with oxygen vacancies as the source for the g~ 1.96 line.

It should be emphasized that lines around g~ 1.96 may actually be due to different
types of centers, as pointed out by Geisler and Simmons."*®! We also note that the g ~ 1.96
line has also been reported to be photosensitive; in particular, the signal is enhanced after
UV illumination.!33-33-384041:441 Tpiq observation is of course consistent with the g ~ 1.96
line corresponding to electrons in conduction-band states, since UV light can promote
electrons into these states.

5.3.5.2 Green Luminescence

ZnO often exhibits a weak and broad luminescence band in the green, centered between
2.4eV and 2.5eV.>*! This green luminescence has been observed in samples prepared
with a variety of growth techniques, and it is important to point out that there may not be a
single source for this luminescence. For instance, Cu has been suggested as a potential
cause.’®" Still, not all ZnO samples contain copper. Native defects have also been
suggested as a potential source of the green luminescence. Experimental and theoretical
results have suggested that the Zn vacancy can give rise to green luminescence.®’->3-4
Indeed, the calculated transition level between the —1 and —2 charge states of V7, shown in
Figure 5.1 occurs around 0.9 eV above the VBM,[6] and therefore a transition between the
conduction band (or a shallow donor) and the V,, acceptor level would give rise to
luminescence around 2.5 eV, in reasonable agreement with the observed transition energy.
In addition to the agreement with the observed emission energy, the Zn vacancy is also a
likely candidate because it is an acceptor-type defect: acceptor defects are more likely to
occur in n-type material, and most ZnO material exhibits unintentional n-type conductivi-
ty. This proposed explanation for the green luminescence is similar to the proposal that
gallium vacancies are source of the yellow luminescence in GaN.!*®!

Oxygen vacancy has also been suggested as source of green luminescence in
Zn0.3>%% vanheusden et al. have even reported a correlation between the intensity
of the green luminescence and the concentration of oxygen vacancies.'*>®" However, their
assessment of the presence of oxygen vacancies was based on the observation of a line with
g~ 1.96 in EPR, and, as explained in Section 5.3.5.1, this line has been erroneously
associated with oxygen vacancies, undermining their arguments.

The green luminescence has also been assigned to oxygen vacancies based on ODEPR
signals of a S=1 center.'°** However, it has been argued that oxygen vacancy is unlikely
to be related to a S=1 signal.'! The calculated configuration coordinate diagrams for Vo in
Janotti and Van de Walle!'*! also do not support the existence of any transition that is
consistent with green luminescence.

Finally, Sekiguchi ef al. have reported strong passivation of the green luminescence by
hydrogen plasma treatment.!®*! This observation is consistent with the green luminescence
being caused by zinc vacancies, which act as acceptors and are likely to be passivated by
hydrogen, as discussed in Section 5.4.3.
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Table 5.2 Properties of dopant impurities in ZnO. np,ax Or Pmax indicates the highest carrier
concentration experimentally observed to date

Impurity Character lonization energy (meV) Nimax OF Prmax (cm™)
Al donor 120 [8] 8 x 102°[65]
Ga donor - 1.1 x 10%°[66]
- 3.7 x 10%°[67]
In donor - [68,69]
F donor 80 [8] 5 % 10%°[70]
H donor 35 [88] -
Li acceptor -
Cu acceptor -
N acceptor 100 [109] 9 x10'°[109]

5.4 Donor Impurities
Properties of dopant impurities in ZnO are summarized in Table 5.2.

54.1 Aluminum, Gallium and Indium

The group-III impurities, when substituted on the Zn site, act as shallow donors. For Al,
Zhang et al.'® calculated an ionization energy of 120 meV and a low formation energy,
referenced to the elemental Al phase. This formation energy would be raised if equilibra-
tion with Al,O; were taken into account. Hu and Gordon!®! obtained carrier concentra-
tions up to 8 x 10°° cm ™ with Al doping in chemical vapor deposition of ZnO. For Ga, Ko
et al.'®! found that high Ga doping (up to 10°° cm™) did not degrade the structural quality
of the film, but a degradation in the photoluminescence intensity was observed for Ga
concentrations exceeding 2.6 X 10" cm™. Indium, finally, has also been used as a donor in
Zn0."°®! An EPR study for In in ZnO was carried out by Block et al.'*”!

5.4.2 Fluorine

Fluorine in ZnO is a shallow donor. Zhang et al. calculated an ionization energy of 80 meV
and a low formation energy, indicative of easy incorporation into the lattice.’® Intentional
fluorine doping can produce electron concentrations up to 5 x 10?°cm™."" The atomic
structure of the fluorine donor is unexpected: for F*, a large displacement of one of the
neighboring Zn atoms is found. This Zn atom moves away from the F atom by 25% of the
bond length; the F atom itself moves off-site by 12% of the bond length."'®! The bond
between the F atom and one of its Zn neighbors is thus effectively broken. Such large
relaxations are usually thought of as giving rise to deep (localized) states, but F in ZnO still
behaves as a shallow donor.

5.4.3 Hydrogen

Recent first-principles calculations have drawn attention to the role of hydrogen as a
shallow donor in ZnO."""? Tt was found that interstitial hydrogen behaves as a shallow
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donor: only the positive charge state (H;") is thermodynamically stable. An electron can
be bound to the Hﬁ center in an extended state, of course, characteristic of a shallow
donor. The behavior of hydrogen in ZnO is highly unusual. In all other semiconductors
studied to date, interstitial hydrogen has been found (theoretically as well as experimen-
tally) to act as an amphoteric impurity:">~> in p-type material, hydrogen incorporates as
H;*, and in n-type material as H;, always counteracting the prevailing conductivity of the
material. This amphoteric behavior precludes hydrogen from acting as a dopant, i.e., from
being a source of conductivity of the material. In ZnO, however, interstitial hydrogen
occurs exclusively in the positive charge state, i.e., it always acts as a donor.

Interstitial hydrogen in ZnO can be located at the bond-center (BC) site, or the
antibonding (ABg) site, with comparable energies. Hydrogen in ZnO thus prefers sites
where it can strongly bind to an oxygen atom, forming an O-H bond with a length of
0.99-1.01 A. Large lattice relaxations occur around the hydrogen interstitial; in particular,
for the BC configuration the Zn atom moves outward over a distance equal to 40% of the
bond length (0.8 A), to a position slightly beyond the plane of its nearest neighbors as
shown in Figure 5.5(a). Simultaneously, the O atom moves outwards by 11% of the bond
length. For the ABO configuration, the relaxation of both Zn and O amounts to about 20%
of the bond length as shown in Figure 5.5(b). As we noted in Section 5.4.2, such large
relaxations are not unique to hydrogen; they also occur for fluorine in ZnO.""!

In addition to the interstitial positions, it was recently found that hydrogen can also
replace oxygen in ZnO (Hp), forming a multicenter bond in which H is equally bonded to
the four Zn nearest neighbors,'”*! as shown in Figure 5.5(c). Substitutional hydrogen Hg, is
also a shallow donor in ZnO, occurring exclusively in the positive charge state Hg 1721 The
hydrogen multicenter bond can be understood as a coupling between the fully symmetric
state of Vo and the H 1s state, and is located at ~7eV below the VBM as shown in
Figure 5.6(a). The electronic charge density of the hydrogen multicenter bond in ZnO is
shown in Figure 5.6(b).

The substitutional and interstitial forms of hydrogen have low formation energies in
ZnO as shown in Figure 5.7, indicating that they can occur in significant concentrations.
Hydrogen is obviously not the only possible donor in ZnO, but it is a very attractive
candidate for an impurity that can be unintentionally incorporated and can give rise to
background n-type conductivity. Hydrogen is present in many of the growth techniques
used to produce ZnO, either intentionally or unintentionally. These techniques include
vapor-phase transport,l’®! hydrothermal growth,"”"'metal oxide chemical vapor deposition

Figure 5.5 Ball and stick model of the relaxed atomic positions of intersititial hydrogen at the
bond-center site parallel to the c-axis in (a), antibonding site perpendicular to the c-axis in (b),
and substitutional hydrogen in (c)
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Figure 5.6 Coupling between the H 1s orbital and the Zn 4s dangling bonds (Zn dbs) to form
the hydrogen multicenter bond in ZnO in (a). The H s orbital combines with the a1 state and
results in a fully symmetric bonding state in the valence band, and an antibonding state in the
conduction band. The electron that would occupy this antibonding state is then transferred to
the conduction-band minimum, making the substitutional hydrogen Hgo a shallow donor.
Electronic charge density distributions of the lowest-energy fully symmetric bonding state of the
hydrogen multicenter bond in ZnO in (b). The isosurfaces are at 0.05 electrons A=. Reprinted
from A. Janotti and C. G. Van de Walle, Hydrogen multicentre bonds, Nat. Mat. 6, 44-47.
Copyright (2007) Macmillan Publishers Ltd
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Figure 5.7 Formation energies as a function of the Fermi level position for substitutional
hydrogen Ho, interstitial hydrogen H,, and the oxygen vacancy Vo in ZnO, under Zn-rich
conditions. The slopes correspond to the charge of the stable states. Ho and H; are both stable
in the +1 charge state. The oxygen vacancy is stable only in the +2 and 0 charge states. The
Fermi level is referenced to the valence-band maximum. Reprinted from A. Janotti and C. G.
Van de Walle, Hydrogen multicentre bonds, Nat. Mat. 6, 44-47. Copyright (2007) Macmillan
Publishers Ltd
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(MOCVD),""® laser ablation'”! and sputtering.”®®! In addition, processing steps such as
wet etching or annealing in forming gas can easily introduce hydrogen into the material.

Experimental indications for hydrogen’s behavior as a donor in ZnO were already
reported in the 1950s.*'#% Thomas and Lander'®*! observed an increase in n-type con-
ductivity when H diffuses into ZnO. They used the measured conductivity as a function of
temperature to derive the solubility of H in ZnO, and found the heat of the reaction
Hy(gas) — 2H" +2e to be 3.2¢eV, or 1.6eV per hydrogen. This value should correspond
(to within small correction terms) to the formation energy of interstitial H" in ZnO, and it
is in good agreement with the first-principles calculations.!”!7%

An increase in conductivity upon exposure to H, was also observed by Baik ez al."®* and
by Kohiki et al® who introduced hydrogen by proton implantation followed by
annealing at 200 °C. Low-energy H implantation of ZnO surfaces also results in formation
of strong electron accumulation layers, consistent with H acting as a donor.®®

The nature of hydrogen as a donor impurity has been microscopically established in
recent experiments. Muon spin rotation is a technique similar to EPR, based on
muonium, which is a pseudo-isotope of hydrogen. Muonium in ZnO was observed to
exhibit all characteristics of a shallow donor (including ionization behavior consistent
with a level close to the conduction band, and a delocalized wavefunction), confirming
that H acts as a shallow donor.® EPR has also resulted in a direct observation of
hydrogen in ZnO, with behavior consistent with a shallow donor.*® Hydrogen was
identified as one of two residual donors in commercial ZnO samples; the presence of two
donors in this material is consistent with Hall measurements. Hydrogen was found to
correspond to the donor labeled D1, which has an ionization energy of 35 meV. The
involvement of hydrogen in the structure of the D1 donor was confirmed by electron-
nuclear double resonance (ENDOR). The D1 shallow donor produces a line with g values
g1=1.9569 and g, =1.9552, consistent with the shallow donor signals discussed in
Section 5.3.5.1. It is an interesting question whether these experiments observe the
interstitial and/or the substitutional species. Because of the way the muons are introduced
in the ZnO material, muon spin rotation probably observes the equivalent of isolated
interstitial hydrogen.

Infrared (IR) spectroscopy has identified two lines corresponding to interstitial hydro-
gen in hydrogenated ZnO single crystals: one at 3326 cm™' associated with the stretching
H-O mode with H at the antibonding site,[gg’gm shown in Figure 5.5(b); and another at
3611 cm ! associated with H at the bond center site.”!! Shi et al. recently showed that
samples that were grown by a pressurized melt growth technique showed a strong
3326cm ™ line and a weak 3611 cm™ line, and vice versa for samples grown by seeded
vapor transport technique.®” The origin of these differences has been discussed by
McCluskey and Jokela.!”®! On the other hand, the identification of substitutional hydrogen
by IR spectroscopy is much more difficult. The Hp vibration modes occur in the range of
750-1000 cm™";7?! in this spectral region the current ZnO samples are opaque due to
strong IR absorption by free carriers.

The experiments of Shi et al. indicate that hydrogen is stable in ZnO up to ~500 °C,**! a
result that is not consistent with the presence of the highly mobile interstitial hydro-
gen.”*?>1 However, the temperature dependence is consistent with the calculated
migration barrier of 2.5 eV for substitutional hydrogen.!”*! Moreover, Ho can also explain
the observed dependence of the electrical conductivity on oxygen partial pressure, a
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dependence that, as we now know, has been erroneously attributed to the presence of
oxygen vacancies.!”®!

5.5 Acceptor Impurities

5.5.1 Lithium

Lithium may behave both as a donor and as an acceptor in ZnO."”! The donor behavior
arises when lithium occurs as an interstitial impurity; the acceptor behavior is exhibited
when lithium substitutes on a Zn site. Kolb and Laudise'®® reported that incorporation of
Li during growth can compensate the background n-type conductivity of hydrothermally
grown ZnO, provided a post-growth heat treatment is applied. The heat treatment was
considered necessary to achieve outdiffusion of zinc interstitials, but may also result in
outdiffusion of Li interstitials as well as hydrogen donors. EPR studies of Li in ZnO were
carried out by Kasai”*' and by Schirmer.””®’ For the axial configuration, the measured g
values were g; =2.0028 and g, =2.0253.1" Lithium has been used to compensate n-type
doping; no p-type doping using Li has been reported. Computational investigation of
substitutional and interstitial Li have been reported in the literature.!'?~'%%

5.5.2 Copper

Copper acts as a deep acceptor in ZnO. It can be used to reduce the carrier concentration of
n-type ZnO."'*¥ The electronic structure of the Cu impurity is complicated by the fact that
a hole can be formed in the Cu 3d shell.'®! Copper has been mentioned as a source of
green luminescence.>%>")

5.5.3 Nitrogen

Nitrogen is a shallow acceptor in other II-VI semiconductors'' and has been considered as
a suitable p-type dopant for ZnO for some time.!"°! Minegishi et al.""*" have reported p-
type doping of ZnO by chemical vapor doposition, using NH3 as the nitrogen source,
resulting in a carrier concentration of 1.5 x 10'®cm™. They estimated an ionization energy
of 100 meV. The authors pointed out that hydrogen may play a role in the nitrogen
incorporation. Thonke et al.!'®! have reported an acceptor binding energy of 195 meV,
based on an analysis of donor—acceptor pair transitions observed in photoluminescence on
ZnO crystals that were not intentionally doped (but are likely to contain N). Carlos
et al™ have reported EPR signals for N in ZnO, with g values g,=1.9953 and
g1=1.9633. These seem to be in reasonable agreement with the observations of Garces
et al*’" who reported g,=1.9948 and g, =1.9632.

Look et al.'"%' have investigated the electrical and optical properties of nitrogen-doped
ZnO grown by molecular beam epitaxy on a Li-diffused semi-insulating ZnO substrate.
Their results indicated a hole density of 9 x 10'®cm ™ and mobility of 2cm® V' s, and
suggested an acceptor activation energy of 170-200 meV. This relatively high activation
energy is expected from the fact that N is less electronegative than O. More recently,
Tsukazaki et al.''" reported blue light emission from a p-n ZnO homojunction using
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nitrogen as the acceptor in the p-type layer. However, it is important to note that the band
gap of ZnO is 3.4 eV and, as such, one would expect UV light emission from a ZnO p-n
junction. The reliability and reproducibility of p-type doping in ZnO are still major issues.
Compensation of nitrogen substitutional acceptors by intrinsic defects as well as by
nitrogen incorporated in different configurations has been addressed in Lee et al.'"

5.5.4 Phosphorous, Arsenic and Antimony

Phosphorous and arsenic have been found to introduce deep acceptor states in ZnSe,"' ' so

the prospects for these impurities to act as shallow acceptors in ZnO are not good.
Antimony is expected to result in even deeper states. Aoki et al.''* have reported ZnO
diodes in which a p-type layer was created by excimer laser doping from a Zn3P,
compound. No details about the acceptors were reported. Ryu et al. have investigated
arsenic as an acceptor in ZnO grown on GaAs(001)."''* Hall measurements indicated p-
type conductivity, but it was pointed out that large uncertainties resulted due to con-
tributions from interference layers between the ZnO film and the GaAs substrate. From
optical measurements an ionization energy of 100 meV was deduced. Xiu et al. reported
results of Sb-doped ZnO grown on Si, with a relatively high hole concentration of
2 x 10" cm™ "% The same group recently reported results for a p-n homojunction using
Sb as p-type dopant, with a turn-on voltage of 6eV.'"! Based on first-principles
calculations, Limpijumnong et al. proposed that these large anions (As, Sb) occupy Zn
lattice sites and form complexes with two nearby Zn vacancies.!''®! A similar model has
also been proposed for P in ZnO by Lee et al.''" These calculations indicate that these
complexes are shallow donors with ionization energies less than 100 meV. However, the
formation of these complexes would not be favorable by entropic considerations, as
discussed in Janotti and Van de Walle.!®!

5.5.5 Co-Doping

Co-doping has been suggested to be an effective method of achieving p-type conductivity
in ZnO. The term co-doping means that, along with the acceptors that are incorporated to
produce holes, donors are also incorporated during the growth. At first sight, this would
lead merely to compensation. In fact, compensation during the growth is actually quite
desirable, since it shifts the Fermi level away from the VBM towards the middle of the gap.
This results in a lowering of the formation energy of acceptors (and hence in an increase of
the acceptor solubility), as well as an increase in the formation energy of compensating
donor-type native defects (such as V). However, the compensation by the intentionally
introduced donor will persist after growth, and the material will not exhibit p-type
conductivity.

One potential strategy for overcoming this limitation is to remove the donor after
growth. This is only possible with donor impurities that are not strongly bound and that
exhibit a sufficiently high diffusivity, so that they can be removed from the vicinity of the
acceptors during an anneal at modest temperatures (to avoid formation of other compen-
sating defects). It has been proposed that hydrogen may be a candidate for such a
donor.”®° Indeed, hydrogen plays such a role in p-type doping of GaN, where it enhances
the solubility of Mg acceptors and suppresses compensation by nitrogen vacancies.'''®!
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Whether this type of dopant engineering also works in the case of ZnO will depend on the
binding and dissociation energies of N-H complexes, and on the barriers that need to be
overcome to remove H from the vicinity of the acceptors during a post-growth anneal. The
potential beneficial aspects of simultaneous incorporation of hydrogen along with nitrogen
acceptors were noted by Minegishi et al!'"”!

Another type of co-doping has been proposed by Yamamoto and Katayama- Yoshida.
This proposal is based on the incorporation of complexes consisting of two acceptors and one
donor. The authors claimed that such complexes would result in higher hole concentrations
due to an enhancement of the solubility and a lowering of the ionization energy. These
conclusions were qualitatively based on first-principles calculations but formation energies
and ionization energies have not been calculated. Explicit calculations for similar situations,
i.e., for acceptor doping of GaN!'?*! and of CdTe!'*"! have in fact indicated that co-doping
with such complexes is unlikely to produce favorable results.

Experimentally, Joseph e? al. have reported co-doping of ZnO using N (in the form of
N,O) with Ga as a co-dopant.!'?*! These results have not been reproduced. Yan et al. have
proposed an alternative interpretation of the results, in terms of the chemical potentials of
the gases used during growth.!'*!

[119]

5.6 Isoelectronic Impurities

Addition of isoelectronic impurities (such as Mg or Cd, which substitute on the Zn site) is
mainly pursued in the context of alloy formation for band-gap engineering, a topic that is
beyond the scope of the currrent chapter. An interesting case that has received a lot of
attention is that of Mn. Indeed, Dietl et al. have predicted ferromagnetism with a very high
Curie temperature in p-type Mn-doped ZnO.['**! Many experimental and theoretical
investigations of Mn-doped ZnO have been reported, however, the conclusions about room
temperature ferromagnetism are still highly controversial.l'?>~1!
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Spectral Identification of Impurities
and Native Defects in ZnO

B.K. Meyer', D.M. Hofmann', J. Stehr'and A. Hoffmann®
! Physics Institute, Justus Liebig University Giessen, Giessen, Germany
2Institute of Solid State Physics, Technical University Berlin, Berlin, Germany

6.1 Introduction

This chapter deals with the spectral identification of impurities and defects in ZnO.
High resolution luminescence and magnetic resonance spectroscopy are employed to
study the role of extrinsic and intrinsic defects in ZnO. The neutral donor bound exciton
transitions are studied and identified. The most common donors stem from the group-II1
elements Al, Ga and In. Hydrogen as a shallow donor — quite uncommon in compound
semiconductors — has the lowest binding energy. The doping with nitrogen and arsenic is
discussed and the different roles of the acceptors in the optical recombinations are
presented. Magnetic resonance adds valuable information to the role of the shallow
donors in ZnO and often allows for an unambiguous identification. The situation is more
controversial for the deep, intrinsic centers such as the oxygen and zinc vacancy, their
contribution to the deep luminescence bands in the green yellow spectral range is
discussed. For the acceptors N, Li and Na magnetic resonance gives clear evidence that
they act as deep centers, and there is up to now no evidence for shallow acceptors, at least
from magnetic resonance.
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© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-51971-4
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Figure 6.1 Photoluminescence spectrum of bulk ZnO showing excitonic, donor acceptor pair
(DAP) and deep level emission. The corresponding phonon replica with longitudinal optical
phonons (LO) are indicated. Reprinted from B.K. Meyer, et al., Bound exciton and donor—
acceptor pair recombinations in ZnO, phys. stat. sol. (b) 241, 231-260. Copyright (2004) with
permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

6.2 Optical Spectroscopy

6.2.1 Excitons Bound to Shallow Donors

Zn0 is a direct band gap semiconductor which crystallizes in the wurtzite symmetry. The
valence band is split by crystal field and spin orbit interaction into three states named A, B
and C. The symmetry of the upper valence subband (A-subband) in ZnO has been
the subject of controversy (I'y or I'; character) for more than 40 years.[]_l 1 Based on the
polarization properties of the free exciton transitions, most of the authors assume that
the symmetry of the A-valence subband is [';.l"">4 3127141 At Jow cryogenic temperatures
bound exciton emission is the dominant radiative channel, whereas at higher temperatures
free exciton emission usually takes over. Up to eleven excitonic recombinations where
excitons bind to ionized, neutral donors and/or acceptors have been observed.[">137171 Ag
there was no definite assignment of the bound exciton recombinations to the chemical
nature of the donors or acceptors, they are numbered I to 11, in the early work of Reynolds
et al"® There was considerable dispute on these assignments. Based on magneto-
photoluminescence experiments, Gutowski ez al.'"*! attributed all recombinations from
I5 to I, to acceptor bound excitons in conflict with the early magneto-absorption data of
Loose et al."*! and with recently published experiments!' ! which showed that I, to I are
neutral donor bound excitons.

The luminescence from high quality bulk ZnO crystals extends from the band edge to
the green/orange spectral range (an overview spectrum is shown in Figure 6.1). Very
common is a broad band centered around 2.45 eV extending from the blue into the green
range, where different impurities and defects contribute (see below). The lines dominating
originate from bound exciton (BE) recombinations [excitons bound to ionized (D*X),
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Figure 6.2 Photoluminescence spectrum in the excitonic range. FX, is the transversal free
exciton, l1,~ly are bound exciton lines

neutral donors (D°X) and/or acceptors (A°X)] followed by longitudinal optical (LO)
phonon replicas with an energy separation of 72 meV. In some samples a donor-acceptor-
pair (DAP) transition is found, the chemical identity of the acceptor A, is unknown. The
transition energy is around 3.22 eV again followed by phonon replicas (see Figure 6.1).
The prominent lines in the bulk ZnO are the bound excitons positioned at 3.3628, 3.3608
and 3.3598 eV (labeled in Figure 6.2 as I, I¢..g). At 3.357 €V another bound exciton (Iy)
can be observed. At lower energies from 3.34 to 3.31eV further recombination lines
appear. It is the region where the two-electron satellite (TES) recombination lines of the
neutral donor bound excitons show up.!'®'®! During the recombination of an exciton
bound to a neutral donor the donor final state can be the 1s state (normal D°X line) or the
2s, 2p state (TES line). The energetic distance between the D°X and its TES is
consequently the difference between the donor energies in the 1s and 2p states, which
is three-quarters of the donor binding energy (Ep) in the hydrogenic effective mass
approach (EMA). Therefore, by determining the position of the TES the related donor
binding energy is obtained with high precision.

From luminescence experiments on ZnO the localization energies E} are determined as
the difference between the recombination energy of the respective bound exciton lines and
the free transversal exciton line (see Figure 6.1). In many semiconductors the localization
energies E;_ of excitons bound to ionized (D) and neutral shallow donors (D% and acceptors
(A®) follow a certain ordering e.g. E (D"X) < E{(DX) < E; (A°X) as found in CdS"” and
is the case for ZnO™!" or EL(DOX) <E.(D"X) < EL(AOX) as found in ZnSe'*?! and
proposed for GaN.'**! This sequence can be understood as a result of the electron to hole
mass ratio oo = m*./m* which has a characteristic value for each semiconductor. From this
mass ratio one can theoretically predict the localization energies of the bound excitons as a
function of the binding energies of the shallow donors Ep and acceptors E 4. In addition it
also answers the question on the stability of the ionized donor bound exciton complexes.

Magnetic resonance showed that one of the shallow donors (I4) is hydrogen. Based on
electron nuclear double resonance (ENDOR) experiments the hyperfine interaction with a
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single H-nucleus was resolved.”** Experiments showed that I, annealed out completely at
temperatures between 650°C and 800°C depending on the annealing time. Electron
paramagnetic resonance (EPR) showed a distinct reduction in the signal amplitude of the
neutral donor resonance together with a disappearance of the hydrogen-related ENDOR
signal. I, and the hydrogen donor are typical for ZnO bulk crystals grown by the
hydrothermal and seeded vapor transport methods. It is, however, absent in crystals
grown from the vapor phase.

As to I/, We can refer to the implantation studies of Schilling e? al®! They showed (see
Figure 6.3) that upon implantation of Al and successive annealing the I/, line gained in
intensity and was the strongest for Al concentrations above 9 x 10'®cm . Aluminum seems
to be an omnipresent impurity in vapor grown ZnO as already outlined by Gonzales et al.'**!

In Ga-doped epitaxial films, the prominent excitonic recombinantion is Ig. There has
been a report published on Ga-doped ZnO by the Sendai group.’*”! In agreement with the
findings in Meyer et al.!'”! and Reuss et al.'*® they showed that the exciton bound to
neutral Ga-donor recombination occurs at 3.359 eV. Ig always dominates in epitaxial films
on GaN templates. Secondary ion mass spectrometry (SIMS) experiments showed a severe
interdiffusion of Ga from the GaN template into the ZnO epitaxial film.

Iy could be identified with the donor In based on diffusion''”! and implantation
experiments.'*”! Miiller ef al. implanted radioactive '''In into Zn bulk single crystals,
and In occupies substitutional Zn lattice sites after annealing at 700 °C. They monitored
the photoluminescence while the donor In decayed into the stable and isoelectronic Cd;**!
the decay of the Iy line is shown in Figure 6.4.

For the donors which are responsible for the 14 to I;o recombinations we can deduce the
1s to 2p transition energy from the location of the two-electron satellites. Transitions to
higher excited states e.g. n=3, n=4, ... were not observed (see Figure 6.5).

In a simple hydrogen-like EMA the energy separation between n =1 and n =2 states
would be equal to three-quarters of the donor binding energy R . A short range chemical
potential of the impurity would affect only the states of the S symmetry thus leading to the
chemical shift of the real donor binding energy Ep, from the effective mass value R and to
the chemical shift of the 2S state. In this case, the donor energy Ep can be estimated as
(Exp—Eys) + l/4R*. However, the 2S and 2P states in polar hexagonal semiconductors are
additionally split due to the effects of anisotropy (into 2S, 2P, and 2P, , states, where the
hexagonal axis c is directed along z) and the polar interaction with optical phonons. The
latter is different for the states of S and P symmetry and may also modify the chemical shift
corrections on all states. The results of numerical calculations on the binding energies of
the different donors are given in Meyer et al.!'”)

It is interesting to test whether the donor binding energies Ep show a linear relationship
to the bound exciton localization energies E]DC:(EFX—E%X) known as Haynes rule,
Eioe = aEp.P% More generally, Ej. is given by:

Ee =A'+B'Ep

and A’ and B’ must be determined by experiment.

The localization energies can be measured with rather high precision, whereas the
binding energies could be in error of +5% depending on the choice of the band parameters
(electron effective masses, dielectric constants including the anisotropy of both). The
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Figure 6.3 Luminescence spectra as a function of wavelength of Al-implanted ZnO taken after
implantation and annealing at 800 °C for 30 min. Reprinted from M. Schilling, R. Helbig, and G.
Pensl, Bound exciton luminescence of Ar- and Al-implanted ZnO, Journal of Luminescence 33,
201-212. Copyright (1985) with permission from Elsevier
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Figure 6.4 Luminescence spectra of the bound exciton range of radioactive '"'In-implanted
ZnO (a) 31h, (b) 95h and (c) 243 h after the implantation and annealing process. Reprinted
from S. Muiller, D. Stichtenoth, M. Uhrmacher, H. Hofsdss, C. Ronning, and J. Roder,
Unambiguous identification of the PL-19 line in zinc oxide, App. Phys. Lett. 90, 012107.
Copyright (2007) American Institute of Physics

fitting of the data in Figure 6.6 gives A’ = —3.8 meV, B’ = 0.365 (note that the Haynes
rule actually does not demand for A’ = 0). The good linear relationship gives further
support that I, is also donor related.

We demonstrated that the localization energies of the neutral and ionized donor bound
excitons scale with the respective donor binding energies.*'! Figure 6.7 shows the
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Figure 6.5 Two-electron-satellite transitions of different donor bound excitons. The splitting of
the excited states into the 2s and 2p states is indicated. Reprinted from B.K. Meyer, et al., Bound
exciton and donor-acceptor pair recombinations in ZnO, phys. stat. sol. (b) 241, 231-260.
Copyright (2004) with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6.6 Localization energies of neutral D’ and ionized D" bound excitons in ZnO as a
function of the donor binding energies Ep. Reprinted from B.K. Meyer, J. Sann, S. Lautens-
chlaeger, M.R. Wagner, and A. Hoffmann, lonized and neutral donor-bound excitons in ZnO,
Phys. Rev.B 76, 184120. Copyright (2007) with permission from American Physical Society
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Figure 6.7 Photoluminescence spectrum of a homoepitaxial ZnO thin film taken at T=4.2K
showing neutral donor bound exciton recombination lg,, 15 and Iy and the corresponding
ionized donor bound exciton lines Iy, 17 and I,. Ay and A, are the transversal and longitudinal
free A-exciton recombinations. Reprinted from B.K. Meyer, J. Sann, S. Lautenschlaeger, M.R.
Wagner, and A. Hoffmann, lonized and neutral donor-bound excitons in ZnO, Phys. Rev.B 76,
184120. Copyright (2007) with permission from American Physical Society
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photoluminescence spectra of a homoepitaxial sample with prominent I, (Al-donor) and Ig
(Ga-donor) neutral donor bound exciton recombinations. The Iy (In-donor) recombination is
rather weak. They are accompanied by high energy transitions at 3.3726 and 3.3718 eV
labeled I and I;, respectively. These two lines have the same intensity ratio as Ig and I¢,.
Moreover, in samples with prominent Ig recombination as found e.g. for the samples grown
on GaN templates (interdiffusion of Ga into the ZnO layer) the Ig and I, lines show up almost
exclusively. For samples grown on sapphire substrates (Al,03), Al is the dominant impurity
in the ZnO films, and I¢, and I, are observed as correlated pairs. Another correlated pair of
lines exists for I, and Io. In Na-doped ZnO crystals due to compensation the neutral donor
bound exciton recombination Iy related to In had the highest luminescence intensity (see
Figure 2 in Meyer et al)! followed by L. The Ig, and Ig recombinations were much lower
in intensity as was the I line. A similar intensity ratio of Iy to I, was found in a Li-doped
sample, here the I, recombination was more pronounced.m]

As to the nature of the I to I, recombinations magneto-optical experiments provided a
conclusive picture. In Figure 6.8 the magnetic field behavior of I, and I; (for I,/I5 see the
published data in the literature)'>*"! is presented. Both lines show the appearance of an
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Figure 6.8 Photoluminescence measurements at T= 1.6 K on a homoepitaxial ZnO thin film
showing the behavior of the I, and I; recombinations in an applied magnetic field (Voigt
configuration). Reprinted from B.K. Meyer, J. Sann, S. Lautenschlaeger, M.R. Wagner, and A.
Hoffmann, lonized and neutral donor-bound excitons in ZnO, Phys. Rev.B 76, 184120.
Copyright (2007) with permission from American Physical Society
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additional line at the low energy side of I and I; in an applied magnetic field. In the case of
Iy this component is superimposed by the I; bound exciton transition. Without an applied
magnetic the lines are not visible (see Figure 6.8). The extrapolation of the position of the
low energy Zeeman component to B = ( Tesla reveals the presence of a zero field splitting.
This is strong evidence for ionized donor bound excitons.”*!" Additionally, one does not
observe a linear splitting in Voigt configuration as would be expected for a neutral bound
exciton. Therefore, there is convincing evidence that I, to I, are caused by ionized donor
bound exciton recombinations.

In Figure 6.6 the localization energies of the ionized and neutral donor bound excitons
as a function of the donor binding energy are presented. Two aspects are remarkable: The
localization energy Ej has a linear dependence on the donor binding energy Ep for both
neutral and ionized bound excitons, although with a different slope, and for donor binding
energies of Ep < 47 meV, excitons will not be bound to the ionized donors.

The shallow donor impurities in ZnO seem to be of extrinsic origin, hydrogen,
aluminum, gallium and indium in order of increasing binding energy. However, for many
years it was common sense that intrinsic defects dominate the n-type conductivity of
Zn0."*¥ Interstitial zinc and oxygen vacancies were the natural choice. Interstitial zinc
as well as oxygen vacancies should be double donors, and in order to contribute to the
n-type conduction they should have shallow levels, and low formation energies to be
abundant. Theoretical calculations predict indeed that the oxygen vacancies are the main
intrinsic defects in zinc-rich ZnO whereas Zn; have higher formation energies, i.e. are less
abundant.**! However, the oxygen vacancy theory predicts a negative-U behavior with a
transition from the neutral to the twofold positive charge state around Evg + 0.5¢eV, i.e. the
vacancy does not induce a shallow level.l**!

From electrical measurements (Hall, DLTS, admittance spectroscopy) on various ZnO
single crystals from different sources as well as on epitaxial films there is general consensus
that apart from the shallow donor a deep donor state exists which is located around
130 + 20 meV below the conduction band. Its concentration falls into the 10" cm™ range
thus being relevant for the conductivity as well as for the compensation of acceptors.!> !

The Zn interstitial is a double donor in ZnO. It should exist in three charge states, 2+, +,
and 0, and thus have two energy levels in the gap. If we assume the level at Ec ~ 130 meV
is the 2+/4 level of the zinc interstitial the transition +/0 would fall in the range where the
binding energies of the extrinsic shallow donors are i.e. from 46 to 53 meV. Look et al.'*"
reported on Hall effect measurements of electron irradiated ZnO. They concluded with the
presence of a native donor in ZnO whose binding energy would be around 35 meV.

In Figure 6.9 we compare three films grown under different Zn/O ratios."**! In the film
grown (# 1) under oxygen-deficient conditions the prominent recombination occurs at
3.366 eV (in Reynolds et al.!*> and Meyer et al."'" named 15,). It has comparable intensity
as the neutral donor bound exciton recombination with Ga as shallow donor (Ig at
3.359eV). For sample # 1 the additional NO, flux was 100 sccm, for # 2 it was 200 sccm
and for # 3 it was 300 sccm. One notes that with increasing NO, flux the I3, recombination
decreases in intensity more and more. Finally, for the sample # 3 the neutral donor bound
exciton recombination Ig is the main radiative excitonic recombination. In sample # 3 the
I recombination is shifted to lower energy by 0.7 meV, it is connected to a change in the c-
lattice constant as revealed by X-ray diffraction measurements. Also the line width
increased which is consistent with the findings in Ko et al.**! When a film grown under
Zn-rich conditions was annealed in an O, atmosphere at high temperatures e.g. T=900 °C
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Figure 6.9 Photoluminescence spectra of ZnO epitaxial films grown under different Zn/O
ratios, the additional NO, flux was 100 (# 1), 200 (# 2) and 300 (# 3) sccm, respectively
(T=4.2 K, HeCd excitation). Reprinted from B.K. Meyer, S. Lautenschlaeger, S. Graubner, C.
Neumann, and J. Sann, Mater. Res. Soc. Symp. Vol. 891, 0891-EE08-02.1. Copyright (2006)
Materials Research Society

with O, at atmospheric pressures, and for 30 min the I3, recombination disappears (see
Figure 6.10). This can be explained by the fact that excess Zn is oxidized to form ZnO.
Both experiments provide evidence that under Zn-rich conditions a shallow center is
introduced that binds excitons and gives rise to the I, recombination. The localization
energy of the I3, recombination is 9.9 meV and is hence different from the recombinations
I, and I3, which are caused by ionized donor bound excitons (see above). If one assumes a
neutral donor bound exciton transition as the origin with Ej,. =9.9 meV a donor binding
energy of 37.5meV will result (using the data shown in Figure 6.6), which is in close
agreement with the data from electrical measurements of 35 meV by Look et al.'*" Such a
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Figure 6.10 Photoluminescence spectra of an as-grown Zn-rich ZnO film (a) and after subse-
quent annealing in oxygen atmosphere (b) (for details see text; T=4.2 K, HeCd excitation).
Reprinted from B.K. Meyer, S. Lautenschlaeger, S. Graubner, C. Neumann, and J. Sann, Mater.
Res. Soc. Symp. Vol. 891, 0891-EE08-02.1. Copyright (2006) Materials Research Society
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shallow donor level will contribute to the electrical transport properties significantly. The
electrical properties of the samples grown under Zn- and O-rich conditions were analyzed
by Hall effect measurements in the Van der Pauw configuration at room temperature. The
Zn-rich film had almost a factor of ten higher carrier concentration than the O-rich film (n-
type carrier density of 6.2 x 10'” cm™ and a mobility of 110cm? V' s vs 6.7 x 10" cm
and 194cm?> Vs,

In a recent work on MBE grown ZnO™! it was demonstrated that the level ET2
(Ec—0.12eV) is present in Zn-rich and stoichiometric ZnO but appears to be less abundant
in O-rich ZnO (concentration 2 x 10"°cm™ in Zn-rich and 2 x 10" cm™ in O-rich). Oh
et al. further concluded that the trap L1 found in bulk ZnO corresponds to ET2 and may be
assigned to the Zn interstitial.'*> Its second ionization energy (2++/4) was estimated to be
0.2eV below the conduction band. Oh er al.*> observed another trap ET1 in ZnO with
thermal activation energies of 33 meV under Zn-rich flux conditions and stoichiometric
flux conditions and with 46 meV under O-rich flux conditions. It was a factor 10 lower in
concentration than ET2 but showed a similar trend i.e. being less abundant in O-rich ZnO.
This level is commonly observed****! and Hagemark and Chacka'*®! suggested that the
defect causing this shallow donor level is due to the singly ionized Zn interstitial.

The evidence for an intrinsic defect is supported by SIMS experiments. In the films
grown either Zn-rich or O-rich the extrinsic impurity content did not change. Since in the
growth experiments beside the Zn/O ratio all other parameters remained unchanged
(growth temperature, film thickness, etc.) extrinsic donors cannot be made responsible for
the change in carrier density upon change in stoichiometry. Whether the defect giving rise
to the I3, recombination is an isolated point defect or a more complex species remains to be
established.

6.2.2 Recombinations Caused by Nitrogen and Arsenic Doping

In wide-band-gap semiconductors bipolar doping has been a challenge of research for
many years. ZnO obviously has a doping asymmetry, since it can easily be doped n-type
into concentrations where it shows metallic conduction, but reports on successful,
reproducible, stable and homogeneous p-type doping are very rare.**>%! In the late
1950s lithium and sodium doping into ZnO was tested but the group-I elements act as self-
compensating centers — Li (Na) at interstitial sites is a donor and incorporated substitu-
tionally on Zn sites it behaves as an acceptor.”’! Interstitial Li (Na) donors in ZnO have
so far escaped detection. However, on the basis of magnetic resonance experiments it
could be demonstrated convincingly that Na and Li are on Zn sites. In contrast to other
II-VI semiconductors they are deep (600-800 meV) acceptors’>’>*! caused by a substan-
tial lattice distortion.

Nitrogen on an oxygen site can be considered to be the best candidate as demonstrated
by its success in p-type doping ZnSe'*” and ZnS.!°"! There are many theoretical reports on
the behavior of N in ZnO revealing a complex behavior by the interaction with intrinsic
defects, passivation by hydrogen and formation of nitrogen molecules.'*>**! Experiments
used ion implantation,'”-**%3 doping during growth'**>!>61 and diffusion.'®” There are
only a few reports as to the optical properties of the materials in terms of DAP
recombination involving a shallow nitrogen acceptor level.”'%>~%1 The optical activity
of nitrogen was investigated in samples prepared by three different techniques: Nitrogen
doping of ZnO was carried out by ion implantation (10'*ions cm 2) at room temperature,
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Figure 6.11 Photoluminescence spectra of bulk ZnO as-implanted (a) and after annealing of
the as-implanted sample at 900°C (b), dose: 10’> cm™ N; (c) as-implanted, annealing of the
as-implanted sample at 800°C (d) and at 900°C (e), dose: 10"*cm™N, Zn co-implant.
Reprinted from B.K. Meyer, et al., Shallow donors and acceptors in ZnO, Semicond. Sci.
Technol. 20, S62. Copyright (2005) with permission from IOP Publishing

by diffusion from a thermal decomposition of ammonium or lithium nitrate, and during
growth of epitaxial films using ammonia as nitrogen source.”””’

In Figure 6.11 we compare two samples implanted at a total dose of 10'*cm 2 in the
as-received state [Figure 6.11(a)] and after rapid thermal annealing at 900 °C [Figure 6.11(b)].
The spectra differ only in small details and are representative of the recombinations seen in the
as-grown ZnO substrate. Due to the small mass of nitrogen the implantation damage results in
a reduction of the overall luminescence intensity by a factor 5-10. Similar results were
obtained when the dose was changed to 10'* cm ™. Therefore, Zn and N were subsequently
implanted into ZnO within the same box profile. As seen in Figure 6.11(c) the implantion
damage is now substantial, the band edge emission due to bound excitons is hardly observable.
Attemperatures above 800 °C [see Figure 6.11(d)] arecovery of the luminescence occurs, and
for a temperature of 900 °C nitrogen was activated as seen in the appearance of the DAP
recombination located at 3.23 eV followed by phonon replica [see Figure 6.11(e)]. The
findings about the recovery of the luminescence are very similar to the results of Schilling
et al'™in Ar- or Al-implanted ZnO crystals. The luminescence [see Figure 6.11(e)] is still
dominated by the neutral donor bound exciton recombinations (Al is the major trace impurity
in the bulk substrates), and there are no indications as to the appearance of a neutral acceptor
bound exciton line connected with the incorporation of N into ZnO.

Following the approach of Rommeluere ez al.'®” the incorporation of N into ZnO from a
thermal decomposition of ammonium and lithium nitrate salts was studied. The diffusion
of N from the gas phase into ZnO results in the very same DAP recombination as found for
the implanted samples [see Figure 6.12(b); Figure 6.12(a) shows the luminescence of the
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Figure 6.12 Photoluminescence spectra of ZnO samples: (a) bulk crystal as received, and
after annealing in the presence of ammonium nitrate (b) and lithium nitrate (c). Spectrum
(d) shows a ZnO epitaxial film with in situ doping by ammonia and (e) is for a comparison the
implanted and annealed sample shown in Figure 6.1. Reprinted from B.K. Meyer, et al.,
Shallow donors and acceptors in ZnO, Semicond. Sci. Technol. 20, $62. Copyright (2005) with
permission from IOP Publishing

substrate before treatment]. Similar results were obtained for LiNO; [see Figure 6.12(c)}.
Figure 6.12(d) shows the luminescence spectrum of an epitaxial ZnO film doped with
N during growth using NHj as a nitrogen source. The observation of the same DAP band in
samples where nitrogen was introduced by three different techniques, implantation, in situ
doping and diffusion from the gas phase, provides strong evidence that nitrogen on oxygen
site is the acceptor./”"!

Temperature-dependent measurements could be performed up to 150K before the
signal disappears in the noise (see Figure 6.13). The transition energy is not very
temperature dependent. The band gap energy decreases as a function of temperature
[E(T) = E(T = 0)—(5.05 x 10*T%)/(900—T)] which amounts to ~16 meV for 150 K. With
increasing temperature a line emerges at higher energies and takes over in intensity which
is typical for a change to a conduction band to acceptor transition when the donors start to
become ionized. Correcting for the shift of band gap on temperature the band-acceptor
transition shifts to higher energies with approximately "> kgT.

The acceptor binding energy can be estimated from the peak position of the zero-
phonon line (ZPL) of the DAP transition at 3.23eV:

Ep = (E;—Ep)—[E(D°, A°)—aNy’]

where Ep is the shallow donor binding energy, Np is its concentration and o =3 X
10° meV cm. In Zeuner et al.'® time resolved luminescence was used to determine Np
and more importantly the acceptor binding energy E5 of 165 &40 meV. Similar conclu-
sions on E, have been derived by Reuss ef al.'*® on N-implanted ZnO.
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Figure 6.13 Temperature-dependent photoluminescence measurements on the DAP band in
a ZnO epitaxial film doped with nitrogen. The straight line gives the line position at low
temperatures; the dashed line indicates the shift to higher energies at high temperatures

There are a few reports on the optical activity of N in Zn0.”""%>%1 Reuss et al.!*®)
studied N-implanted ZnO and agreed in all major points with the findings presented
elsewhere.'"9%¢71 Yamauchi et al.'°®! showed in ZnO layers grown by plasma-assisted
epitaxy in mixed oxygen-nitrogen gas plasma a DAP emission at 3.27 eV with practically
identical phonon coupling. They derived an acceptor binding energy of 135 meV assuming
a shallow donor binding energy of 40 meV. Tamura et al.!®” reported on a DAP band in
ZnO films, the films were doped in situ by a radio frequency plasma activated N species.
They observed a more or less structureless band which for nitrogen concentrations of
2 x 10" cm ™ was centered around 3.16 eV, and determined a binding energy of 266 meV
for the acceptor. Wang and Giles!’?! determined the ionization energy of nitrogen
acceptors in bulk ZnO in as-grown, thermally annealed and N, added samples. They
assigned a DAP line at 3.216 eV to the nitrogen acceptor, and estimated a binding energy
of 209 meV. It appears that there is a discrepancy in the data of the acceptor binding energy
of N in ZnO which should be resolved in the future.

SIMS was applied to determine the concentration of nitrogen and unintentional dopants
such as hydrogen in samples containing different nitrogen concentrations.!”"! Nitrogen
was detected as '“N'®O~ and hydrogen as ®*Zn'H™ clusters. The given absolute con-
centrations are accurate to within half an order of magnitude. Nitrogen related vibra-
tions!”” were studied by Raman-scattering experiments in backscattering geometry.
Waurtzite ZnO belongs to the Cg, symmetry group and, therefore, there are the
Raman-active phonon modes E,(low), E,(high), A;(TO), A;(LO), E{(TO) and E(LO).
The B; modes are silent. According to the well-known selection rules we expect to observe
the E, modes and the A;(LO) mode in unpolarized Raman spectra taken in backscattering
geometry. Their respective frequencies are 101, 437 and 574 cm .17

Figure 6.14 shows Raman spectra of nitrogen-doped ZnO. Beside the expected E,(low)
and E,(high) mode of ZnO we find a variety of other modes, which need to be explained.
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Figure 6.14 Room temperature Raman spectra of five ZnO samples. Sample A is undoped,
whereas the nitrogen concentration increases from sample B to E. The peak marked by an
asterisk originates from the sapphire substrate. Reprinted from A. Kaschner, et al., Nitrogen-
related local vibrational modes in ZnO:N, Appl. Phys. Lett. 80, 1909. Copyright (1969) with
permission from American Institute of Physics

At 569 cm ! one finds the E,(high) mode of the GaN template. The feature at 332 cm ! is
a second-order structure of ZnO, which was interpreted as 2E,(M) by Calleja and
Cardona.’* There are five more modes with frequencies of 275, 510, 582, 643 and
856cm ™' which do not belong to first- or second-order structures of ZnO or the GaN
template material and are nitrogen-related.

In total five samples with different nitrogen concentration as estimated from the growth
parameters were investigated (see Figure 6.14). Sample A is an undoped ZnO reference,
and the estimated nitrogen concentration increases from sample B to sample E. Neither of
the additional modes is found in undoped material. Also in ZnO:Ga (not shown) none of
these Raman modes was observed. The intensity of the five modes increases with nitrogen
concentration. Furthermore, the intensity of the A;(LO) mode from the GaN template
subsequently decreases from A to E. This results from the higher absorption in the visible
spectral range with increasing nitrogen concentration.!””! The correlation of the mode
intensities and the nitrogen concentration leads to the conclusion that all the additional
modes are local vibrational modes (LVMs) related to nitrogen in ZnO. For a quantitative
correlation of the nitrogen concentration and the LVMs SIMS measurements (Figure 6.15)
were performed. The nitrogen concentration was deduced from the signal intensity of the
NO™ cluster consisting of N and '°0 isotopes. The detection limit of this method is
around 10" cm ™. As expected from the growth parameters the nitrogen concentration
increases from sample A to E with a maximum concentration of about 10" cm™.
Simultaneously, the hydrogen concentration as detected by the **Zn'H™ cluster linearly
increases with the nitrogen content. Since a calibration standard for hydrogen was not
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Figure 6.15 Nitrogen and hydrogen concentration in samples A-E as determined from SIMS.
The nitrogen concentration increases from sample A to E. The hydrogen concentration linearly
correlates with the nitrogen concentration. Dashed lines are a guide to the eye only. Reprinted
from A. Kaschner, et al., Nitrogen-related local vibrational modes in ZnO:N, Appl. Phys. Lett.
80, 1909. Copyright (1969) with permission from American Institute of Physics

available, a quantitative scaling of the hydrogen concentration is unfortunately not
possible. Nevertheless, a qualitative comparison of the samples can be given. A higher
nitrogen concentration seems to drive the material to build in a higher concentration of
compensating hydrogen (see Figure 6.15). A similar mechanism as for GaN, where the
concentration of magnesium acting as an acceptor and compensating hydrogen are linearly
correlated,!”®! may be the reason for this behavior. This fact may have a strong impact on
the compensation mechanism in ZnO.

The LVMs with frequencies of 275, 510, 582 and 643 cm ! have a linear dependence on
the nitrogen concentration in the sample, which is the final evidence for their origin being
related to vibrations of nitrogen in ZnO."”" The different slopes may indicate different
formation probabilities of the nitrogen-containing complexes.!”"! The exact configuration
of the vibrating nitrogen-related complex cannot be deduced from these experiments.
First-principles calculations show that the formation of Ng and related complexes is very
likely in ZnO."””! The vibrational properties and the correlation between the acceptor and
hydrogen seems very similar in ZnO:N and GaN:Mg.["®

The research on p-type doping was stimulated when in 1997 Minegishi et al.!*")
reported on p-type behavior of chemical vapor deposition (CVD) grown ZnO films doped
with nitrogen. Indeed the first light-emitting device based on a ZnO p-n homojunction used
nitrogen as acceptor dopant.”>! The authors demonstrated that the solubility of nitrogen is
high only at low growth temperatures (<400 °C). Substrate temperatures in CVD and
metal organic chemical vapor decposition are typically 200 and 400 °C higher limiting the
incorporation of nitrogen. Alternatives have been searched and found by using P and As



Optical Spectroscopy 151

PL-intensity (arb. units)

Energy (eV)

Figure 6.16 Temperature-dependent photoluminescence measurements in a ZnO epitaxial
film doped with arsenic at 4K (a) and 110K (b)

despite the fact that there is a considerable size mismatch (in terms of ionic radii) of P and
As compared with O [assuming P (As) replaces O].

In comparison with ZnO:N As doping during growth by CVD!"*! leads to a fundamen-
tally different PL spectrum (see Figure 6.16). D°X recombinations are completely absent.
The first transition is located at 3.354 eV followed by the most intense line at 3.307 eV. A
sequence of transitions separated by 72 meV (LO phonon frequency) follows which can be
seen more clearly at 7= 110 K (see Figure 6.16). The line at 3.307 eV is assigned to a free
to bound transition, i.e. from the conduction band to an acceptor level (eA°). This
assignment is supported by the temperature-dependent studies, which allowed the acceptor
binding energy of 135 + 5 meV to be determined. Meanwhile this characteristic transition
centered around 3.31 eV has been observed in a variety of ZnO materials (bulk crystals,
thin films and nanostructures) often most prominent in ZnO:P, ZnO:As, ZnO:Sb and ZnO:
N (for a compilation see Schirra et al.)."® It is also present in undoped material and
Schirra et al.'*"' have made an extensive study on the behavior of this line by temperature-
dependent cathodoluminescence with high spectral resolution, by scanning electron
microscopy and by transmission electron microscopy. A detailed temperature dependence
of the band-acceptor transition and replicas is shown in Figure 6.17. From a line shape
analysis at different temperatures the acceptor binding energy of 130+ 3 meV was
determined in very close agreement with the value obtained in ZnO:As mentioned above.

The first attempt of doping ZnO with As goes back to Ryu et al.>*' growing ZnO on
GaAs substrates. They showed by SIMS the diffusion from As into ZnO which was high
close to the interface GaAs/ZnO but maintained a level of 10'® cm ™ throughout the rest of
the film. They claimed the recombination at 3.32eV seen in their films is caused by an
acceptor bound exciton. In 2003 Ryu et al.>* reported on As-doped p-type ZnO grown by
hybrid beam deposition. The lightly doped films with N in the low 10'® cm ™ range [see
Figure 2(b) in Ryu et al.)[54] showed recombinations at 3.359 eV attributed to neutral
acceptor bound excitons (A°X), at 3.32 and 3.273 eV attributed to free to bound transitions
(eA®), and at 3.204 eV attributed to DAP recombination. Thus two acceptors with binding
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Figure 6.17 Temperature-dependent photoluminescence measurements in an undoped ZnO
epitaxial film grown by vapor phase epitaxy. Reprinted from M. Schirra, et al., Stacking fault
related 3.31-eV luminescence at 130-meV acceptors in zinc oxide, Phys. Rev.B 77, 125215.
Copyright (2008) with permission from American Physical Society

energies of 115 and 164 meV would contribute to the measured p-type conduction. In 2004
Jeong et al.®" reported on As-implanted bulk crystals and assigned a peak at 3.3589 eV
to an acceptor bound exciton, and transitions at 3.3159 and 3.31859eV to eA° and
DAP, respectively.

Results on phosphorous doping in ZnO came from Hwang et al.'®*! They obtained
a bound exciton recombination at 3.355¢eV, a free to bound transition at 3.31eV, and
a DAP recombination at 3.241 eV, and deduced a binding energy of the P-acceptor in ZnO
of 127 meV in agreement with the results from Ye et al'®! who obtained a value of
123 meV.
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Antimony doping was presented in the work of Xiu ez al.’®**! The luminescence line at
3.353 eV was assigned to neutral donor bound exciton recombination. Two emissions at
3.296 and 3.222 eV were attributed to eA® and DAP transitions, respectively. The acceptor
binding energy was calculated to be 140 meV.

In the work of Schirra et al.’®® the eA° transition is correlated with the structural data of
the film as provided by electron microscopy. They concluded that the acceptors are located
in the basal plane stacking faults. Doping with group-V elements could lower the threshold
for stacking fault formation, where the stacking faults act as acceptors. The observation
and identification of the eA° transition at 3.31eV is not necessarily an indication for
successful p-type doping of ZnO.

The high p-type carrier densities for ZnO:As, ZnO:Sb and ZnO:P require doping
concentrations of the order of 10°~10*' cm™. The solubility limits for dilute doping with
the group-V elements are not known. There is experimental evidence'®! that secondary
phases within the systems Zn-P-O and Zn-As-O form easily and limit the doping efficiency.

6.3 Magnetic Resonance Investigations

EPR spectroscopy has the ability to resolve hyperfine interactions of electrons or holes
related to doped atoms, impurities, or defects with their own nuclear core and/or the nuclei
of the constituting lattice atoms, e.g. Zn and O. This connection between the nuclear and the
electronic system allows on one hand an unambiguous identification of species via the
isotopes and their abundances, and on the other hand statements on their electrical activity
and wave function distribution. This makes magnetic resonance spectroscopy a valuable tool
for the characterization of materials. The spectra are typically analyzed in the framework of

a Spin-Hamiltonian formalism which we briefly introduce in the following:'*®!

H=pp-S-8-H+S-A-T (6.1)

The first term on the right-hand side of the equation describes the Zeeman interaction of
an electron characterized by its electron spin S with an external magnetic field H via the g-
tensor, and the second term gives the hyperfine interaction (A-tensor) with the spin I of the
nuclei. For electronic centers with a single unpaired spin (S = '2) in axial symmetry the
Hamiltonian is given by:

H= ,U'B[gHSsz + gL(SxHx + SyHy) +AHSZIZ +AL(SXIX + Syly)] (62)
For S > ', an additional fine structure interaction has to be taken into consideration:
H=5-D-§ (6.3)

which in the principal axis system leads to
1
- 2 2_¢2
’H_D{Sz—gS(S—&-l)] +E(Sx —Sy) (6.4)

where S ,I are the electron spin nuclear spin, respectively and their components S, Sy, S,
Iy, Iy, I, A is the hyperfine interaction tensor and its components A, A |, Axx, Ayy, Az, g I8
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the g-tensor and its components g, g1, gxx» &yy» 8z2» D is the fine structure tensor and its
components, D is the axially symmetric part and E is the asymmetry parameter.

It is helpful to recall that the hyperfine interaction A can be split into an isotropic part (a)
and an anisotropic fraction (b):

a=1/3(An+Ay +A,),b=1/2(A,—a) (6.5)

The isotropic part which is a measure of the spin density on the position of the nucleus
(Fermi contact term)is given by:

a=161/3p pygegny ¥’ (6.6)

and the anisotropic part which is due to dipole—dipole interactions is given by:

b =4/5ppungeann’ B (r?) (6.7)

We will use these equations to show that Nay, is a deep acceptor rather than a shallow
one (see below).

To structure the magnetic resonance data on ZnO we have organized the rest of this
section as follows: we start with the results on shallow donors, than describe deep center
properties, especially the oxygen vacancy, and finally present the results on acceptors.
Table 6.1 summarizes the data on the individual centers.

6.3.1 Shallow Donors

In ZnO shallow donors are characterized by a single line spectrum at a field position
corresponding to a g-value of g ~ 1.96. In ZnO single crystals the resonance is slightly
anisotropic due to the wurzite symmetry. The deviation of the shallow donor g-value from
the free electron value of g =2.0023 is in first order a result of the admixture of valence
band states (p-type) to the s-type conduction band.®’~5!

In most cases the EPR linewidth of shallow donors varies between 1 G and 10 G, which
depends on the concentration of the shallow donors and the details of the measurement
conditions. A hyperfine interaction is rarely resolved, thus direct information on the
chemical nature of the donors cannot be given. The reason is that the donor electron is in
an effective mass-like state with a Bohr radius of about 1.5 nm, thus it is distributed over
many lattice sites. Consequently the electron density on the nucleus of the donor atom is
low, typically less than a percent compared with the atomic values, thus the hyperfine
interaction is often smaller than the instrumental resolution in the EPR experiment.

Two fortunate cases have been found where the hyperfine interaction was large enough to
be resolved. In the case of the In-donors a 10 line spectrum was observed reflecting the I = 9/
2 nuclear spin of the '"*In isotope (95% abundance)***! and Ga-donors gave a four line
spectrum due to the nuclear spin I = 3/2.12!1 For the third common group-III donor in ZnO,
namely Al, the enhanced resolution of the ENDOR had to be used to resolve the inter-
action.'”?! Experiments of the same kind were successful to identify H as a shallow donor.'**!
To act as a shallow donor in semiconductors is quite unusual behavior for H. We just recall
here the passivating properties of H on dangling bonds in amorphous Si.***! However,
meanwhile also complex centres were observed in which H plays a role as a passivating
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defect (see below). While the understanding of hydrogen and the group-III donors in ZnO
has greatly developed over recent years much less is known about the halogen donors.

Not only the extrinsic donors may contribute to the n-type conductivity of nominally
undoped ZnO, but also intrinsic defects are often of great importance and relevance.
Very often the exact stoichiometry of the ZnO samples is not known, and defects
accommodating nonstoichiometry such as the donor Zn interstitials and oxygen vacancies
have to be considered with equal importance. In order to study the role of intrinsic defects
Gorelkinskii and Watkins'®> and Vlasenko and Watkins®®°”! used optically detected
magnetic resonance (ODMR) in combination with low-temperature, high-energy electron
irradiation to create and possibly identify the relevant defects. By choosing the appropriate
electron energy they created and characterized the primary radiation defects and were able
to show convincingly that Zn interstitial atoms are shallow donors. Due to the low
abundance of Zn with nuclear spin (~5%) hyperfine interactions were not observed, but
the g-value for the Zn interstitials is clearly that of a shallow donor. The oxygen vacancy
turned out to be a deep level defect. Son et al. also performed ODMR experiments on high
energy electron irradiated samples — this time at room temperature — and discovered
similar defects but with different thermal stabilities.!™

6.3.2 Deep Level Defects

By the 1970s the paramagnetic charge state of the oxygen vacancy was observed by
EPR."?7'%% Very recently the deep level behavior was confirmed, and the Vo' level
position was determined to be about 0.9 eV above the valence band.!'®*! This diverges
somewhat from theoretical calculations which locate the level closer to the conduction
band.""%% Also the negative correlation energy predicted for the oxygen vacancy demands
an experimental confirmation. Another open question is the relationship of the oxygen
vacancy to the “green” luminescence band in ZnO. At least three models are under
discussion: (i) it is related to the presence of Cu impurities'®! — a less likely model — the
pronounced phonon structured luminescence band can easily be distinguished; (ii) a
shallow donor (DO) to oxygen vacancy (VOO) recombination;*®'°¥ and (iii) it originates
from an internal triplet recombination of the neutral oxygen vacancy (S = 1), similar to
color center emissions in ionic crystals.'® New aspects in the discussion of the
properties of the oxygen vacancies came recently from the theoretical calculations.!'%”)
Their calculations predict that oxygen vacancies have high formation energies in n-type
material, hence have negligible abundance, and play no role in the optical recombinations
in ZnO. They further predict that Zn vacancies are the most abundant intrinsic defects and
recombinations in the green spectral range are caused by Zn vacancies and associates.
They assigned the spin triplet (S =1) recombination investigated in the work of Leiter
et al.,"° Carlos et al."' and Vlasenko and Watkins!'*”! to a pair defect consisting of a
singly negatively charged Zn vacancy (S =1/2) and a neutral shallow donor (S =1/2)
which by exchange interaction couple to a S=1 state (EM°+V,.~ — EM" 4V, >).
While such a possibility cannot be ruled out, it is in conflict with the available
experimental data and arguments are given in the following.

In the model of Leiter e al.'"° the S = 1 signal originates from the two-electron state of
the oxygen vacancy (Vo). In its neutral charge state two electrons are paired with
antiparallel spins, a singlet ground state. Photo-excitation does not involve band states
but occurs as an internal atomic excitation into a singlet excited state. From there
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inter-system crossing occurs to the emitting states, a spin- and orbital-triplet state. Here the
radiative recombination into the singlet ground state takes place (“‘green emission”). In an
atomic model this is a *P to 'S type recombination, the band states of ZnO are not
involved. For a comparison see the results on the two-electron centres in CaO (color
centers).[1 1o-112]

The parameters of the S=1 center are g =1.984, g, =2.025, and the fine structure
splitting constant is D =+-0.78 GHz [see Table 6.1 and Equation (6.3)].

Janotti and Van de Walle!'®”! suggest as a model an exchange coupled pair consisting
of a singly negatively charged Zn vacancy (S =1/2) and an effective mass type donor
(S=1/2) for the recombination. Coupling the two spins to a total S=1 system and
assulrging the fine structure splitting D to be zero, we expect the g-value of this center to
be:!'"3

8pair = (gVZ" +gd0nor)/2 (68)

Shallow donors have g-values of gy =1.957 and g, =1.955 and the g-values for Vz,"
are g =2.0024 and g, =2.0193, thus the g-values should be g =1.979 and g, =1.987.
Such g-values are typical for the centers observed by Vlasenko and Watkins''® but they
are considerably different from the experimental values of gy =1.971 and g, =2.022 (see
Table 6.1). Vlasenko and Watkins''®! indeed observed several Zn vacancy related centers
which show an effective mass donor to Zn vacancy acceptor type of recombination
(EM° + V,,~ — EM" + V,,27), however, none of these had this particular g- and D-value.
Furthermore, the trigonal symmetry of V, should show up in the angular dependence of the
magnetic resonance signals.

The S =1 center detected in the green band has a positive fine structure or zero field
splitting D. The D of spin-exchange coupled pairs is mediated by the dipole—dipole
interaction Dy, and is negative.l''?!

Dys = —(1o/47) (3g182013/217) (6.9)

where g, and g, are the g-values of the two spins and r is the distance between the spins.
For anion vacancies the zero field splitting became positive because there are two
contributions to D =D, + Dy, the dipole—dipole interaction as given in Equation (6.3)
and D, is the spin-orbit interaction in the triplet states which are not spin-only states but
have angular momentum.!''?!

In the ODMR experiments Leiter ef a were in the fortunate situation to observe the
level anticrossing (LAC) in the circular polarization of the emission (Figure 6.18). The
LAC allows an unambiguous determination of the sign of D. The intensity of the circular
polarization of the emission is measured as the difference of the left- and right-circular
polarized emission components:

1[106]

AI(B,T) =1, —I,., (6.10)

In case of a positive zero field splitting D the 10> sub-state is located below the |4+1>
sub-states of the S=1 triplet. With increasing magnetic field B the MCPE intensity
increases due to partial thermalization in the sub-states. At the field position of LAC the
level mixing of the -1 > radiative state and the more populated nonradiative 10> results
in an increase of the o emission, i.e. a positive signal Al. For a negative D the opposite
holds, the intensity of the MCPE would decrease.
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Figure 6.18 Observation of the level-anti-crossing in the magnetic circular polarized emission
(MCPE) of the S =1 center in ZnO. The insets show the magnetic resonance as signal decrease
and increase, and a schematic model of the zero-field splitting of the S=1 states. Reprinted
with permission from F.H. Leiter, Thesis, GieBen, 2002

A typical situation in many ZnO samples is that the emission in the visible spectral range
is a superposition of various recombinations. A broad vibronic coupled band with almost no
structure is the consequence. Therefore it was of importance to investigate the spectral
dependence of the LAC signal and the ODMR resonances responsible for our S =1 center
(see Figure 6.19). The dependence of the ODMR (LAC) signals on the emission wavelength
reproduces the photoluminescence spectrum (see Figure 6.19), thus the recombination band
centered at 2.45eV is caused by this particular spin triplet recombination.

This does not mean that other recombinations and hence other defects cannot participate
in the emission in the visible spectral range but for the samples used by Carlos et al.,''%%!
Leiter et al"'% and Vlasenko and Watkins!'*”! the broad unstructured green luminescence
band was caused by a defect with a S =1 configuration in the excited state. However, the
relationship between the “green” emission and the oxygen vacancies is still under discus-
sion. Rather more settled is the identification of the oxygen vacancy in its paramagnetic
single ionized charge state.”~'%¥ Further experiments are needed to get solid information
on the neutral charge state and if possible also on the 2+ charge state. Furthermore, the
predicted negative correlation energy for the oxygen vacancy needs confirmation.!'?>197)
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Figure 6.19 (a) Photoluminescence spectrum and (b) ODMR excitation spectrum of the S = 1
defect in ZnO. Reprinted with permission from F.H. Leiter, Thesis, GieBen, 2002

6.3.3 Extrinsic Acceptors: Li, Na and N

For the group-I elements it is well established that they introduce deep acceptor states.
With binding energies of 800 meV (Li) and 600 meV (Na) they compensate the back-
ground shallow donors and produce high resistive material."' '*~'1®! For “shallow” effective
mass like acceptors in ZnO one would expect in an atomic limit g-values around g~ 1 (a
hole localized in a p-orbital) which is clearly not the case for the deep Li and Na centers
(see Table 6.1).

The hyperfine constants of the centers can be interpreted in a linear combination of
atomic orbitals (LCAO) approach where one assumes that the electron wavefunction is
made up from Na 3s and 3p orbitals:

¥ = a¥(3s) + B¥(3p) (6.11)

a®+B*=n* <1 allows for admixtures of non-sodium orbitals for example from
surrounding oxygen atoms. The term 8%/a? reveals the hybridization of the investigated
atom which is also reflected in the bond angle ¢. Using the relationship:'''"!

tan(p) = —[2(1+8%/a”)]'" (6.12)

and the measured angle ¢ we can estimate the term to be 4.7 times more p-like than in an
ideal sp> hybrid.

Inserting the measured values of a and b and the wavefunction values of the free atoms
given by Morton and Preston'''® one finds o> =0.12, 7 =0.59, and 5> =0.71 for the
nonaxial Na centers. For the axial Na centers the values become: o> = 0.1 1, Bz =0.29, and
1?=0.4. The n* value shows different admixtures of oxygen states for the axial type and
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nonaxial type of centers. The hybridization also varies, being closer to sp> in the case of the
nonaxial centers while the orbital is much more p-like for the axial center.

This leads to a distorted center in which the sodium atom is shifted from the regular Zn
position. A geometrical interpretation of the bond angle gives a value of r,,, =2.05 A for
the nonaxial case if the shift is along the normal bond direction. The normal length of this
bond is 1.97 A. One can also find an estimate for the bond length r, in the axial case by
considering that b reflects a dipole-type of state. The lengths in both cases should relate to
each other like the sixth root of the relationship of the corresponding anisotropic hyperfine
interaction parameters:

rax/rnax = (bax/bnax)l/6 (613)

Using this equation one finds a bond length r,, = 2.2 A, that means the bond is longer in
the axial case (which is parallel c).

The g-tensor allows an estimate of the energy separation between the acceptor state and
the valence band. The g-shift is related to this energy separation and the spin-orbit
coupling of the atom that contributes to the state."''* The spin-orbit coupling of sodium is
close to zero, therefore the contribution comes from the oxygen ligand. Using the
admixture factor 77 one obtains for the energy separation:

AE = ~2(1-1%)/(g)-5.) (6.14)

The values of 730 meV (axial centers) and 640 meV (nonaxial centers) are in agreement
with the results of the photoluminescence measurements (see below). A detailed study of
the EPR temperature dependence confirms these results on the energy barrier between both
types of centers.!''*!

The sodium-doped samples showed a strong luminescence line in the excitonic range
followed by a broad, unstructured luminescence band in the visible spectral range (see
Figure 6.20). This band can be decomposed into two Gaussian bands with peak energies of
2.48eV (marked as II) and 2.15eV (marked as I). Temperature-dependent measure-
ments''?°! of the half-width of band I revealed a Huang—Rhys factor S of about 16 + 1.5
and participation of local phonons of iw = (45+5) meV. This leads to a (hypothetical)
zero phonon transition at 2.87 eV (peak position at 2.15eV plus SAw), that is, 580 meV
below the band gap energy in fair agreement with the data analysis of the g-anisoptropy.
The corresponding values for the Li acceptor are: peak energy at 2.1eV, a Huang—Rhys
factor S of about 13 41 and participation of local phonons of /iw = (50 4+ 5) meV, zero
phonon transition at 2.75 eV (peak position plus Sfiw), that is, 700 meV below the band gap
energy. The values of 580 and 700 meV for the Na and Li acceptors are equivalent to the
acceptor binding energies since the recombinations investigated in ODMR were of the
shallow donor to deep acceptor type.

A direct correlation to the Na related photoluminescence band was obtained by ODMR
excitation spectroscopy (Figure 6.20).!'2°! The sample shows overlapping broad emission
bands in the visible; the Na related magnetic resonance signals were detected only on the
deeper lying emission I, while emission II showed no magnetic resonance response.

The intense research to find suitable acceptors for the p-type doping has led to a
reinvestigation of the behavior of the group-I elements over recent years. While in the old



Magnetic Resonance Investigations 163

4K DX

PL-intensity (arb. units)

18 20 22 24 26 28 30 32 34
Energy (eV)

Figure 6.20 Luminescence spectrum of a Na-doped ZnO single crystal showing the band edge

excitonic recombinations and the deep centre emission decomposed into two Gaussian

contributions. The ODMR spectrum of the Na acceptor is only detected on band I. Reprinted
with permission from F.H. Leiter, Thesis, GieBen, 2002

work bulk crystals and high diffusion temperatures were used, now moderate temperatures
(<800°C) and epitaxial films came into play. Evidence for a Li related center causing a
DAP recombination with a ZPL at 3.05eV was found by Sann et al.l'*!)

Figure 6.21 shows a low-temperature photoluminescence measurement of a sample
where Li was introduced during growth. A newly observed luminescence starts at around
3.1 eV, and shows pronounced coupling to longitudinal optical (LO) phonons separated by
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Figure 6.21 Luminescence spectrum at T=4.2 K of a Li-doped ZnO epitaxial film grown by
CVD. The position of the DAP band at 3.05 eV and its LO replica are indicated. Reprinted from
J. Sann, A. Hofstaetter, D. Pfisterer, J. Stehr, and B.K. Meyer, phys. stat. sol.(c) 3, 952.
Copyright (2006) with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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72 meV. The shape is typical for DAP recombination. The coupling strength given by the
Huang—Rhys factor S is estimated from the Poisson distribution I = I, $"/n! where n =0, 1,
2, ... and I is the intensity of the first, the ZPL. For S one obtains a value of 0.35 4 0.05
which can be compared with the value of 0.55 £ 0.05 obtained for the nitrogen acceptor
with a binding energy of 165meV.[*! If we assume a value of 50 meV for the donor
binding energy, and neglect the coulombic interaction one obtains an acceptor binding
energy around 300 meV, and one may wonder why the phonon coupling strength is
so small.

In 1960 Lander''**! reported on the donor and acceptor properties of Li and gave
first indications about the possible defect structure. He proposed the interplay between
interstitial Li donors and substitutional Liz, acceptors. Lander''??! observed a decrease in
conductivity which was dependent on the oxygen pressure during doping and concluded
that for the realization of p-type ZnO:Li very high (and not achievable) oxygen pressures
were needed. The main reason for the conversion from n-type to high resistive ZnO:Li was
presented in the work of Zwingel.!'”! He showed that the conductivity decreased in
inverse proportion to the square of the Li concentration. Only 1% of the total Li
concentration was effective in the compensation of the donors already present in the
crystal. He assumed equal concentrations for the interstitial Li donors and Liz, acceptors
and postulated the existence of another Li acceptor, needed to model the reaction kinetics.
It should arise from the pairing of two Li centers. The luminescence/EPR investiga-
tions"'*! do not allow to conclude whether one or two Li atoms are part of the 300 meV
acceptor. For the epitaxial films Li and Na doping in all cases enhanced significantly the
Iuminescence in the yellow spectral range (compared with undoped samples where the Cu
emission with well resolved phonon structure is observed). This can be used as an
indication that also the deep Li (Na) acceptor was formed, and that there is a branching
ratio between the shallow and deep Li centers. A defect model of shallow Li with nearby H
donors was proposed.!'?!! A similar model was proposed by Halliburton ez al.'**! based
on a combined investigation of the infrared absorption and magnetic resonance.

Novel aspects on the group-I elements come from the synthesis of ZnO nanocrystals.
Here LiOH or NaOH are used as oxygen precursors and the materials are prepared at room
temperature. ENDOR investigations show that under such conditions Na and Li can exist
in interstitial positions thus being shallow donors. Together with the Liy, acceptors charge
neutrality is obtained in the nanocrystals by this type of extrinsic-self-compensation
process.!'*!

The most crucial point for the future of ZnO as material for electronic and optoelec-
tronic devices is the ability to dope it reliable p-type and thus to find an efficient shallow
acceptor which is able to release holes in sufficient concentration to the valence band.
Meanwhile, many doping techniques and various growth processes have been applied to
achieve this goal, however, with limited success. From the point of characterization by
means of magnetic resonance methods to our knowledge only information on two types of
species was obtained. One is the Zn vacancy and related defects, and the other one is
nitrogen. Nitrogen can be expected to occupy an oxygen site considering the small size
mismatch, and thus has the potential to be an acceptor. Indeed a nitrogen acceptor center
compatible was detected in EPR, originally in single crystals, later also in nitrogen-treated
ZnO powders.!"%*'2%! Figure 6.22 shows the EPR signal of the nitrogen acceptor for
different orientations of the magnetic field with respect to the c-axis of the ZnO crystal.
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Figure 6.22 The EPR signal of the N acceptor at selected orientations. Reprinted from W. E.
Carlos, E. R. Glaser, and D. C. Look, Magnetic resonance studies of ZnO , Physica B 308-310,
976. Copyright (2001) with permission from Elsevier

The g-values are not what one expects for shallow effective-mass-type acceptors (see
Table 6.1 and Figure 6.23), also the observation of hyperfine interaction with the nitrogen
N = 1 nuclear spin rules against a shallow center. Carlos ez al.""®! remarked that the large
anisotropy in the hyperfine interaction suggests that a p-orbital (p-hole) is involved. From
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Figure 6.23 Compilation of the g-values of shallow and deep defects in ZnO. The diagonal line

refers to isotropic g-values; the horizontal line is a guide for the eye
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an atomic orbital analysis follows that the center has 96% p and 4% s character, and has a
4% localization of the nitrogen atom. It is obvious that from the spin Hamilton parameters
and their analysis one deals with a deep and not a shallow acceptor. Carlos et al.l'®!
pointed out the similarity to the deep states of As and P in ZnSe — a p-orbital on the
impurity atom which is Jahn-Teller distorted. While this is certainly correct one may
notice: As and P in ZnSe also introduce shallow effective-mass-type acceptor states, and
depending on the growth method and growth parameters (melt grown or low temperature
epitaxial growth, II/VI ratio, etc.) there can be preference which acceptor state is favored.
The shallow acceptor state introduced by nitrogen doping, by diffusion and implantation
(see above) obviously has so far escaped detection by magnetic resonance techniques.

Apart from this deep N~ acceptor also molecular nitrogen (N, ) acceptors were
found.""?”'?8! Studying the annealing behavior of these two N centers,'*”! compensation
(probably by hydrogen) was noticed as well as the deactivation of the centers at
temperatures above 800 °C. Here we also would like to draw attention to the work of
Aliev et al.!'**! who obtained evidence that compensation of the nitrogen acceptors may
also happen via the pairing with zinc interstitials. Such defects models were also found in
ammonia-treated ZnO powder samples by Sann ez al. ''**!

6.3.4 Intrinsic Acceptors

The first information on Zn vacancies was obtained in the 1970s. Room temperature
electron- and neutron-irradiated samples were studied.''*'~'**! More recently the work of
Vlasenko and Watkins''%! revealed the creation and annealing behavior of Vz, by low
temperature electron irradiation. Frenkel pairs of the Zn vacancy with the Zn interstitial
were observed and the annealing stages below 170 K were related to the migration of the
Zn interstitials. In correlating these ODMR results to the photoluminescence bands present
in the material and comparing the results with the better studied case of ZnSe, the authors
obtained evidence that the Zn vacancy levels are at least 350 meV above the valence band
or even higher.

In summary, while the identification of the impurities, dopants and intrinsic defects in
ZnO by magnetic resonance methods is in a good state there is a lack of data which relates
this information to electrical or optical properties of the material.

Note, the magnetic resonance data of the transition metal elements Sc. . ...Cu were not
considered in this chapter. They are defects in their own right and would demand an
independent compilation.!'**~'**! While they are common defects in ZnO bulk crystals
they play a minor role in thin films relevant for optoelectronic applications. Using the same
argument, defects such as Mo"*%! and Pb"#" in ZnO have not been reviewed.
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7.1 Introduction

Vapor growth methods have been used to produce high quality single crystals of compound
semiconductors in the II-VI family for many years.!""~ This is primarily due to the high
vapor pressures of the components of these compounds well below their melting points
along with their typically high melting points. The vapor growth methods are usually
either physical vapor transport (PVT) or chemical vapor transport (CVT). PVT, in this
case, refers to the sublimation of the compound into components volatile at the growth
temperatures and has often been favored for the more volatile I[I-VI compounds such as
CdS, CdTe, ZnTe, CdSe, and ZnSe. The less volatile II-VI compounds, primarily ZnS and
ZnO, often require a transporting agent to react with the compound and accomplish the
vaporization of the compound’s components at practical growth temperatures; thus
chemical vapor transport or CVT. The potential transporting agents that have been used
with ZnO form an extensive list including hydrogen, carbon, and group VII compounds."!
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© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-51971-4
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Poly Single
Charge Crystal
Zn (v) —
H,O (v) -
< Hy(g)

4| I

ZnO(s)+H,(g) <> Zn (v)+H,0(v)

Figure 7.1 Schematic illustration of the chemical vapor transport of ZnO in an enclosed
ampoule

CVT growth of ZnO is illustrated in Figure 7.1. In this configuration, a quartz ampoule is
used to hold a polycrystalline charge of ZnO at one end with a seed crystal at the other end. By
placing the ampoule in a temperature gradient such that the polycrystalline charge is at a
higher temperature than the seed, the charge will be vaporized and transported to the cooler
end where it recrystallizes on the seed crystal. To form a single crystal, the seed would ideally
be of the same material as the growing crystal. However, in some cases, single crystal seeds
composed of other materials have been used.'®! “Self-seeding” (no seed is used; the ampoule
is usually configured to localize the initial growth to a few small single crystals) is also
possible but usually requires a tapered ampoule such that the first deposited material will form
at the tip in such a small size that it will naturally form a very small single crystal. The rest of
the deposit then grows epitaxially on this seed and, as it gets thicker, expands in diameter as
the ampoule tapers out. This can require an extended growth time for the growing crystal to
expand to a usable diameter. A more economical method has been developed by ZN
Technology in which a full diameter seed is used with a straight wall ampoule. This method
has been shown to produce high quality, large area, single crystals of CdS, CdTe,!”! ZnTe,
ZnSe,'®* and many ternaries. These crystals are typically twin free without low angle grain
boundaries and have been grown at 2- and 3-in. diameters by the PVT method. The same
methodology was adapted for use in the CVT of ZnO and 2-in. diameter single crystals have
been grown. The addition of a full diameter seed to the PVT method results in the process
being named the Seeded Physical Vapor Transport (SPVT) method and for CVT, the Seeded
Chemical Vapor Transport (SCVT) method.

7.2 Transport Theory and Comparison with Growth Data

While PVT of ZnO is possible, the sublimation vapor pressures of zinc and oxygen over
ZnO are very low at practical growth temperatures: ~3 x 10® atm at 1000°C and
~1 x 10~ atm at 1200 °C for the Zn partial pressure.!'”! Typical Zn vapor partial pressures
in the SCVT system are calculated"”! to be ~1.5 x 102 atm at 1000 °C and ~1.9 x 102
atm at 1200°C. Thus the use of the chemical transporting agent should increase the
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transport and growth rates by a factor of approximately 10* at 1000 °C and 107 at 1200 °C.
Most vapor growth is done in quartz ampoules and the typical upper limit for use of quartz
is in the 1200-1300°C range. Experimental measurements by ZN Technology of the
transport rate of ZnO using PVT have typically resulted in rates lower than 1 x 107°mol
ecm 2h™ which is too low to be practical for crystal growth. In these experiments, a
buffer gas of helium at a pressure of 370 Torr was used with a temperature differential
between the charge and the seed of ~50°C. Even this low rate may have been
enhanced by residual moisture or other impurities in the growth charge and system that
may have acted as transporting agents and increased the transport rate beyond that of
sublimation only.

The SCVT method provides the potential for much higher transport rates of ZnO at
significantly lower temperatures. In this method, the transporting agent reacts with the
source material causing a decrease in the partial pressure of the transporting agent and
production of high vapor pressure products. The vapor products formed by the reaction
then flow towards the growing crystal where the reverse reaction takes place. At the growth
interface, the reverse reaction releases the transporting agent causing an increase in the
transporting agent’s partial pressure at that point. Therefore, the pressure differentials of
the transporting agent and the crystal forming products force the net fluxes of the zinc and
oxygen containing vapors to be from source to crystal while that of the transporting agent
is in the opposite direction. This counter flow of gases does not normally exist in PVT and
results in a slightly more complex flow system inside the ampoule.

Although not the only possibility, the transporting agent chosen for ZnO is hydrogen.
The reversible chemical reaction of hydrogen with ZnO proceeds as:

ZnO(s) + Hy(g) < Zn(v) + H,0O(v) (7.1)

At the source (polycrystalline charge) end, the reaction proceeds from left to right (see
Figure 7.1) resulting in vaporization of the solid ZnO through usage of the hydrogen. At
the growth end, the reaction proceeds in the opposite direction with solid ZnO formed and
molecular hydrogen released. Transport rates of ~5 x 10 mol cm 2h™" were achieved by
ZN Technology using a 20% mixture of hydrogen in helium.

While it would be possible to use pure hydrogen to increase the transport rate, growth of
high quality crystals often requires reduced growth rates. To control the growth rate, the
SCVT growth of ZnO has been conducted with a mixture of inert gas and hydrogen. This
not only reduces the hydrogen partial pressure, a controlling factor in the transport rate, but
also provides a medium through which the vapors must diffuse to reach the growing
crystal. If conditions are set such that the transport rate is limited by the diffusion of the
vapors from one end of the ampoule to the other, independent control of the growth rate
and growth temperature can be achieved resulting in improved reproducibility and long
term stability of the system.

Faktor et al. developed a one-dimensional model for vapor transport and applied it to
crystal growth of CdS by PVT.'""! In their analysis, they used a combination of drift and
diffusion to describe the flux of a vapor per unit cross-sectional area given by:

U D d

JVaP = ﬁ Pvap— ﬁ apvap (72)
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Figure 7.2 Comparison of experimental growth rates (points) with the growth rate (solid line)
as calculated by the thermodynamic model described in the text. Each point is the average
growth rate for that growth temperature

2 & pap represents the

diffusion term. Boone originally applied these equations to the SCVT system to
determine the transport and growth rates as functions of the growth parameters. This work
was extended by ZN Technology to more closely model the current growth system. The
results of these calculations along with experimental data are shown in Figure 7.2 where the
growth rate of ZnO is plotted vs furnace temperature. The experimental values are averages
over all growth runs conducted at each temperature. Though the fit of the calculated curve is
not exact, it does exhibit the maximum in growth rate seen in the data.

In addition to growth rate, it is important to maintain an optimum stoichiometry in
the vapor at the crystal growth interface for vapor growth of high quality II-VI
compound crystals. In the case of the SCVT ZnO growth process, this means
controlling the ratio of water, the oxygen bearing compound, to zinc vapor. A set
of experiments by Reisman ez al.!"*! involving the gas phase reaction of Zn and H,0
vapors in an helium carrier gas indicated the conditions for producing smooth and
Pu,0
Pzn
for metal organic chemical vapor deposition (MOCVD) growth processes exceptthe
ratios were in the 4-8 range. To accomplish vapor stoichiometry control, an external water
vapor source was added tothe SCVT ZnO growth system. This source permits control of the
water vapor pressure in the growth ampoule. The one-dimensional growth model utilized
for this growth system includes the external water vapor source. In conjunction with the
crystal growth temperature the influence of the external water vapor source can be used to
change the ratio of water vapor to zinc vapor partial pressures at the growing crystal
interface from ~1.5 at high growth temperatures and low external water vapor pressure to
~80 atlow growth temperatures and high external water vapor pressure. Thisis illustrated
in Figure 7.3 by the two curves representing the lowest and highest temperatures used for

ZnO crystal growth.

where the term R—UT Dvap represents the drift of the vapor and
[12]

ratio of 10-50. Similar observations have been made
[14,15]

transparent layers involved a
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Figure 7.3 The ratio of water vapor to zinc vapor partial pressures at the growth interface vs
the applied external water vapor pressure for two different growth temperatures. Upper curve:
-240°C; lower curve: +60°C

7.3 Characterization

7.3.1 Crystallinity

High resolution X-ray omega rocking curves were used to check the crystallinity of the
SCVT ZnO. In this procedure, the crystal is rocked along the omega axis through the
Bragg peak and the detector is unmasked such that all of the diffracted radiation is
collected. The values measured are the full width at half-maximum (FWHM), the peak
height relative to the incident beam intensity, and the omega position of the Bragg peak.
The rocking curves resulting from this procedure are similar to those in Figure 7.4. The
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Figure 7.4 X-ray rocking curves (omega) for one of the best SCVT ZnO crystals. The
measurements shown are for different spots along the diameter of the wafer and cover a
length of approximately 40 mm
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FWHM (shown in Figure 7.4 as the number above each peak in arc-sec) is measured as the
width of the peak at a vertical position half the total height of the peak. The rocking curves
shown in Figure 7.4 are from several positions across a single 40 mm diameter SCVT ZnO
wafer. The uniformity of the FWHM values and the peak heights are indicative of both the
high crystalline quality and excellent uniformity of the material. Although lower (better)
FWHM values have been measured in individual areas on a wafer, the crystalline quality
indicated by the FWHM values in Figure 7.4 should be sufficient for excellent homo-
epitaxial results and subsequent device fabrication.

7.3.2 Purity

One characteristic of the SCVT ZnO growth process is the extremely high purity of the
resulting ZnO crystals. This can be very important for homoepitaxial growth of ZnO since
any impurities in the substrate may diffuse into the homoepitaxial film and alter its
electrical characteristics. Glow discharge mass spectrometry (GDMS) was used to
characterize the impurities in the SCVT ZnO crystals. Table 7.1 shows the results for
the impurities detected in three samples from different growth runs. All other elements
were either not detectable down to a few parts per billion atomic (ppba) or were a part of
the sample matrix or sample mount such as zinc, oxygen, and tantalum. The majority of
the impurity content is silicon and nitrogen. Silicon is expected since the crystals are
grown in quartz ampoules. There has been no indication this level of silicon doping
changes the electrical properties of SCVT ZnO. The amount of nitrogen present in the
three samples shows significant variation, but is consistently present. This nitrogen
presence may be related to imperfect sealing of the growth apparatus resulting in a minor
component of nitrogen in the growth atmosphere. Of the remaining detected impurities,
only aluminum and boron are known to be n-type dopants and their total concentration of
~20-50ppba is not likely to impact the doping of any epitaxial films grown on these
substrates by outdiffusion from the substrate to the film. This high purity is also evidenced
in the optical data discussed in a later section.

Table 7.1 Results of GDMS of one of the SCVT ZnO crystals. Only detected elements are
shown. Note that the data are shown in parts per million atomic (ppma)

Sample A Sample B Sample C

(ppma) (ppma) (ppma)
B 0.012 0.012 0.028
C 0.040 0.004 0.091
N 0.028 0.180 1.200
Na 0.015 ND ND
Al 0.009 0.007 0.020
Si 0.330 0.280 0.660
Ti 0.001 ND ND
Sn ND 0.077 ND
Pb 0.002 ND ND

ND, not detected.
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7.3.3 Electrical

All undoped ZnO grown by the SCVT method has been n-type conductive. Typical room
temperature electrical characteristics are ~0.5ohm cm with a mobility of ~200 cm? V™
s~ and a net donor concentration of ~6 x 10'®cm™. Growth parameters have been found
to cause the net donor concentration to change, though not drastically. Figure 7.5
illustrates the decrease observed in the net donor concentration as the growth temperature
decreases. Although the direct cause of this has not been investigated, as was shown in an
earlier section, the thermodynamic model describing the transport process predicts that the
H,0/Zn ratio at the growth interface will increase with decreasing growth temperature.
Thus, changes in the stoichiometry at the growth interface for different growth tempera-
tures may be the cause of this trend. Changes in mobility are also observed, but they appear
to be associated with the decrease in the net donor concentration. Figure 7.6 plots the
mobilities and net donor concentrations for all samples measured showing the apparent
correlation.

The conductivity of the bulk SCVT ZnO has been attributed to three donors by Look
et al.:'"% one with a ~30meV activation energy proposed to be due to a native defect
complex donor, the second at ~44meV activation energy associated with hydrogen
interstitials, and the third at ~75meV that is probably associated with a group III
impurity (most likely Ga or Al) on a Zn site. From Hall vs temperature measurements,
the density of each of these was estimated to be 4.5 x 10> cm™ for the 30 meV donor
level, 3.0 x 10" cm™ for the 44 meV donor level, and 2.0 x 10'°cm™ for the 75 meV
level. The acceptor density was calculated to be 1.3 x 10'° cm™. Therefore, the room
temperature n-type conductivity of the SCVT ZnO is likely due to a combination of the
three sources and the compensation level is low with acceptor densities more than a factor
of 20 lower than the donor densities. In addition, the peak electron mobility has been
measured at >2000cm? V" s at low temperatures after a thermal anneal that is thought
to remove hydrogen.!'”!
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Figure 7.5 Plot of the net carrier concentrations for SCVT ZnO samples grown over a range of
furnace set point temperatures
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Figure 7.6 Plot of average net carrier concentrations of SCVT ZnO grown over a range of
furnace set point temperatures

The donor level associated with hydrogen has been eliminated by annealing the SCVT
ZnO in air at temperatures around 800 °C. Look et al."'® report elimination of this donor
level using a 715 °C anneal. This resulted in a reduction of the room temperature net donor
concentration by a factor of ~1.7. The results of annealing in air at 1000 °C have been found
to reduce the room temperature net donor concentration by a factor of two to three."'”!

7.3.4 Optical

SCVT grown ZnO has very good optical properties as measured by photoluminescence
and cathodoluminescence. At room temperature, the typical photoluminescence response
shows a strong UV peak at 378.6nm along with a very low intensity visible (green)
luminescence.!'”! Cathodoluminescence also shows the extremely low value of the visible
as compared with the UV luminescence. This is illustrated in Figure 7.7!'® where, in this
experiment, the cathodoluminescence visible peak height is less than 1% of the UV peak
height. Figure 7.7 also includes a comparison of the cathodoluminescence of SCVT ZnO,
hydrothermal ZnO, and melt grown ZnO showing that the SCVT ZnO ratio of visible/UV
luminescence is much better than the samples grown by the other two techniques.

Using low temperature cathodoluminescence, the large number of observable phonon
replicas in Figure 7.8""®! also indicates the extremely high optical quality of the SCVT
ZnO sample. The uniformity of the optical properties was also tested on this sample,
showing less than 0.1% variation in the cathodoluminescence when mapped across the
face of the wafer.'® Similar luminescence spectra exhibiting phonon replicas are
observed using low temperature photoluminescence.!'”’ Room temperature, optically
pumped stimulated emission has also been observed in SCVT ZnO samples.!'”! Figure 7.9
shows the spectra of the stimulated emission. The luminescence spectra are shown for
various pump densities from below to above the stimulated emission threshold. This
observation of room temperature stimulated emission in an SCVT ZnO substrate with no
special optical cavity preparation demonstrates the exceptional optical quality of the
SCVT ZnO and the efficiency of ZnO’s radiative processes.
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Figure 7.7 Ratio of green luminescence to near band edge (NBE) luminescence as a function
of electron beam energy for SCVT grown bulk ZnO (lower plot) and those of two other methods
showing that the SCVT ZnO has very low green luminescence. Reprinted from L. J. Brillson
et al., Nanoscale depth-resolved cathodoluminescence spectroscopy of ZnO surfaces and
metal interfaces, Superlattices and Microstructures 45, 206-213. Copyright (2009) with
permission from Elsevier
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Figure 7.8 Cathodoluminescence (conducted at Ohio State University) of an (0001) SCVT
ZnO substrate. The sample shows no discernible dependence on electron beam energy
indicating that surface damage was not detectable. Reprinted from H. L. Mosbacker, et al.,

Role of subsurface defects in metal-ZnO(000) Schottky barrier formation, J. Vac. Sci. Technol.
25, 1405. Copyright (2007) with permission from American Vacuum Society
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Figure 7.9 Room temperature, optically pumped, stimulated emission from a centimeter
square, standard chemo-mechanically polished SCVT ZnO wafer. At low pumping power, the
emission peaks are broad

7.4 In-situ Doping

Even though the SCVT ZnO is electrically conductive as grown, a higher conductivity
would be beneficial for its use as a substrate for light-emitting diodes (LEDs) and lasers.
By adding n-type dopants to the growth system, it is possible to incorporate them during
growth. The key is to find dopants or dopant compounds that have appropriate volatility in
the growth system with normal growth parameters. In addition, a method of control of the
doping rate must be devised to keep its vapor concentration constant for the entire growth
run to assure uniform doping. Group VII dopants such as fluorine, chlorine and bromine
are potential candidates for use. However, they may also act as transporting agents,
complicating the growth system; not to mention that they are hazardous and can severely
deteriorate the growth equipment during an accidental leak. Possible group III dopants are
boron, aluminum, gallium and indium. These are more benign but elemental forms are not
volatile at the growth temperatures typically employed in the SCVT system. Most reports
of highly doped, high conductivity ZnO utilize gallium as the dopant.”?*~*! However,
calculation of the probable dopant compound vapor pressures in the SCVT growth system
showed that those most suited to maintaining a desirable and controllable vapor pressure
were compounds of boron and indium. Both have previously been reported for use in thin
film deposition methods to increase the conductivity of ZnO films.””*>~**! Figure 7.10
shows plots of the calculated ratios of In/Zn and B/Zn in the vapor for a range of growth
temperatures. As the ratio affects the degree of doping, there will be an optimum dopant to
Zn vapor pressure ratio. This is usually determined experimentally but one could estimate
that the optimum ratio should be in the 10°-10" range as a starting point. The optimum
value will also depend upon how effectively the dopant is incorporated into the growing
interface. The In/Zn ratio is higher than what is considered optimum but can be lowered
somewhat by maintaining a high growth temperature. The B/Zn vapor ratio is much lower
than the In/Zn ratio for the same temperatures. This ratio is also temperature dependent
with the lowest ratio being at the highest growth temperatures.
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Figure 7.10 Calculated ratios of dopant atoms to Zn atoms in the vapor of the SCVT growth
system for boron and indium

ZnO crystals were doped in situ by this method with indium and boron. Both dopants
were successfully incorporated into ZnO ingots and the room temperature Hall measure-
ment data for the resulting substrates are shown in Table 7.2. While the indium seems to be
the more effective dopant of the two, giving a resistivity of the order of 10> ohm cm with a
mobility of the order of 40 cm? V' s, the indium-doped ZnO was completely opaque for
this doping level. The boron-doped ZnO crystals showed a much larger decrease in the
room temperature Hall mobility (6-10cm? V™" s7") than did the indium-doped crystals but
the transparency of the ZnO was much better. Further work is needed to find the correct
dopant and concentration to give the increased conductivity without having a dramatic
impact on the transparency of the ZnO.

7.5 ZnO Homoepitaxy

The primary use of SCVT ZnO is projected to be substrates for homoepitaxy of ZnO-based
optoelectronic devices, particularly LEDs and laser diodes (LDs). Therefore, the ultimate
test of the quality of the substrates is their ability to be used to produce high quality
epitaxial layers. The results of the homoepitaxy (defined here as growth of ZnO-based

Table 7.2 Room temperature Hall measurement results for boron- and indium-doped SCVT
ZnO. A typical undoped result is included for comparison

Resistivity Mobility Net carrier
(ohm-cm) (cm?/V-s) concentration (cm™)
In Doped 7.9%x107° 415 1.9x 10"
1.2x 107 9.5 5.4x10'®
B Doped 2.6x10" 5.9 4.1x10'®

Typical Undoped 5.0x 107 200 6.0 10'®
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compounds on ZnO substrates) work at ZN Technology are evidence of the quality of the
ZnO substrates produced by the SCVT process.

To achieve high quality ZnO films, not only does the substrate and its surface need to be
high quality and effectively prepared, the growth parameters of the epitaxial film must
be highly optimized to produce device structures that will lead to efficient, durable
ZnO-based devices. It is commonly known that ZnO grows fastest along the <0001 >
direction in contrast to other orientations, resulting in typical growth being mostly in a
three-dimensional (3D) or Volmer—Weber mode. This 3D growth mode has been observed
for heteroepitaxy at ZN Technology based on both molecular beam epitaxy (MBE) and
MOCVD results. Similar 3D nucleation has also been reported for ZnO heteroepitaxy on
GaN, sapphire, and Si.”**?®! ZnO epitaxial films grown in the 3D mode have a high
density of defects with overall surface area significantly larger than that of a film grown in
layer-by-layer mode. This leads to a very high density of surface states that significantly
affect the film properties. For most ZnO-based device applications, such low quality films
usually degrade device performance and thus high quality ZnO films grown in a layer-by-
layer or two-dimensional (2D) mode are highly preferred.

Homoepitaxy is the most logical way to achieve the high quality ZnO films. Unlike
heteroepitaxy, ZnO homoepitaxy is ideally performed with no difference in lattice
constants and thermal properties between the film and the substrate. Zn or O adatoms
at the growth interface can be incorporated in the same lattice as the substrate with
minimal defects. In spite of that, achieving 2D homoepitaxial growth of ZnO is still
difficult. At ZN Technology, it has been found that control of growth parameters and
proper preparation of the ZnO substrates are crucial to obtain 2D growth. As a result, the
ZnO homoepitaxial films have been grown in the 2D mode on in-house produced SCVT
ZnO substrates by both MOCVD and MBE."*®! This not only shows that the two widely
used epitaxial tools have high potential in the growth of high performance device
structures, but also that the SCVT ZnO substrates have sufficiently high quality for
device applications.

Most of the films have been grown on <0001> oriented SCVT ZnO substrates.
However, film growth has also been conducted on nonpolar, a-plane ZnO substrates. This
orientation is important because it may be used in the near future to help achieve LEDs
with high internal quantum efficiency. Some significant features of these homoepitaxial
films will be described in the following sections.

7.5.1 Substrate Preparation

A high quality, well prepared substrate is necessary to succeed in producing homoepitaxial
films with low defect densities, good morphology, and the desired electronic properties.
The ZnO substrates are prepared using a long developed wafering, lapping, and chemo-
mechanical polishing procedure that has been optimized to remove damage and leave a
pristine, near stoichiometric surface. In this manner, an ideal surface used for epitaxy
should be free of defects with the near surface region having the same crystalline quality as
the bulk ZnO. Figures 7.7 and 7.8 illustrate that properly prepared SCVT ZnO surfaces
have detected defect densities similar to the bulk material. In both of these figures, the data
represent cathodoluminescence results with variable incident beam energies, the lowest of
which samples within nanometers of the surface. In both figures, the cathodoluminescence
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spectra do not change appreciably with electron beam energy (or sampling depth). In
both of the other samples of different growth methods, as shown in Figure 7.7, depth
variation of the green or visible luminescence/near band edge emission ratio is present.
Although testing of the surfaces of the SCVT ZnO substrates by this technique helps to
assure that the surfaces are ready for epitaxy, the positive results of homoepitaxial
growth discussed in the next section are evidence of good bulk crystal and substrate
surface properties.

7.5.2 Homoepitaxial Films on c-plane SCVT ZnO Substrates

The ZnO homoepitaxial films grown on (0001) SCVT ZnO substrates by MOCVD appear
smooth and clear to the eye. Observation using a Nomarski microscope shows that they
have a crack-free surface without visible orange-peel. Atomic force microscopy (AFM)
was used to further distinguish atomic scale morphology of the films. Figure 7.11 is a
lum x 1 um 3D AFM picture taken from a 0.5 pm thick ZnO film, showing the high
quality of the film. One significant feature is the “flow pattern” composed of well defined
atomic steps on the surface. This indicates that the epitaxial growth progressed with a 2D
growth mode, rather than columnar, 3D growth. The rms roughness of the film is only
~0.23 nm. X-ray rocking curve measurements indicated that the 2D-grown homoepitaxial
films are of high crystallinity. An omega-scan X-ray rocking curve is illustrated in
Figure 7.12 using a logarithmic vertical scale. This rocking curve is a symmetric, single
peak without any appreciable side lobes. The FWHM of these rocking curves have been
measured as narrow as 82 arc-sec, equal to the value measured from the substrate. It is
possible that most of the diffraction signal is from the ZnO substrate (the CuK, X-rays can
penetrate through the ZnO epitaxial film). However, no significant deterioration or
broadening of the curve shape can be observed, suggesting the epitaxial film is of high
crystallinity.

100 nm

0nm

{m

Figure 7.11 AFM picture taken from a ZnO film that is homoepitaxially grown in 2D mode by
MOCVD on an SCVT ZnO substrate
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Figure 7.12 Omega-scan X-ray rocking curve taken from a homoepitaxial film by MOCVD

ZnO homoepitaxial films grown in 2D mode by MBE are featureless under the
Nomarski microscope at 1000x magnification. A typical morphology of these films is
shown in the AFM image in Figure 7.13, generated for a 1 pm x 1 pm area of a film grown
on an <0001 > oriented SCVT ZnO substrate. The image illustrates the full coverage of
the surface by triangular facets. These are different from the “flow pattern” morphology of
MOCVD-grown homoepitaxial films but still represent a 2D growth mode. The step
heights at the edges of the triangular facets are either one or two monolayers. According to
these characteristics, the 3D growth mode often observed in ZnO epitaxial growth has
been completely suppressed. The rms roughness across the 1 um x 1 pm area is ~0.15 nm.
The homoepitaxial films have also been evaluated by X-ray diffraction rocking curve
measurements. The (0002) omega-scan X-ray rocking curves (using CuK, radiation) show
a single peak at the Bragg diffraction position. Comparing the rocking curves of the ZnO
substrates prior to growth and the ZnO samples after growth (ZnO substrate with a ZnO

100 nm

0nm

Figure 7.13 AFM image taken from a homoepitaxial film grown by MBE showing the growth
was in a 2D mode
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Figure 7.14 AFM image of a homoepitaxial film grown on an a-plane ZnO substrate by
MOCVD

homoepitaxial film), no significant deterioration/broadening of the curve shapes were
observed, suggesting these epitaxial films are also of high crystallinity.

7.5.3 ZnO Homoepitaxial Films on a-plane SCVT ZnO Substrates

Nonpolar growth of ZnO homoepitaxial films was performed on a-plane SCVT ZnO
substrates using MOCVD. Figure 7.14 is an AFM image taken from one of the nonpolar
films showing a typical morphology for films of this orientation. It features an in-plane
line structure along the <0001 > direction, indicating that ZnO has a selective growth
characteristic along the c-axis.

7.6 Summary

CVT and the SCVT process in particular are capable of producing high crystalline quality,
extremely high purity, conductive, n-type ZnO substrates. In addition, the diameter of the
SCVT growth process is easily scalable for higher volume applications. The surface
preparation techniques and proper homoepitaxial growth parameters have enabled high
quality ZnO epilayers to be grown on the SCVT ZnO substrates. These epilayers are the
precursors to highly efficient optoelectronic devices.

The low cost of starting materials, the ability to grow high quality substrate material at
low cost by SCVT and the benign nature of ZnO all contribute to making ZnO a prime
candidate for high volume production of environmentally friendly optoelectronic devices.
In addition, ZnO has long been touted as a potentially excellent bulk substrate for GaN
epitaxy, especially for GaN-based LEDs and LDs and the techniques to produce high
quality GaN epitaxial films on ZnO substrates have continued to improve.*°~* With the
interest in semi-polar and nonpolar orientations of GaN for increased emission efficiency,
the need for bulk substrates for GaN devices has intensified.**=”! While GaN bulk
substrates have recently become available, their potential production cost is very high
compared with that of bulk ZnO substrates. This makes nonpolar ZnO substrates for
nonpolar GaN epitaxy very attractive.
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8.1 Introduction

Because of its direct band gap at 3.4 eV and large excitonic binding energy (60 meV), zinc
oxide (ZnO) has attracted considerable interest for possible applications in emitter and
detector applications in the blue to ultraviolet (UV) portion of the spectrum.! ZnO also has
many other unique properties such as the ability to alloy with Mg or Cd in fabrication of
quantum wells, resistance to radiation damage, high voltage breakdown strength, and high
electron saturation velocity."* In addition, ZnO also has large piezoelectric and acousto-optic
coefficients,”*! and with appropriate doping it can have ferroelectric, magnetic, and nonlinear
electrical properties. It exhibits strong two-photon absorption and a very high optical damage
threshold, rendering it attractive for saturable absorber applications.*!

ZnO powder, polycrystalline, and single crystal material have been and will be integral
elements in such applications as low voltage varistors, surge protectors, photocatalysts,
chemical detectors, biological and medical processing, phosphors, visible-UV detectors
and emitters, and high power electronics.

A large, low cost ZnO substrate would speed development of ZnO-based optoelectron-
ics. ZnO boules up to 50 mm in diameter and 10 mm thick have been grown by vapor phase

Zinc Oxide Materials for Electronic and Optoelectronic Device Applications, First Edition.
Edited by Cole W. Litton, Donald C. Reynolds and Thomas C. Collins.
© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-51971-4
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transport,””’ and melt-grown wafers 50mm diameter are now also available.'! Both
processes typically yield wafers with dislocation densities of 10*~10 cm 2.

Hydrothermal growth has certain advantages over other methods in producing high purity,
low defect-density, and small uniform grain size crystallites (for powder) because of lower
growth temperature and slower growth rates.”~'"! Hydrothermal ZnO wafers have been
produced with dislocation densities as low as 100 cm ™~ and carrier concentrations as low as
2 x 10"%."¥ Early interest in single crystal ZnO focused on piezoelectric transducers; for this
purpose, large hydrothermal crystals were grown in the 1960s.!'*~'>'Renewed interest arose
because of ZnO’s potential as an isostructural, nearly lattice-matched substrate for group III
nitride semiconductor device structures.'® Advances in fabricating ZnO and ZnMgO
quantum wells on sapphire that exhibit strong optically stimulated UV emission have further
driven demand for development of ZnO substrates.!'”!

This review focuses on the hydrothermal growth of single crystals of ZnO, including
pertinent information on microcrystalline growth when it provides insight on the growth
kinetics of larger crystals. Phase stability, solubility, growth kinetics, and impurity
incorporation are discussed. Electrical and optical properties are reviewed with special
interest in the effects of crystalline anisotropy. Phenomena related to etching and polishing
are also discussed.

8.2 Overview of Hydrothermal Solution Growth

Byrappa and Yoshimura define hydrothermal growth as “any heterogeneous chemical
reaction in the presence of a solvent (whether aqueous or non-aqueous) above room
temperature at an pressure greater than 1 atm in a closed system”."™ Hydrothermal crystal
growth offers several advantages over better-known methods such as melt growth. Hydro-
thermal growth is a low temperature process, which often makes possible the growth of
materials that are difficult or impossible to melt, or materials which, in solidifying from a melt
and cooling down, would undergo phase changes (because of such changes, a-quartz cannot
be grown from the melt). Low temperature hydrothermal growth can also minimize or
eliminate the incidence of temperature-induced point defects, as illustrated by growth of
Bi»Si0,0,/"® and it can produce large amounts of material (over 4000 kg of single crystal
quartz has been produced in a single run).™®! Some disadvantages of hydrothermal growth are
the low growth rate and initial capital equipment costs, but these are offset by the ability to
grow multiple crystalsinasingle runand the longlifetimes of the autoclaves. Additionally, the
labor requirements are minimal due to the simplicity of the autoclaves where closed system
crystal growth occurs for long periods of time at steady-state temperatures and pressures.
An in depth review of hydrothermal technology is covered in several references.!”"®!

8.3 Thermodynamics of Hydrothermal Growth of ZnO

8.3.1 Solubility of ZnO in Various Aqueous Media

In hydrothermal growth a “nutrient”, often the compound one intends to grow, is dissolved
in an aqueous medium. The dissolved compound may form intermediate complexes or
species such as hydrides, hydrates, hydroxides, or oxides in solution. In hydrothermal
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growth, convective circulation and/or diffusion of these species throughout the aqueous
medium provides the primary mechanism for synthesizing crystalline compounds.
A hydrothermal growth system is designed to bring the soluble species into a region
of the aqueous medium where a change in conditions — e.g. in temperature, solvent
composition, pH, or pressure — promotes crystal growth by bringing the soluble species
into supersaturation. Supersaturation is defined as the amount of material in solution above
the equilibrium concentration for a substance under a specific set of conditions. A
supersaturated species must eventually come out of solution — hopefully as the desired
compound (e.g. ZnO) — until equilibrium state (saturation) is achieved.

The first requirement for hydrothermal growth follows immediately from the forego-
ing discussion: the solubility of nutrient in the solvent medium must be adequate for
growth. Low solubility will result in low growth rates; excessively high solubility will
result in polycrystalline growth or spontaneous nucleation, which prohibits growth of
low defect-density single crystals. Typically, the nutrient should be 1-10 wt% soluble in
the solvent. Solubility can be increased by adding a proper complexing agent (miner-
alizer). Most mineralizers used in hydrothermal growth change the pH of the solvent,
making the solvent either acidic or alkaline, i.e. increasing the number of H" or OH~
ions that attack the nutrient material in aqueous solutions. For ZnO, a solubility of
approximately 5 wt% in alkaline solution yields high quality single crystals at reason-
able growth rates.

The majority of compounds that can be dissolved in solutions will have a change in
solubility when the temperature of the solution is raised or lowered. Therefore, most
solution growth methods, including the hydrothermal method, use a change in temperature
at the seed interface to create supersaturation. Thus, the second requirement of hydro-
thermal growth is that the solubility of the compound has an adequate range of temperature
dependence for high growth rates. The solubility of ZnO in an OH  alkaline medium is
shown in Figure 8.1."°! Note that solubility increases with temperature. This is called
normal solubility or forward solubility.

ZnO is an amphoteric oxide, meaning it acts as an acid in alkaline solutions and as a
base in acidic solutions. It is possible to grow hydrothermal ZnO in an acidic solution as
well as the alkaline solutions shown in Figure 8.1. McCandlish and Uhrin recently studied
the solubility of ZnO in an acidic medium and grew ZnO at 100-250 °C, with growth rates
up to 0.25 mm day '."*°! Figure 8.2 illustrates the solubility in acidic regimes. The squares
signify 2 molal aqueous nitric acid and the circles signify a proprietary acidic solution.
Note that the nitric acid solution exhibits normal solubility, whereas the proprietary
solution exhibits decreasing solubility with increasing temperature (retrograde solubility).
To grow ZnO crystals under conditions of normal solubility the seed is placed in a colder
region than the source material (see Section 8.4.2); to grow under conditions of retrograde
solubility, the seed is placed in the hotter region.

8.3.2 ZnO Phase Stability in HO System

A third requirement for hydrothermal growth is that the desired compound is thermody-
namically favored at the growth interface. If an oxide like ZnO is desired, the hydride,
hydroxide or hydrate cannot be thermodynamically favored for a given mineralizer,
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Figure 8.2 Normal solubility of ZnO in 2 molal nitric acid (squares) and retrograde solubility of
ZnO in a proprietary acid solution (circles). Reprinted from Handbook of Crystal Growth,
Editors Govindhan Dhanaraj, Kullaiah Brrappa, Vishwanath Prasad, and Michael Dudley,
Publisher Springer 2010, ISBN: 978-3-540-74182-4, Chapter 19 Hydrothermal and Ammo-
nothermal Growth of ZnO and GaN pp 655-689, Figure 19.6
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temperature and pressure. Also, the mineralizer must not form stable solid compounds at
the growth interface.

Hiittig and M6 ldner studied the phase equilibrium of the ZnO-H,O system to 40 °C and
found ZnO to be the stable solid phase at pressures above 50 Torr and temperatures above
35°C.2" Lu and Yeh experimentally showed that ZnO is the stable product up to
pH=12.5 in an aqueous ammonia solution at 100°C."”! Laudise and Ballman grew
large ZnO crystals in alkaline media and found ZnO to be the stable product from 200 to
400°C in 1.0 M NaOH.®*! ZnO has been grown in hydroxide solutions up to 10 M. Recent
advances in thermodynamic modeling of aqueous solution chemistry can aid in choosing
conditions that achieve crystal growth of ZnO and other materials. A thermodynamic
model of aqueous-based chemistry has been developed that computes the stability of ZnO
in different aqueous regimes. The model uses commercial software (OLI systems Inc.,
Morris Plains, NJ, USA) and is detailed in several publications.m*zsl McCandlish and
Uhrin initially modeled ZnO in the hydroxide system to validate the model against
experimental data. Subsequently, a thermodynamic model was created for the growth of
Zn0 in acidic environments. Figure 8.3 exhibits the computed stability of ZnO at 150 °C as

a function of pH with HNOj; as the mineralizer."*”’
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Figure 8.3 Yield diagram for the precipitation of ZnO in 2 molal nitric acid at 150°C as a
function of pH. Reprinted from Handbook of Crystal Growth, Editors Govindhan Dhanaraj,
Kullaiah Brrappa, Vishwanath Prasad, and Michael Dudley, Publisher Springer 2010, ISBN:
978-3-540-74182-4, Chapter 19 Hydrothermal and Ammonothermal Growth of ZnO and GaN
pp 655-689, Figure 19.6



194  Growth Mechanisms and Properties of Hydrothermal ZnO

8.4 Hydrothermal Growth Techniques

8.4.1 Hydrothermal Growth of ZnO Powder

Hydrothermal growth of microcrystalline ZnO can improve particle size uniformity and
suppress agglomeration of crystallites."”! A desire for higher purity, low cost, microcrys-
talline material for varistors,'”®! spurred research in microcrystalline ZnO synthesis in
various aqueous media by several groups.””'“?’2°! Recently, an intense interest in
nanocrystalline ZnO for a variety of new applications has resulted in an increase in the
use of the hydrothermal technique for the synthesis of microcrystalline and nanocrystalline
ZnO. Since many experiments can be performed in a short period of time, growth of
microcrystalline ZnO can provide insights that may be helpful in optimizing future
production methods for bulk ZnO crystals. Although an in-depth review of hydrothermal
synthesis of micro- and nano-ZnO structures is not presented, much of the initial work on
ZnO powder synthesis will be reviewed as it provides insight into the growth kinetics of
large ZnO crystals grown by the hydrothermal method.

Various hydrothermal media have been used to prepare ZnO powder. Chen et al.' used
Zn(OH), colloids in aqueous HCI at pH = 5-8 and growth temperatures of 100-220 °C to
produce ZnO powder; they also investigated several organic and inorganic solvents. Lu
and Yeh'"” used zinc nitrate as a source in aqueous ammonia to investigate product yield
of ZnO powder. Komareni et al.®*®! formed ZnO by using microwave irradiation to
decompose zinc nitrate in aqueous sodium hydroxide. Wang er al.'*’?%! and Li et al."*”!
used Zn(OH), colloids and Zn(CH3COO), as source materials, dissolving them in pure
H,O and aqueous KOH, KBr, and NaNO, solutions at temperatures up to 350 °C and
pressures approaching 400 bar. Their observations of changes in ZnO morphology as a
function of pH will be discussed in Section 8.5.

Recently considerable effort has been made by dozens of research groups on synthe-
sizing nanocrystalline ZnO structures. Zinc acetate, zinc nitrate and zinc chloride have
been used as zinc sources. CTAB (cetyltrimethylammonium), PPA (poly acrylic acid),
SDS (sodium dodecyl sulfate), HMT (hexamethylenetramine), ethanol and PVP (poly-
vinylpyrrolidone) have all been used as chemical additives, surfactants, and modifiers to
alter the morphology of the ZnO nanostructures. The intense effort on controlling ZnO
nanostructures can provide additional insight on altering the kinetics of large ZnO crystals.

8.4.2 Hydrothermal Crystal Growth of ZnO Single Crystals

Hydrothermal growth of single crystals is performed in steel vessels called autoclaves. The
autoclaves are usually made out of some form of stainless steel, or a high strength nickel-
based alloy if higher growth temperatures or pressures are required. The vessel must be
corrosion-resistant and able to withstand the temperature and pressure requirements for
long periods of time. Large ZnO crystals are typically grown in 2—10 molal alkali solutions
at 200-500°C and 500-2000 bar.!'>'3!%-3134

Corrosive solutions employing concentrated KOH mineralizer are required to obtain
acceptable growth rates for ZnO crystals. Therefore, to protect the autoclave, a noble metal
liner (e.g. silver, gold or platinum) must be used. Two techniques can be employed. The firstis
to insert a lipped noble metal liner against the wall of a Bridgman autoclave and then put a
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Figure 8.4 Hydrothermal autoclave used for growth of ZnO. Adapted from Zinc Oxide
Materials and Devices Il, edited by Ferechtec Hosseini Teherani, Cole W. Litton, Proc. of SPIE
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noble metal disk between the lip and the plunger. The second method is to contain the
experimentinacomplete welded noble metal “can” inside the autoclave. In this case a specific
amount of mineralizer solutionis putinside the container (“can’) and aless corrosive solution
outside the container so that, upon heating to the growth temperature, the pressure caused by
the solution inside the container is approximately balanced by the pressure generated by the
solution outside the container. Such pressure balancing prevents the noble metal container
fromrupturing. See the literature!”*' for details on autoclave designs and apparatus. Figure 8.4
schematically shows the cross-section of a large hydrothermal autoclave used by Tokyo
Denpa LLC for the production of ZnO. The autoclave has an inner diameter (ID) of 200 mm
with an inner length (IL) of 3—4 m.

The growth of ZnO crystals is typical of the hydrothermal growth of many other
crystals, e.g., a-Zn0,133:301 Bi128i020[37] and LiGaOz.BS] ZnO nutrient, which is either
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crystalline material (free nucleated material from previous hydrothermal runs) or high
purity ZnO powder that has been sintered or hot pressed at high temperature (usually
1000-1300°C) to obtain dense material®**°! is processed into 1 mm’-1cm® pieces and
put into the bottom of the liner. Single crystal seeds are cut in the desired orientation, and a
small hole is drilled near the top of the seeds. A wire is inserted through the hole so seeds
can be hung in the upper half of the liner.

The aqueous solvents fill 60—90% of the total volume (the liner, and also the rest of the
autoclave). When heated, the liquid expands to 100% of the total volume; continued
heating generates pressure, which is a function of temperature, degree of fill, and
composition of the liquid. For data on pure water at different percent fills, see the PVT
curves generated by Kennedy.!*!

Lithium in the solvent produces crystals of greater perfection, as will be discussed in
Section 8.6. Before using a new autoclave for ZnO growth, quartz growth is performed to
coat the walls of the autoclave with acmite, Na,O-Fe,03-SiO,. The acmite helps protect
the autoclave from corrosion and subsequent failure in case the platinum container leaks.

Hydrothermal growth of large crystal predominately employs the temperature gradient
method. The upper region 7 is maintained at a lower temperature than the lower region 7,
as depicted in Figure 8.4. The solvent in the lower region of the vessel dissolves the
nutrient until it reaches saturation. The hotter-lighter-solvated species is transported by
fluid convection to the colder seed region. Because of the lower temperature at the seed the
solvated species becomes supersaturated, comes out of solution, and deposits on the seed
(normal saturation conditions). Fluid convection returns the cooler-heavier-depleted
solution to the hot zone, where additional nutrient is dissolved to regain equilibrium
solubility (saturation). The cycle repeats as long as there is nutrient in the lower zone. ZnO
growth rates of up to 0.3 mm day ' perpendicular to the basal plane can be maintained for
months by using the temperature gradient method. For large crystals of ZnO, dissolution
temperatures in the lower region or zone of the autoclave are typically above 350 °C; with
a temperature gradient of at least 10 °C between the lower region and the upper region
where crystallization takes place. Various conditions for hydrothermal growth of ZnO
single crystals over the past 40 years have been tabulated elsewhere.'**!

Detailed computational fluid dynamics simulations have been performed in various
hydrothermal systems to analyze the flow and temperature gradients in large autoclaves.
Uniform flow and temperature profiles are critical for the growth of large hydrother-
mally grown crystals of high perfection. Figure 8.5 shows a computer simulation of the
fluid flow and thermal profile of an autoclave used to grow ZnO crystals.**) The
simulations were only performed on one half of the autoclave because the system is
assumed to be axisymmetric. The simulation shows that the solution in the upper region
primarily flows up through the center and down in close proximity to the autoclave
walls in a clockwise motion. The fluid passes through the baffle primarily through
diffusion and an opposite counter-clockwise motion is seen in the lower region. Several
simulations were done to see the effect a change in viscosity had on the flow in the
system. The authors found that changes in the thermal conductivity of the fluid had only
a small effect on fluid flow, whereas changes in the heat capacity and viscosity of the
fluid had much greater effects. Because of the difficulty in getting accurate fluid
properties such as density, viscosity, specific heat, thermal conductivity, and thermal
expansion coefficient in high pressure closed systems, the models may not accurately
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Figure 8.5 (a) Main flow direction of natural convection in a raw-material zone and a crystal-
growth zone. Flow (b) and temperature (c) fields using reference values as follows: thermal
conductivity =0.6143Wm™ K™'; heat capacity=4605/kg™ K™'; and reference viscosity =
9.574 x 107° Pas. Reprinted from Yoshio Masuda et al., Numerical simulation of natural
convection heat transfer in a ZnO single-crystal growth hydrothermal autoclave— Effects of
fluid properties, Journal of Crystal Growth, 311. Copyright (2009) with permission from Elsevier

represent real systems. Nonetheless, fluid flow and thermal profile simulation can still
yield viable insights in optimizing autoclave design to increase the yield and uniformity
of hydrothermal ZnO crystals.

8.4.3 Industrial Growth of Large ZnO Crystals

The minimum wafer diameter size typically required by semiconductor device manu-
facturers is 50 mm, therefore ZnO crystals with diameters in excess of 50 mm must be
grown and afterwards processed to ship as epi-ready wafers. The first ZnO crystals
weighing upwards of 200g were reported in 1997 and 2001."**! Fifty millimeter
diameter (0001) ZnO bulk crystals were first reported in 2004 using the hydrothermal
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Figure 8.6 Almost 100 ZnO crystals of 50 mm diameter in size displayed after growth at Tokyo
Denpa. Reprinted from D. Ehrentraut et al., Solvothermal growth of ZnO, Prog. Cryst. Growth
Charact. Mater. vol. 52. Copyright (2006) with permission from Elsevier

growth technique.'*® Furthermore, to yield reasonable prices for 50 mm wafers, large
quantities of ZnO crystals are required, which therefore stipulates growth processes with
high throughput. Despite the slow growth rate of ZnO (about one-fifth the growth rate of
quartz) and the need to use noble metal liners, hydrothermal technology is predestined to
yield large quantities of high-quality ZnO crystals in a single growth run: currently around
100 crystals of ZnO™"! or even > 1000 crystals as in the case of quartz (Si0,).!*!

Figure 8.6 illustrates the result from one growth run at Tokyo Denpa.*”**! Almost 100
crystals approximately 50 mm in diameter have been grown on (0001) and (1010) oriented
seeds. Smooth facets were formed and the average crystal thickness was approximately
1 cm for those crystals grown on (0001) ZnO seeds. The aqueous growth solution was
composed of 3M KOH+ 1M LiOH at pressures of 80-100 MPa with temperatures
approaching 400 °C.

A 75 mm diameter (0001) ZnO crystal and a (0001) wafer processed from it are shown
in Figure 8.7(a) and (b), respectively. The crystal is almost 1 cm in thickness. Note the
homogeneously pale-yellow coloration which points to lower impurity levels than ZnO
crystals grown previously. Figure 8.7(c) shows a typical crystal. Clearly visible are the
newly formed, almost colorless crystal fractions which are surrounding the seed crystal.

Contrary to the crystal growth from the melt with its higher growth rates of the order of
mm-cmh™ as in the case of silicon, the slow growth rates of 200-300 um day " for the
(0001) direction of ZnO requires time-consuming scale up of crystal size in two steps.
After the size has been increased, the subsequent step is to greatly improve the structural
quality. Next, new seeds are fabricated from this high-quality crystal and the cycle starts
again until the desired size has been obtained.

Recently, several more reports on 75mm size ZnO single crystals grown by the
hydrothermal method have been published which employed autoclaves with volumes of
up to 500 liters to grow 100-200 crystals per growth cycle.®®!! These developments are
encouraging and enhance the likelihood that large diameter ZnO wafers, i.e. >50 mm will
soon enter the market in high qualities if commercial homoepitaxial ZnO light-emitting
diodes (LEDs) on ZnO substrates can be developed in the near future.
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Figure 8.7 A 75mm diameter (0001) ZnO crystal as grown recently (a), a 75 mm diameter
epi-ready (0001) ZnO wafer prepared from such a crystal (b) and a 75 mm diameter (0001)
ZnO crystal obtained from an earlier growth cycle (c). Reprinted from E. Ohshima, et al.,
Growth of the 2-in-size bulk ZnO single crystals by the hydrothermal method, Journal of Crystal
Growth 260, 166170, Issue 1-2. Copyright (2004) with permission from Elsevier

The major challenge to be solved for large industrial ZnO crystals is the lowering of
impurity concentrations of the alkali metals such as Li, Na and K, which gives rise to
acceptor compensation, and Al and Fe, both of which are electronic donors. Non-
radiative recombination centers are observed. Growth sectors are typically formed due to
differences in the growth rate and surface chemistries for faces with different crystallo-
graphic orientations. The thermodynamically stable hexagonal phase of ZnO incorpo-
rates impurities such as Li, Al and Fe with quite different concentrations in the basal,
prismatic and pyramidal growth sectors which will be described in more detail later in
this chapter. Growth in the (0001) direction is preferred since the impurity levels are
strikingly lower and growth rates are higher than the (0001) direction. The formation of
{1011} facets should be suppressed for economic reasons Figure 8.7(a) and (c) display
the proper morphology to ensure that all wafers cut from one crystal are of the same size
and have uniform impurity concentrations across the wafer. The preceding discussions
show that understanding and controlling the kinetics of large hydrothermal ZnO crystals
is critical for the production of low cost ZnO wafers with uniform properties. Therefore,
growth kinetics will be discussed in the next section and impurities and their influence on
kinetics will be discussed in detail in Section 8.6.
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Figure 8.8 Electronic charge distribution of ZnO basal faces. Reprinted from M. Suscavage,
et al., MRS Internet J. Nitride Semiconductor Res. (USA) vol. 4, p. 294., Figure 1 Page 295.
Copyright (1999) with permission from MRS

8.5 Growth Kinetics of Hydrothermal ZnO

8.5.1 Crystallographic Structure of Hydrothermal ZnO

The stable phase of ZnO has the wurtzite crystal structure, which is hexagonal with a space
group of P6smc. The noncentrosymmetric structure of wurtzite ZnO produces an
anisotropy in which the opposite sides of a basal plane wafer have different atomic
arrangements at their surfaces. The C* side of the basal plane is comprised of a Zn-rich
layer, and the C™ is comprised of an O-rich layer, as illustrated in Figure 8.8.'%%

The resulting distribution of electric charge causes disparities, among the various
growth planes, in hydrothermal growth rates, as well as in impurity incorporation,
chemical etching, optical, and electrical properties.

8.5.2 Growth Rates of the Crystallographic Facets of Hydrothermal ZnO

Figure 8.9 shows the growth planes for hydrothermal ZnO crystals. Hydrothermal crystals
are highly faceted due to the slow growth rates and lack of confinement during growth.
Hydrothermal ZnO in an alkaline medium grows with the following facets: (0001) and
(0001) monohedra (C* and C™ planes, respectively), the six (1010) prismatic faces (M
planes), and the six (1011) pyramid faces (P planes). Laudise and Ballman first observed
the anisotropic growth rate on both spontaneous crystallites and crystals grown on seeds in
1M NaOH.?

Growth on the C" face is always faster than on the C~ face in hydroxide solutions above
1 M. Typical growth rates for 6M KOH and 1 M LiOH are approximately 0.45 mm day
in the C™ direction, and 0.20 mm day " in the C™ direction for growth on C-plane seeds.”*!!
Growth rates on M-plane seeds average 0.20mm day ' in the direction normal to the
M-plane.*?! ZnO crystals grown in KOH solutions are of higher structural quality but
more highly faceted than those grown in NaOH solutions.**) At AFRL-Hanscom AFB, a
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0 point 1ypc14

Figure 8.9 ZnO crystal grown on M-plane seed (a) and ZnO crystal grown on C-plane seed at
AFRL-Hanscom (b). Image in (a) reproduced from Sekiguchi et al.”?. Image in (b) provided by
M. J. Calahan while at AFRL-Hanscom AFB. Reprinted from T. Sekiguchi, et al., Hydrothermal
growth of ZnO single crystals and their optical characterization, J. Cryst. Growth, vol. 214/215,
Copyright (2000) with permission from Elsevier

3:1 NaOH: KOH solution produced crystals with low defect densities and less faceting
than KOH-grown crystals. The mixed NaOH-KOH solvent had the added benefit of being
less corrosive than KOH solutions. ZnO crystals grown on a C-plane seed and a M-plane
seed are shown in Figure 8.9.1%!

Demianets et al. measured the growth kinetics on the different crystallographic faces by
varying the type and concentration of mineralizer, growth temperature, and temperature
difference between the dissolution and crystallization zones.”>*! Figure 8.10 shows more
detailed kinetics of ZnO growth as a function of temperature. Note the effect the addition
of lithium, which improves the perfection of the ZnO crystal, has in decreasing the
growth rate.

The authors went on to determine the elementary surface layers for the possible growth
facets of ZnO. The elementary surface layers were then used to determine the relative
theoretical growth velocities under ideal conditions (the absence of any additional
components in the crystallization medium) for the different crystallographic faces of
ZnO. The relationships of the velocities are:

y(1010) <v(0001) ~ v(0001) <¥(1011) <v(1012) <v(1120)

The sequence would be reversed to characterize the prevalence of the faces in the
formed crystal. The ideal velocities above would form simple shapes such as monohedra
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Figure 8.10 Growth rates of the faces of the monohedra and the {1010} prism of ZnO single
crystals in alkaline solutions as a function of temperature: (1) 5M KOH; and (2-7) 5.15M
KOH + 1.2 M LiOH. Solid lines correspond to AT =75°C; dashed lines correspond to AT =
50°C. Reprinted from L.N. Demianets, et al., Crystallography Reports vol. 47, Supp 1, 586,
Fig. 4, pg 594. Copyright (2002) with permission from Springer

and prisms but water, a polar solvent, adds a great deal of complexity and anisotropy to the
kinetics of crystal growth.

Growth kinetics in solutions with forced convection can be simplified into two basic
components: supersaturation and surface kinetics.'>>! Growth rates in solutions are linearly
dependent on supersaturation on all faces for compounds whose supersaturations are large,
e.g. in the percent range.”® Surface kinetics has a much more complicated effect on
growth rates and can be broken down into several molecular processes: surface diffusion,
adsorption, desorption, desolvation, and finally molecular exchanges between various
surface atoms or molecules with each other and in and out of solution.>®

The polar nature of water, ZnO, and the intermediate complexes in solution further
complicates growth rates for the various crystal facets. Each family of a crystallo-
graphic plane has a unique set of activation energies in the molecular processes
discussed above. A charge distribution is also associated with each plane which will
interact with the charge distribution and surface composition of the ions in solution.
Thus to gain insight into the growth kinetics of hydrothermal ZnO crystals, one needs
not only to understand the atomic composition and charge of each crystallographic
surface, but also the atomic composition and charge of intermediate species at or near
the growth interface.

Several researchers have studied the solubility and thermodynamic parameters of
aqueous Zn species for hydrothermal systems. Wesolowski er al®”' and Bénézeth
et al.®™ investigated the solubility of ZnO in 0.03—1.0 M sodium trifluoromethanesulfo-
nate solutions to determine thermodynamic properties of the transport species in dilute
acidic and alkaline solutions. The Gibbs free energy of formation, entropy, and enthalpy at
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Figure 8.11 Morphological changes of ZnO crystallites with increasing pH of the growth
solution. Reprinted from B.G. Wang, E. W. Shiand A. Z. Zhong, Understanding and Controlling
the Morphology of ZnO Crystallites under Hydrothermal Conditions, Cryst. Res. Technol. 32,5
659-667. Copyright (1997) WILEY-VCH Verlag CmbH & Co. KGaA

25°C and 1 atm and were determined for Zn*", Zn(OH™), Zn(OH)g, and Zn(OH); by
employing a hydrogen electrode concentration cell and periodic sampling of cell
potentials. Solubility data at temperatures up to 200°C for Zn(OH™), Zn(OH)g, and
Zn(OH);, and at temperatures up to 290 °C for Zn>", were also obtained. The authors
concluded that Zn(OH)i_ was the predominant species in OH ™ solutions above 0.1 M
NaOH. Khodakovsky and Yelkin also concluded that Zn(OH)if was the dominant species
in alkaline solution at the high temperatures and high pH values at which bulk crystals are
grown. !

Wang'?”** and Li et al."**' performed systematic studies of the morphology and growth
rates of ZnO powder in alkaline solutions. Starting with Zn(OH), colloids as nutrient, they
investigated morphological changes as a function of pH (see Figure 8.11).1*”!

The study assumed that Zn(OH)AZf growth units were the predominant species in
solution when hydroxide colloids were dissolved. These growth units have a tetrahedral
form and charge distribution similar to those of ZnO, which itself is a series of tetrahedra
(Figure 8.12).1%°! The corner (point) of a ZnO tetrahedron can bind with three hydroxide
growth units, the edge with two growth units, and the face of the tetrahedron with only one
growth unit. The viscosity of the hydrothermal growth solution is low, so the crystal
interface structure plays a large role in kinetics. Thus analysis of Figure 8.12 would predict
the following relative growth rates under ideal conditions:

v(0001) >v(0111) > v(0110) > v(0111) > v(0001)

The hydroxide growth units cluster together by dehydration. In strong alkali solution
these clusters are shielded by ions such as Na-O, shielding the growth units and slowing
down growth. Wang contends that these mechanisms account for the growth rates and
shape of bulk ZnO crystals in strong alkali solutions.
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Figure 8.12 ZnO crystal structure image represented in the form of the coordination tetrahe-
dron along the x-direction (C™ surface made up of flat faces at the top). Reprinted from W. J. Li,
et al., Growth mechanism and growth habit of oxide crystals, . Crystal Growth 203, 186.
Copyright (1999) with permission from Elsevier

Demianets and Kostomarov proposed the same mechanism, but argued that Zn(OH)AZF
dissociates into ZnO3~ + 2H", and that the ZnO3~ concentration increases with increasing
pH.*' Reaction of one ZnO3~ with the zinc surface of the crystal allows two ZnO units to
form, whereas reaction on the oxygen surface allows only one ZnO unit because of charge
compensation.

Impurities and dopants further complicate growth kinetics. Addition of lithium to the
solution, as hydroxide or carbonate, improves the quality of the bulk ZnO crystals but also
reduces the growth rate in the (0001) facet while increasing the rate on the (1010)
facets.[®“°!! This may be due to the shielding mechanism mentioned above.

Sakagami found that hydrothermal ZnO crystals have tens of ppm excess zinc."**! He
therefore added H,O, as an oxidizer; excess zinc was reduced to 1-2 ppm. The addition of an
oxidizer like H,O, slows the growth rate on all faces, especially the C facet.!** Manganese
and nickel had no effect on the kinetics but did color the crystals red and green, respectively.
No effect of these dopants on the electrical resistance could be discerned.**! Addition of
NH, " increased the growth rate on the (1010) facets, but crystal quality was degraded."*¥!
Demianets et al. published a more detailed paper on the effect of Li* and several of the
divalent and trivalent metals (Co”, Fe?*, Mn?*, Fe**, Mn 3*, S¢*™, In”) on the growth
kinetics and morphology of hydrothermal ZnO.”* Figure 8.13 shows as metallic impurities
are increased in the ZnO growth medium, P-plane facets are formed and C-axis growth rates
decrease. The decrease in growthrates can be explained by the shielding effects impurities can
have on the matrix compound (i.e. ZnO) as discussed above by Wang.
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Figure 8.13 Impurity effects on the morphology of hydrothermal ZnO crystals: (a) Li*; (b, c)
Fe*; (d) Mn*; and (e) In**

8.6 Properties of Bulk Hydrothermal ZnO

8.6.1 Extended Imperfections (Dislocations, Voids, etc.) and Surface Studies

Because hydrothermal ZnO and quartz are both amphoteric single-component oxides,
many insights into hydrothermal ZnO can be obtained from studies of hydrothermal quartz
growth, which has been intensely investigated during the last 50 years. Laudise and
Barnes'>”! and Armington® have published excellent reviews on the growth of high
perfection quartz and on dislocation mechanisms. Extended imperfections that can be
formed in both ZnO and quartz include:

e Seed veils and etch channels. Small holes or channels filled with voids, water vapor, or
liquid, caused by etch tracks that form on seeds during initial growth.

e Voids. Small holes filled with air, water vapor, or liquid; can occur whenever growth
conditions change abruptly at the growth surface (impurity clusters, cracks, or crystal-
line particles from nutrient brought to growth interface by fluid flow).

e Crevice flaws. Equivalent to dendritic growth in metals. Uneven or rough growth
caused by surface kinetics of growth faces. In extreme cases can cause gaps, cracks, and
large numbers of dislocations.

e Dislocations. Equivalent to those in melt-grown bulk crystals. Strain-induced, because
of impurity incorporation or intersection of growth planes, dislocations often propagate
from seed into crystal.

e Vertical etch channels. Equivalent to micropipes that form in vapor-grown crystals.
Dislocations decorated with impurities causing cylindrical voids that can reach from the
seed to the surface of the crystal.

All these imperfections have been observed in hydrothermal ZnO bulk crystals. Addition
of lithium, use of low dislocation-density seeds, and use of high purity nutrient reduce the
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seed micro-cavity micro-capped region

Figure 8.14 Synchrotron white-beam X-ray topographs of ZnO seed-crystal interfaces: (a)
normal seed interface (D, dislocations; GS, growth sector boundary); (b) ZnO micro-capped
region, exhibiting micro-cavities and low dislocation generation above micro-capped region in
the C*-direction. Adapted from G. Dhanaraj, et al., Growth and process induced dislocations
in Zinc Oxide crystals. Journal of Crystal Growth vol. 297, 74. Copyright (2006) with
permission from Elsevier

concentrations of most imperfections. Lithium may reduce imperfections by decreasing
the surface free energy when lithium ions incorporate at the growth interface. Lithium may
also limit the incorporation of H,O and OH into the crystal lattice at the growth
interface.l'* 1562

Synchrotron white-beam X-ray topography (SWBXT) in Laue configuration was
performed on a series of crystals grown at AFRL-Hanscom AFB.!®¥ To trace the growth
history of the crystal, (1010) crystal plates containing both the seed crystal and the bulk
region were imaged. One set of topographs showed the usual propagation of edge
dislocations from the seeds [Figure 8.14(a)]. The growth sector boundary can also clearly
be seen, marking a change of growth morphology.

On several other crystals the topographs revealed a capping phenomenon similar to that
observed in KH,PO,.!*! Figure 8.14(b) shows that the dislocation density is very high near
the seed/crystal interface, revealing strain associated with growth initiation rather than
dislocations propagating from the seed into the bulk. A growth band, possibly because of a
fluctuation in the growth conditions, stops many of these dislocations. In some cases
micro-cavities originating at the seed/crystal interface were observed; the cavities heal
during subsequent growth, nucleating dislocations.

The cause of micro-capping has not been established. One possible mechanism is seed
etch-back during initial growth, due to fluctuations in the temperature gradient coupled
with seed misalignment from C-plane orientation.



Properties of Bulk Hydrothermal ZnO 207

Surface studies on hydrothermal crystals showed the C* surface to be smooth and
specular, with spiral hexagonal growth pyramids.®¥ The C~ surface is more three-
dimensional, with layer-like growth. The M-planes also have layered growth; the P-
planes have a series of terraces. No in-depth study has addressed the mechanisms
responsible for these various morphologies on the growth surfaces.

X-ray data from polished ZnO wafers cut from industrial hydrothermal ZnO have
recently been published. The quality of (0001) substrates was investigated by X-ray
rocking curve (XRC) measurements (Rigaku RINT-2000 diffractometer, CuK,, four
crystal Ge (220) channel monochromator, beam divergence 12 arc-sec, scan speed
0.01° min", step width 1074°) using the (0002) reflection. The full width at half-
maximum (FWHM) ranges between 19 arc-sec and 30 arc-sec after chemical-mechanical
polishing (CMP) compared with values reported for ZnO wafers prepared from pressure-
melt grown ZnO, 49 arc-sec,'°®! and rocking curves measured on ZnO fabricated by vapor
growth with FWHM (~30 arc-sec).!°®! X-ray reciprocal space mapping using the (0002)
symmetric reflection reveled a highly symmetric single peak with the FWHM from the w
scan of 15 arc-sec measured on hydrothermal ZnO substrates.'®”!

X-ray topography (CuK,, 40kV, 10mA, detected by a film IX80; Berg—Barrett
geometry) was measured on an epi-ready (0001) ZnO wafer 50 mm in diameter and
500 um in thickness, supplied by Tokyo Denpa. The XRC FWHM from the (0002)
reflection of the sample was 19 arc-sec. Approximately 2500 scans have been assembled to
yield the contrast-enhanced image of Figure 8.15(a). The (114) reflection at 26 = 98.6° and
o =49.3° was used to obtain the image. The wafer appears very homogeneous over the
entire area. Slight contrast effects are seen, presumably due to slightly different lattice
parameters caused by fluctuations in the impurity concentration or stoichiometry.

The observation of an epi-ready (0001) 50 mm ZnO wafer under crossed polarizer is
shown in Figure 8.15(b). Only a small fraction of random strain was observed, which

(@) ©)

Figure 8.15 (a) Transmission X-ray topograph of a 50 mm epi-ready (0001) ZnO wafer
produced by Tokyo Denpa. (b) Observation under crossed polarizer reveals little random strain
in a 50mm (0001) ZnO wafer. Reprinted from D. Ehrentraut et al., Solvothermal growth of
ZnO, Prog. Cryst. Growth Charact. Mater. vol. 52. Copyright (2006) with permission from
Elsevier
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supports the result from the X-ray topography that the homogeneity of the wafer is
very high.

Measurements employing contact-mode atomic force microscopy (AFM) under ambi-
ent air conditions have revealed a root mean square (rms) roughness of 0.285nm and
0.155 nm for the (0001) and (0001) face, respectively, for ZnO wafers which are treated by
CMP. Thermal annealing further reduces surface roughness to about 0.12 nm if proper
conditions are applied.'®”’

The etch pit density (EPD) was determined for the (0001) and (0001) polar face of
several wafers. An aqueous solution of concentrated H;PO, was applied for 5 min at 25 °C.
The EPD was about 300 cm > after CMP and is further lowered to less than 80 cm 2 by
annealing.'®® To our knowledge these wafers are the best hydrothermal ZnO wafers in
terms of structural perfection that are currently commercially available.

8.6.2 Impurities

We introduce the occurrence and distribution of impurities in hydrothermal ZnO by
referring to crystal ZnO34A, grown at AFRL-Hanscom AFB, and samples cut from the
crystal."?! Figure 8.16 illustrates the faceted crystal morphology of ZnO34A and labels
the three slices that were analyzed. Slice ZnO34A3, from the C sector, was a darker green
than slices ZnO34A1 and ZnO34A2, which were taken from the C* sector. In the C*
sector, coloration became less intense as distance from the seed increased.

The differences in coloration, together with the discussion of Section 8.5 and the fact
that the crystal growth rate in the C* direction was ~3 times the growth rate in the C_
direction, may mean that impurity incorporation differs between the C* and C™ sectors.

0001

Figure 8.16 Schematic of AFRL-Hanscom AFB crystal ZnO34A. Reprinted from M. Suscavage,
et al., MRS Internet J. Nitride Semiconductor Res. (USA) vol. 4, p.294. Copyright (1999) with
permission from MRS
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Chemical and electrical analyses support such an inference, but also point to a more
complex story. Glow discharge mass spectrometry (GDMS) showed the dark sector
contains 3-5 ppm of iron, about twice as much as in the lightest colored sector, in general
agreement with Croxall et al®' This is qualitatively consistent with electrical
measurements, which showed that ZnO34A3 had a free electron concentration of 3 x 10'8
cm > at room temperature, whereas ZnO34A1 had donor and acceptor concentrations of
only Np=7 x 10" and Na=1 x 10" cm™. However, slice ZnO34A1 contained about
twice as much Al (known to be a shallow donor)'®®! and Si (5-6 ppm) as ZnO34A3. (All
other impurities occurred at <1 ppm in this crystal.) The anisotropic incorporation of
impurities was also conferred by Sekiguchi et al., who reported impurity concentration
variations among crystals that were grown under various conditions of temperature and
pressure but that otherwise were nominally identical.”>*

ZnO seems to have a high affinity for iron in hydrothermal growth. The ZnO nutrient
Croxall et al. employed contained < 1ppm Fe, but green sections of their crystal contained
~50 ppm. In our laboratory, ZnO crystals contained parts per thousand of iron if platinum
liners leaked, thereby allowing the diluted growth solution to leach iron from the autoclave
wall.

Secondary ion mass spectrometry (SIMS) was employed to study the impurity
distribution in the depth of a commercial 50 mm diameter hydrothermally grown ZnO
wafer from Tokyo Denpa Corporation which had been CMP treated and afterwards
annealed. The primary beam species was Cs™ (5kV, 350nA) and the sputter speed was
around 120—150 nm min ™. The impurity levels remain constant with increasing scan depth
and concentrations have been revealed for Li (2 x 10'%cm™), Na (8 x 10 cm™), K
(3 x 10" ecm™), Mg (10" cm™), Al (4 x 10" ecm™), Si (7 x 10" em™), Fe (8 x 10" cm™)
and Cd (10" cm™).

Impurity concentrations of Fe, Al, Li and K using inductively coupled plasma mass
spectrometry (ICP-MS) from 50 mm diameter ZnO wafers cut from the same hydrother-
mal crystalline boule have also been investigated.*®*®! Specimens grown and cut from the
(0001) face and from the (0001) face of the seed crystal show different impurity levels.
Lower impurity levels are generated in the grown crystal at increasing distance from the
(0001) face of the seed. This was particularly obvious for the case of Li whereas the
concentration of K remains nearly unchanged for both faces. Both Fe and Al show higher
concentrations in wafers grown on the (0001) face of the seed crystal: 11 and 1 ppm for Fe
and 8 and 0.5 ppm for Al for the (0001) and (0001) face, respectively. Figure 8.17 shows
that the concentration of Al can be reduced by a factor of up to three upon proper
annealing.'*” There is a similar result for Li, which can be reduced by about one order of
magnitude to currently 10'°cm™.

To summarize, impurity concentrations in hydrothermal ZnO depend not only upon the
purity of the starting materials but also upon growth conditions (solution chemistries,
growth temperature, etc.) in ways that have yet to be fully characterized. Fe, Ag, Si, Na, Li,
K and Al have been found in hydrothermal ZnO crystals; the concentrations vary from run
to run. Nonetheless, sub-ppm impurity and sub-10"®cm™ donor/acceptor concentrations
have been achieved, demonstrating that hydrothermal ZnO crystals can have purities that
rival or exceed the purities of bulk ZnO grown by other methods — purities, in fact, that
rival or exceed those of III-V semiconductors such as InP and GaN.
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Figure 8.17 SIMS depth scans in the surface-near region demonstrating the effect of annealing
on the Al concentration

8.6.3 Electrical Properties

Studies of the electronic and optical properties of hydrothermal ZnO are similar to studies
of ZnO grown by other techniques. Differences in emphasis relate primarily to issues
associated with solution growth, with incorporation of Li, and with opportunities created
by the production of highly faceted crystals.

Li is often added to hydrothermal solutions as hydroxide or carbonate because it
improves crystallinity and morphology.”® Li can therefore occur in concentrations
of >10ppm in hydrothermal ZnO;"**>*7! it has been employed to achieve resistivities
as high as 10’ ohm cm by compensating native donors.””!! Li is anathema, however, to
most electronic and optical device fabricators, who fear that Li — typically a fast diffuser —
will incorporate into devices and thereby “poison” them. This may not be an insurmount-
able obstacle to device applications, for Li apparently can be removed from ZnO by
annealing in a zinc atmosphere.">! Also, using appropriate mineralizer solutions, it is
possible to obtain high quality as-grown hydrothermal ZnO crystals that have sub-ppm
Li concentrations.!'?!

In, Ga and Al are shallow donors in ZnO.!**"?) As mentioned above, Li occupying the
Zn site is believed to be an acceptor (interstitial Li is believed to be a donor);"! addition of
Li or Cu increases the resistivity of ZnO after annealing in air or Zn,"'*~'>*! probably by
compensating donors. The donor/acceptor properties of Fe>™ and Fe** in ZnO are not
known. The role of hydrogen in ZnO is controversial: recent theoretical calculations
predict it should be a shallow donor,"*! in overall agreement with experimental measure-
ments performed in the 1950s that associated increases in electrical conductivity with
hydrogen incorporation (reviewed in Van de Walle);!”*! however, in recent work on ZnO
films grown by metal organic chemical vapor deposition, the conductivity increase was
attributed to passivation of acceptors.’*! Hydrothermal growth of ZnO in an effective
overpressure of H, was achieved by adding Zn powder to the growth solution; unfortunately
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only the carrier concentrations after annealing in vacuum or air (25 x 10" cm ), not carrier
concentrations in as-grown ZnO, were reported.'”!

Native defects such as oxygen vacancies or zinc interstitials have long been regarded as
donor centers in ZnO (see, e. g., Littbarski'’®! and Look et al."’>! and references therein). In
many cases, they may constitute the most numerous donor sites. In sample ZnO34A3
(discussed in Section. 8.6.2), for example, impurity concentrations are in the ppm range,
but the free electron concentration at room temperature is about two orders of magnitude
higher, 3 x 10'® cm™. This does not by itself exclude hydrogen as a possible donor, but
Sakagami’s observation that the ZnO electrical resistance increased when an oxidizing
agent was added to the hydrothermal growth solution (equivalent to growth in an oxygen
overpressure)°2! is indirect evidence that many donor defects result from imperfect
zinc—oxygen stoichiometry. Positron annihilation spectroscopy on hydrothermal ZnO
from Tokyo Denpa has revealed about 10'%cm™ zinc vacancies (V2o as neutral defect
complexes and about 10'” cm™ oxygen vacancies (Vo) as neutral oxygen.'”®! Clear effects
of Vz, and Vg and Li-related defects can be seen in the low temperature photolumines-
cence (PL) spectrum obtained from excitation with a 325 nm laser (Py,=1.6 mWw).[")
Clearly the role of native defects and their relationship to extrinsic point defects is a
complicated issue that needs to be elucidated further.

Semi-insulating behavior in hydrothermal ZnO has, as already noted, been achieved
through Li doping!’? and growth in an effective oxygen overpressure.>*! Semi-insulating
behavior, with a net room temperature free electron concentration of ~2 X 102 cm™, and
electron mobility of ~175 cm? V! s7', was observed. The cause of this behavior was found
to be a donor center located 340 meV below the conduction band;"'?! the microscopic
nature of this donor is not understood.

The temperature-dependent Hall-effect technique with Van der Pauw geometry was
used to examine the carrier concentration N, carrier mobility [y, and electrical resistivity
R from a 10 x 10 mm? specimen cut from a high-quality Tokyo Denpa ZnO crystal. The
surface was polished to an rms roughness of about 0.2nm™”! and Ti/Au contacts were
produced by thermal evaporation. A melt-grown sample was measured for comparison.

The carrier concentration is substantially lower in the hydrothermal sample than in the
melt-grown sample and decreased with increasing 1/7 from N=2 x 10'"®cm™ at 500 K
(10°/T=20) to N=4 x 10" at 100K. Polyakov et al."® have obtained similar results of
N=1.3-4.6x%10" and N=6.4 x 10" at 300K and 77 K, respectively, for measurements
on four samples of ZnO as purchased from Tokyo Denpa. The value of N is clearly the
effect of low impurity, point defect, and dislocation concentrations, which substantiates
the results previously discussed from X-ray diffraction and impurity analysis. The slight
hysteresis slope at 10°/T < 4 was obtained from the measurement during heating up and
cooling down and is likely the effect related to surface conductivity.”>**! It has been noted
in Graubner et al.'®! that annealing at 1150 °C would convert a ZnO substrate from highly
resistive to n-type conductive. The higher numbers of shallow donors reduce the
concentration of acceptors by compensation and are clearly the dominate cause of the
high conductivity.

The Hall mobility peaks at 100K, wuy=>530 cm?’V's™" and drops down to about
40cm?V's™ at 580K. The higher mobility in comparison with the melt-grown
sample, that peaks at 480cm”V 's™" at 80K and 430cm?V's™ at 100K, is due to
the lower impurity concentration as indicated by the lower carrier concentration. An
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Figure 8.18 Resistivity, carrier concentration, and mobility across a hydrothermal 50 mm epi-
ready ZnO wafer

earlier hydrothermal grown sample'? had already showed very similar results for py for
the measured temperature range of 200—400 K, where the [y decreased from about 300
to 100cm?V's™'. The vapor grown ZnO shows a higher gy up to almost 2000 cm?
Vs at 40K. These results are expected, for ZnO compared with GaN has a lower
mobility because of a higher effective mass and larger optical phonon scattering
parameter.[z]

The electrical resistivity of the hydrothermal ZnO sample is about two orders of
magnitude higher than the sample grown from the melt, with a minimum of 20 Q cm at
60K and 0.1 Qcm at 200 K, respectively. Hydrothermal ZnO from the Russian producer
SPC GoodWill'®! shows a higher electrical resistivity of 500-1000 Q cm than the TEW
material. Other results on TEW ZnO'"® reported a large variation of R between 96 Q cm
and 5 x 10° Qcm, which was speculated to come from the Li content in the samples
investigated. It is possible that different growth sectors were present in the specimens and
therefore Li was incorporated in quite different concentrations there.

The uniformity of resistivity R, carrier concentration N and mobility [y over a 50 mm
wafer from Tokyo Denpa was measured (Figure 8.18) and the following values obtained:
R=380Qcm+15%, N=8 x 10"? cm™ 4+20% and puy=200cm*V's"' £ 10%.1°®

Hydrothermal conducting indium-doped ZnO was grown using sintered ZnO powder
that was mixed with a small percentage of indium oxide.'®*! As previously stated, growth
rates were dramatically reduced in the C-axis (see Figure 8.13). The resistivity measure-
ment for a 5 x 5 mm? In:ZnO sample was ~2.1 x 102 ohm cm. The conductivity achieved
is adequate for most semiconductor device applications that would benefit from conduct-
ing substrates.

The presence of large growth facets on hydrothermal ZnO crystals (Figures 8.9, 8.10
and 8.15) facilitates the study of electronic properties as a function of crystallographic
orientation and surface polarity. Urbieta et al. employed scanning tunneling microscopy
and found clear differences in surface electronic structure that distinguished the C*
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(zinc-rich), C~ (oxygen-rich), and nonpolar ZnO faces.®* Sakagami et al. measured
current—voltage and capacitance—voltage characteristics on the crystallographic C*, C,
and m faces.® Along all crystallographic axes studied, they observed nearly ohmic
behavior when surfaces were zinc-rich and rectifying behavior when surfaces were
oxygen-rich. The authors’ judgement that m-sectors are more suitable than C* and C
sectors for making electrical contacts, if confirmed, has potential significance for device
fabrication that could stimulate interest in ZnO crystal growth on nonbasal-plane seeds.

8.6.4 Optical Properties

To date, the overwhelming majority of optical measurements of hydrothermal ZnO have
been at room temperature or liquid nitrogen temperature. Such measurements may
usefully compare the luminescence efficiencies of samples prepared under conditions in
which a researcher varies a growth parameter, and they provide qualitative indications of
crystal quality or the presence of impurities. However, the most sensitive indications of
crystal quality often come from optical measurements at near-liquid-helium temperatures,
where excitonic and other bands indicate the underlying quality (or lack thereof) of the
material. Broadband spectra at both high and low temperatures can provide useful
information about impurities and native defects.

Near-band-edge PL spectra, obtained at 4.2K, are shown in Figure 8.19, which
compares hydrothermally grown and vapor-phase-grown ZnO (from AFRL-Hanscom
AFB and Eagle Picher Technologies, respectively).!'?! The narrow-line spectra — emis-
sions from decays of excitons bound to a neutral donor and to some unidentified impurity
or defect — demonstrate that carriers in both samples have the long lifetimes characteristic

Zn0, Zinc Face, Near-Band-Edge Region
g—r—m——————7———————1—

Before Polishing (times 1.1x1 03)
After (times 1)
,,,,,, Eagle-Picher Material

4.2K

PL Intensity (arb. units)

Energy (eV)

Figure 8.19 Zinc-face PL spectra of AFRL-Hanscom AFB hydrothermal ZnO and Eagle Picher
Technologies vapor-grown ZnO. The two narrow-line spectra are for samples polished by Eagle
PicherTechnologies; the broad weak band is for the AFRL-Hanscom AFB sample after
conventional polishing. With kind permission of Dr. David Look
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Figure 8.20 Low temperature broadband PL spectrum of AFRL-Hanscom AFB sample
ZnO34A2. Courtesy of M. Reshchikov. With Kind Permission of M. Reshchikov

of excellent crystallinity. The weak, broad band exhibited in Figure 8.19, caused by
damage introduced by a mechanical polishing, contrasts starkly with the intense narrow
bands that characterize undamaged surfaces (which were prepared by a proprietary Eagle
Picher Technologies chemical-mechanical polish). Near-helium-temperature PL is thus
seen to be a sensitive indicator of both crystal and surface quality for ZnO.

Higher temperature PL spectra tend to be less sensitive to surface quality. Room
temperature PL from the polish-damaged C™ face was approximately one-third as intense
as PL from the undamaged surface."'?! Thus an investigator who does not know a priori
what PL intensity should be expected from an undamaged surface might conclude,
erroneously, that ZnO sample surfaces were well-prepared. (PL on the C* surface, on
the other hand, might have raised a red flag.)!'*!

The broadband low temperature PL spectrum of AFRL-Hanscom AFB sample
Zn034A2 is shown in Figure 8.20. In addition to the excitonic and donor—acceptor bands
at energies above 3 eV, there is a broad band, centered at ~2.3eV (it is probably not a
composite of sub-bands, since its shape remains essentially unchanged over three orders of
magnitude of excitation intensity). The intensity of the broad band (measured at both 10 K
and 300 K) increases from sample ZnO34A1 to ZnO34A3, i.e., as the material becomes
more heavily colored. Similar broad extrinsic “orange” and “green” bands have been
reported in several PL and cathodoluminescence (CL) measurements of hydrothermal and
vapor-grown ZnO.

Conflicting mechanisms have been advanced for the origin of the green band. Reynolds
et al. compared the ZnO green band to the “yellow band” in GaN (a wurtzitic crystal
having a band gap similar to that of ZnO), whose origin remains a matter of debate, and
concluded that both bands arise from a transition between a shallow donor and a deep
level B9 However, Garces et al. concluded, from electron paramagnetic resonance (EPR)
and PL spectra of unannealed and annealed vapor-phase-grown ZnO, that ZnO green
bands are caused by emission from Cu™ and Cu®" ions, respectively.'*”!
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Orange and green CL have been observed in the m, C, and p sectors of hydrothermal
ZnO crystals. Strong green emission (in addition to near-band-edge emission, which we
ignore for the purposes of this discussion) was observed from C* (Zn-terminated)
surfaces, and weak orange emission from C (oxygen-terminated) surfaces; green
emission was observed from P~ surfaces (Zn-terminated) and orange emission from P™
(oxygen-terminated) surfaces; and there was weak orange emission from the (nonpolar)
M face.”*! Combining these and related observations with the growth kinetic models
presented in Section 8.5.2, Sekiguchi et al.P3! and Urbieta et al'®7%8 associated the
occurrence of ZnO green and orange CL bands with impurity incorporation efficiencies
(during crystal growth) that the growth model attributes to the polarization state of ZnO
sectors (CT, C, M, etc.); similarly, UV and broadband luminescence efficiencies were
associated with presumed incorporation rates of nonradiative recombination centers. In
this vein, Sekiguchi ez al. noted that orange emission was strongest in their sample that
had the highest Li concentration and lower in a flux-grown crystal that contained
virtually no Li; they also noted that use of H,O, in the hydrothermal growth solution,
which presumably lowered the concentration of oxygen vacancies, significantly reduced
the orange emission.'>*!

The broad emission band from an industrial ZnO wafer was measured. The band went
from 1.7 to 2.8 eV with a maxium intensity at approximately 2.3 eV. The nature of this
broad emission involves donor—acceptor pair recombination due to Li.*>*°! As already
above reported, V7, as neutral defect complexes and Vg as neutral oxygen are typically
observed in hydrothermal ZnO."” A recent overview of visible luminescence in ZnO has
more comprehensive information on the possible mechanisms of broadband emission in
ZnO bulk crystals and thin films."!

We complete our summary of the optical properties of hydrothermal ZnO with
transmission spectra (Figure 8.21)."%! Insulating ZnO is transparent from the near-
ultraviolet almost to 10 um (spectrum in Figure 8.21 labeled “Clear C+ Sector”).
Electrically conducting samples (e.g., spectrum labeled “Dark C- sector’) exhibit a long-
wavelength free-carrier absorption tail. The optical transparency shown in Figure 8.21,
together with the high laser breakdown strength of ZnO,**! have made ZnO a leading
candidate for transparent conducting electrodes for high-power near-infrared laser
beam-steering devices.!”?!

8.6.5 Etching and Polishing

Because the literature>7%%*~%%! provides in-depth discussions of the etching behavior of

ZnO, we offer a very brief summary. Oxygen-rich surfaces etch faster (e.g., in phosphoric
acid) than zinc-rich surfaces; etch pyramids and hillocks develop. The Zn surface becomes
smooth, but small pits develop where dislocations intersect the surface. The prism face
exhibits triangular etch pits that look like arrowheads pointing in the (0001) direction.
Thus, etching can be a quick and simple method for obtaining information about crystal
orientation and the polarity of ZnO facets.

Upon annealing in air, the C* surface becomes smoother, and dimples gradually
disappear. On the other hand, the C™ surface roughens, but the size of bumps decreases.

ZnO is a very soft material whose surface is easily damaged by polishing. In
Section 8.6.4 we showed that near-band-gap PL spectra measured at temperatures <15 K
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Figure 8.21 Infrared transmission spectra of ZnO slices cut from C* and C growth sectors of
crystal ZnO37A. Reprinted from D. F. Bliss, Encyclopedia of Materials: Science and Technolo-
gy. Copyright (2008) with permission from Elsevier

are sensitive to surface damage. This sensitivity arises from the fact that the above-band-
gap excitation employed in such measurements penetrates only a few tens of nanometers
into the material. Near-band-gap PL at higher temperatures tends to be less sensitive to
surface damage because the emission is due to transitions of thermally dissociated
excitons and of carriers that have been thermally excited into the conduction band. In
the absence of information about emission from undamaged surfaces, higher temperature
PL from damaged surfaces might erroneously be interpreted as “good enough”. The same
holds true for measurements of the widths of X-ray rocking curves.
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Table 8.1 Comparison of X-ray rocking curves of AFRL-Hanscom AFB ZnO after application of
different polishing techniques'’?

Sample number and w Scan after abrasive w Scan after chemical-mechanical
surface termination polish, in arc-sec (002) polish, in arc-sec (002)

34A1 G- 52 17.5

34A1 C+ 78 23.2

34A2 - 143 18.6

34A2 C+ 214 20.3

34A3 G- 62 13.2

34A3 C+ 92 18.0

Most X-ray diffraction measurements sample to depths of 1-2 um, which may include
comparatively undamaged material. In the data of Table 8.1, for example, rocking curve
widths of 50-100 arc-sec might be mistakenly attributed to mediocre crystal quality rather
than to damaged surfaces in an otherwise excellent crystal.

8.7 Conclusion

Hydrothermal growth can produce very high quality ZnO crystals. Nearly dislocation-free
growth can be produced in zinc-terminated growth sectors and on nonpolar prism faces.
Semi-insulating crystals have been grown, as well as crystals exhibiting superior low
temperature PL characteristics.

The various crystallographic faces of hydrothermal ZnO exhibit pronounced differences
not only in growth rates, but also in structural, electrical, and optical properties. The
growth mechanisms, the incorporation of impurities, and the generation of native defects
are (at least in part) connected to the polarity of the growth surfaces; however, the precise
mechanisms — and especially the properties of impurities and native defects — have not
been fully elucidated. Exploiting faceted morphology of hydrothermal crystals may
facilitate studies of these phenomena, many of which surely have counterparts in ZnO
thin film growth and ZnO bulk growth by other methods. The hydrothermal technique has
been used for the economical growth of large, low-defect-density ZnO crystals. Advances
in homoepitaxy P-doping, and device design and fabrication will drive demand for
hydrothermal ZnO substrates in the future.
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Growth and Characterization of GalN/
/n0O Heteroepitaxy and ZnO-Based
Hybrid Devices

Ryoko Shimada and Hadis Morkogc
Department of Electrical and Computer Engineering, Virginia Commonwealth University,
Richmond, VA, USA

9.1 Introduction

It is a well known fact that GaN-based heterostructures have been playing a major role in
optoelectronic devices such as blue-green light-emitting diodes (LEDs), laser diodes
(LDs), color displays, moving signals, low level lighting, traffic signals, data storage, UV
and solar blind detectors, and high temperature high-power electronics such as field effect
transistors and Schottky devices."! The semiconductors, which show a higher electron
drift velocity, high mobility and large dielectric breakdown field, are essential for high
frequency power devices in communication and other systems. The nitride semiconductor
family satisfies many of these requirements. A mobility of 160 000cm? V' s™! and sheet
density of 1.5 x 10'?cm 2 at 4.2 K for AIGaN/GaN have been recently reported.””! Almost
on a daily basis new milestones are attained. Sapphire has been used as a substrate for GaN
growth, owing to demonstration of reasonable quantum efficiency from the LEDs and
pulsed laser devices grown on sapphire. For example, Nichia Company, Japan and others
have produced high efficiency blue LEDs with lifetimes in excess of 60 000h, output
powers near 300 mW with efficiencies near 200 lumens per watt (Im W"),"*! despite of
high density of defects occurring in the layers. The origin of this high density of defects is

Zinc Oxide Materials for Electronic and Optoelectronic Device Applications, First Edition.
Edited by Cole W. Litton, Donald C. Reynolds and Thomas C. Collins.
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due to poor lattice match and thermal match of substrates, typically sapphire, to GaN. They
affect both the electrical and optical properties of the devices. The origin of the defects
has been the topic of many investigations, as detailed in reference [4]. There is still a need
to achieve more efficient violet lasers, green lasers and LEDs, which could be operated
continuously at room temperature for long lifetimes.

The role of the buffer layer is predominant for better wetting of the growing layer with
the substrate, i.e. from three-dimensional growth to layered growth. A suitable buffer
layer, either homo or hetero, is essential to grow nitride compounds to promote nucleation
centers and to reduce defect level concentration, hence, to increase the quality of the
growth. Various buffer layers have been explored to grow high quality GaN such as AIN,
GaN and ZnO. Early on AIN was identified as a good buffer layer for GaN and AlGaN on
sapphire substrates, which led to improved optical and electrical properties. As further
development took place GaN buffer layers also began to be used successfully."!

It is preferable to employ a nearly lattice-matched and also atomic stacking match buffer
layers for follow up epitaxial layers, in order to avoid defect formation and to yield quality
epitaxial growth. Among these types of strategies, ZnO has been reported to be a suitable
buffer layer for GaN epitaxial layers and templates, owing to low lattice mismatch,
about less than 2% between ZnO and GaN. An additional advantage of ZnO is that it has
a common stacking order with GaN.

Pulsed laser vapor deposition (PLD), molecular beam epitaxy (MBE), hydride vapor
phase epitaxy (HVPE), and metal organic vapor phase epitaxy (MOVPE) techniques have
been employed to grow GaN using ZnO buffer on c-plane (0001) sapphire. It was found
that the growth of ZnO is in the c-direction, which is perpendicular to the sapphire
substrate. ZnO perfectly matches with Ing,,Gag7gN. In many respects, ZnO may also be
considered as a suitable buffer for GaN because of the similarity in its physical properties
to those of GaN, such as its wide band gap leading to transparency in the visible region.
Moreover, ZnO can be grown on c-, a-, and r-plane sapphire.

9.2 Growth of GaN/ZnO

Several techniques have been employed and are being developed to grow nitride-based
compounds on different substrates. However, we focus our attention on reviewing growth
of GaN on ZnO by these techniques and the role of ZnO as either a buffer layer or a
substrate. The PLD technique has been extensively used for deposition of oxide com-
pounds such as superconducting, ferrite, and magnetic materials and has been successfully
extended to grow nitride compounds. Vispute et al.'®” prepared GaN layers using ZnO as
a buffer layer by the PLD technique. A KrF excimer laser with a wavelength of 248 nm,
and pulse duration of 25 ns was used for ablation of a ZnO (99.99 %) target. The focused
beam energy and pulse repetition rate were 2-3Jcm > and 10-15Hz, respectively
(Figure 9.1). The substrate temperature for the deposition of ZnO was in the range of
300-800°C. The background oxygen pressure was in the range of 10°-107Torr. In
the same fashion, GaN films were deposited on ZnO/sapphire templates at 850 °C under
a background NHj; pressure of 10°°~107 Torr.

Note that the growth temperature is very important. If it is too low, the obtained smaller
grains or number of grain boundaries and defect levels lead to poor quality of the growth.
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Figure 9.1 A schematic diagram of a pulsed laser deposition system. Reprinted from R. D.
Vispute, V. Talyansky, R. P. Sharma, S. Choopun, M. Downes, T. Venkatesan, K. A. Jones, A. A.
lliadis, M. Asif Khan, and J. W. Yang, Growth of epitaxial GaN films by pulsed laser deposition,
Applied Physics Letters, 71, 102. Copyright (1997), American Institute of Physics

At high temperatures, the ZnO growth is preferable. In fact, it has been concluded that the
growth temperature for both ZnO buffer and GaN should be the same."™ In this case, the
ZnO films have been grown by pulsed laser ablation of a solid ZnO target in oxygen
ambient on fused silica substrates. An ArF excimer laser with a wavelength of 193 nm,
a 250 mJ pulse energy and a 10 Hz repetition was used to deposit films. The substrate
temperature was kept at 600 °C.”! On this ZnO buffer layer, the GaN has been deposited
by a liquid-target pulsed laser technique. The flow rate of NH; and pressure in the chamber
were 20 sccm and 1 mbar, respectively. The same substrate temperature for the deposition
of GaN was maintained. If the substrate temperature is less than 550 °C, the grown GaN
films are either amorphous or polycrystalline. Columnar growth has proved to be highly
important for device applications.””! An attempt to deposit GaN in N, atmosphere instead
of NH; was unsuccessful.””! The deposition temperature of the PLD technique is much
lower than that of MOVPE, hence, it can be speculated that the optical grade GaN film can
be grown by this technique for device applications.

Wang et al.'®! prepared GaN layers on sapphire using ZnO buffer layers by the PLD
technique. The ZnO and GaN targets were prepared using commercially available
powders. The ZnO powder was pre-sintered at 900 °C in O, ambient for 2 h, from which
a 2 cm diameter pallet was made and the GaN powder was also sintered at 800 °C in the
presence of N, flow in a similar manner. A Nd:YAG pulsed laser, with a wavelength of
266 nm, a fluence of 0.8 Jcm 2 per pulse and a repetition rate of 5 Hz, was employed for
deposition of ZnO and GaN layers at 800 °C on sapphire substrates.

Room temperature layer by layer GaN growth by PLD on atomically flat ZnO (0001)
substrate was demonstrated by Kobayashi et al!'"! To obtain an atomically flat
ZnO surface, ZnO (0001) was annealed at 1150°C in air. During annealing, the ZnO
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substrates were kept in a ceramic ZnO box in order to suppress desorption of Zn atoms
from the ZnO surface and maintain the surface stoichiometry. GaN growth by PLD at room
temperature was conducted with the background pressure 5 x 107'° Torr, and Ga metal
target (99.9999% purity) was irradiated with a KrF excimer laser (1 =248 nm, ¢ =20ns),
having an energy density of 3.0Jcm ~ and pulse repetition rate of 10 Hz. As a nitrogen
source, a radio frequency (RF) plasma radical generator, which was operated at 360 W
with a N, pressure of 2.0 x 107 Torr, was used.

Ueda et al!'® prepared ZnO films by PLD using a 248 nm KrF excimer laser with
a pulse duration of 20 ns and a repetition rate of 5 Hz. The partial pressure of oxygen was
0.01 Torr at 550°C. The streaky reflection high energy electron diffraction (RHEED)
pattern indicated a smooth layer with good atomic ordering rather than a spotty (indicative
of three-dimensional growth) or ring pattern (indicative of polycrystalline growth) of RF
sputtered ZnO, as reported by others. Thick GaN layers were grown by using the HVPE
technique on pulsed laser deposited ZnO buffer layers on sapphire. GaCl; and NH; were
the source materials. In order to form GaCl;, HCI was passed over liquid Ga held at a high
temperature. The production rate of GaCl; was controlled by the temperature of the Ga
boat and HCI flow rate. The growth was performed at 1000 °C at a V/III ratio of 500 and
the growth rate was 10 um h".""?) As soon as the required substrate temperature was
reached, GaN growth was started immediately to prevent thermal desorption of the ZnO
buffer layer from the sapphire substrate. The large difference in thermal expansion
coefficient between these compounds (ZnO, 2.9 x 10°° K™ GaN, 5.6 x 10°K™"; and
AlLO5; 7.5 x 10°K™") must be kept in mind.

Detchprohm ez al.!'*! used sputtered ZnO on sapphire as buffer layers for GaN epitaxy.
A 10cm diameter ZnO ceramic disk was used as target and Ar or O, was employed as
sputtering gas. Prior to deposition of ZnO, the chamber was evacuated to 10~ Torr and
then the chamber pressure was maintained at 0.13 and 0.4 Torr for Ar and O,, respectively.
The discharging input and reflecting powers were 200 and 20 W, respectively, for both
gases. The ZnO growth rates were about 150 and 5nmh ™" for Ar and O,, respectively. The
ZnO growth was performed at room temperature. The sputtered ZnO was not annealed
prior to deposition of GaN otherwise it would have decomposed according to the authors.
The GaN films were deposited by the HVPE technique. The Ga boat temperature was kept
at 850 °C for the formation of GaCls.

Molnar et al''* also used the HVPE technique to grow GaN thick templates by
employing ZnO as a buffer layer (Figure 9.2). The HVPE is useful to grow thick but
not necessarily large area GaN samples. GaN samples grown by this technique are of
considerable interest for follow up epitaxial growth because of reducing defect concen-
tration, as the film thickness increases. HCI used in the preparation process of GaN is
corrosive and affects the deposition system adversely. For this growth, GaCl, AIN and ZnO
were used to treat the substrates prior to growth of GaN. GaCl was synthesized by mixing
HCI and liquid Ga metal at 800-900 °C and then it was passed down the reactor tube to
the substrate where it was allowed to react with NH3. Either ZnO or GaCl treated GaN on
sapphire samples showed highly transparent films, fewer hexagonal islands, and did not
show any polycrystalline nature.

Gu et al'™ extensively studied the role of ZnO while depositing GaN by the HVPE
method. They observed that the thin ZnO prelayer disappeared between the sapphire and
GaN. The reason is that ZnO is thermodynamically unstable in the presence of reducing
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Figure 9.2 HVPE reactor for GaN growth. Reprinted from R. J. Molnar, et al., Growth of
gallium nitride by hydride vapor-phase epitaxy. J. Cryst. Growth, 178, 147. Copyright (1997)
with permission from Elsevier

agents coming from the source materials in the HVPE system. Gu et «l. have used two
20 nm-thick ZnO samples deposited on sapphire, one annealed at 1050 °C for 10 min in N,
ambient and the other unannealed. The unannealed sample was dipped into HCl to dissolve
any ZnO film. The X-ray photoelectron spectroscopy (XPS) analysis showed no residual
ZnO or any other compound formed with sapphire. However, the annealed one, after
dipping in HCI, showed traces of ZnAl,0, by XPS analysis, which is the same as standard
compound ZnAl,O4. One can conclude that ZnAl,O4 might form and may act as
nucleation centers for GaN growth. The authors have attempted to confirm the aforemen-
tioned results by using a supportive technique such as X-ray diffraction (XRD); however,
it is very difficult to trace this compound in thin layers so they did the analysis on a
200 nm-thick sample annealed in air for 30 h that avoided any ambiguity. The rocking
curve line width of (0002) of GaN grown on sapphire was 700 arcsec, compared with
400-500 arcsec for samples grown with ZnO buffer layer. The carrier concentration was
1 x 10" em™ for 20 nm-thick ZnO buffered GaN samples. The ZnAl,O, may promote
nucleation centers, in order to get growth and reduce lattice mismatch to GaN.
Building on the earlier investigations of Hamdani et al. on as-received ZnO sub-
strates,'® Gu et al.'”! thoroughly studied ZnO substrates with O and Zn polarity prior to
GaN thin film deposition and developed a method to render the surfaces atomically flat
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and damage free. ZnO substrates were annealed at 1050°C in air for 3h in order to
improve the quality of the surface, which showed full width at half-maximum (FWHM) of
0.576 arcmin for the (0002) X-ray rocking curve, FWHM of 0.7meV for the photo-
luminescence exciton peak, and surface roughness of 0.6 nm using atomic force micros-
copy (AFM). The unannealed and annealed ZnO substrates at temperature less than
1050 °C showed rough surfaces, terraces, and scratches on the surface. GaN thin films
were prepared on both O and Zn face ZnO substrates using the RF plasma-enhanced
nitrogen MBE technique."® GaN films were also grown on ZnO substrates by reaction of
Ga and NH; at 760 °C by employing either GaN or AIN buffer layer grown at lower
temperature by use of RF nitrogen source. For the growth of GaN films on ZnO substrates
with the MBE technique, Ga was supplied from a Knudsen cell, and filtered and purified
NH; was fed through the chamber by an injector retained at 300 °C to prevent liquid NHj;
formation. During the growth, the chamber pressure was maintained at 2—5 x 10~ Torr.!'®!

Similar approaches for ZnO substrate treatment!'®*°! were reported using higher
annealing temperature in air. Ohgaki et al. annealed four different orientations of ZnO
substrates covered with single crystalline Y-stabilized ZrO, (YSZ) plate to prevent
evaporation of Zn.!'”! After annealing at 1200°C for 2h with the YSZ plate, all the
scratches were removed. Particularly step-and-terrace in the ¢(+4) and (—) - face were
observed, having surface roughness of 0.5nm using AFM. On the other hand, a- and
m-ZnO showed a stripe pattern having surface roughness of 6~7 nm using AFM. GaN
films were grown on ZnO and low-temperature nearly lattice matched 30 nm-thick InGaN
buffer layer by MBE. The growth was initiated by simultaneously exposing the ZnO
surface to incident Ga (Ga and In) and N fluxes, which prevented nitridation and
metallization of the ZnO surface. Most of the growth experiments with GaN/ZnO
structures were conducted at low temperatures since the grown GaN films at higher
temperatures peel off from the ZnO substrate.”*'! GaN on low-temperature InGaN buffer
layer was grown at 800 °C. To prevent phase separation of the InGaN layer, the Ga and N
fluxes were supplied to the film surface while increasing the temperature from 550 to
800 °C. In the case of epi-ZnO films, Heinze et al. performed in-situ annealing following a
low-temperature ZnO buffer layer growth at 900 °C under -BuOH and N,O atmosphere
with N, carrier gas to achieve smooth and clean surfaces and then high temperature ZnO
growth was performed increasing the growth temperature to 800~900 °C."**! Oxygen-face
ZnO substrates grown by the liquid solution method (CrysTec GmbH, Berlin, Germany)
were annealed at 1100 °C for 15 min in the ZnO box with a high amount of ZnO powder.
After the annealing process, surface roughness using AFM was 0.5 nm, which is the height
of a bilayer along the c-axis length. FWHM of the XRD rocking curve at the (0002)
reflection of the untreated samples was 220 arcsec, while the annealed one was ~35 arcsec.
In terms of electrical characterization, the charge carrier density increased from 3.1 x 103
cm 2 in the as-grown sample to 3.8 x 10'*cm 2 in the annealed sample. The carrier
mobility slightly decreased from 96.5 to 77.8 cm? V' s!, respectively.[*"’

Matsuoka et al.**' used degreased and etched ZnO substrates to grow thin GaN films by
MOVPE. Until attaining the required growth temperature, a nitrogen flow was maintained
in the chamber, then ammonia and group III sources were allowed into the MOVPE
chamber. A vertical cold walled MOVPE reactor was used for the growth of InGaN and
InGaAIN epitaxial layers. The sources were trimethylindium (TMI), triethylgallium
(TEG), trimethylaluminum (TMA), and purified ammonia. The incorporation of In was
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increased by reducing the substrate temperature from 800 to 500 °C. This is due to the
much higher vapor pressure of In compared with that of Ga. The typical ammonia flow rate
was 201 min'. The growth temperature was 500-700 °C and the V/III flow rate ratio was
maintained at 20 000. At 800 °C, the flow rate of TEG was kept at 17 umol min', which
resulted in a V/III ratio of 4000. The InGaN layers were grown on ZnO single crystal
substrates, which were grown by the flux method using lead fluoride as a flux. A typical
size of the substrates was several millimeters thick and 10 mm long on each side.

There is a challenging issue related to the MOVPE growth process, which is back-
etching of ZnO under the NH; and/or H, environments, that either damages the ZnO
surface or removes ZnO buffer layers during the growth temperature ramp up. To
overcome these problems, the MOVPE growth was performed at relatively low substrate
temperature using N, gas as carrier and dimethylhydrazine (DMHy) as a precursor of
atomic nitrogen.'”*! Using this MOVPE system, high-quality GaN by MOVPE after only
140 nm thickness using ZnO buffer layer deposited by PLD technique was demonstrat-
ed.!**** The growth temperature ranged from 550 to 690 °C and the growth pressure was
450 Torr. The carrier gas was N,, and TMG and DMHy were used as sources of gallium
and nitrogen, respectively. The V/III ratio was equal to 11. After the GaN growth, the root
mean square (rms) surface roughness was about 2 nm over an area 5 X 5 um?>.

In order to promote future integration of optical function possible with GaN to Si devices
and make use of low cost, large area Si substrates, GaN growth on Si is an important
technology. Since, the properties of GaN are expected to improve by using buffer layer grown
on Si substrates, ZnO buffer layers on Si(001) have been studied by various techniques such as
electron beam evaporation, PLD and RF sputtering.**®! Polycrystalline GaN on Si with ZnO
buffer layer was deposited by radio frequency plasma-enhanced chemical vapor deposition
(RF-PECVD).[Z(’] Some 100 nm-thick ZnO buffer layers were grown on Si (001) substrates by
the electron beam evaporation technique at 250 °C and annealed at 400 °C for 1 h. A GaN layer
was grown on ZnO/Si by RF-PECVD at 650 °C. Triethylgallium (TEGa) with N, carrier gas
as Ga source and inductively coupled plasma of N, generated at 13.56 MHz as nitrogen source
were used for the growth. Kim et al. deposited ZnO on Si (001) at 600 °C by the PLD
technique using a KrF excimer laser (1=248nm, #=25ns).*”} After post annealing at
300 °C under an O, ambient pressure of 300 Torr, GaN layers were grown on ZnO/Si by metal
organic chemical vapor deposition (MOCVD) using TEGa and NHj3 as precursors and N, as a
carrier gas. The growth temperature was varied from 600 to 850 °C to prevent the thermal
decomposition of ZnO buffer layers and the growth pressure was fixed at 100 Torr. The flow
rates of TEGa and NH; were 50 and 1600 sccm, respectively, to give a V/III ratio of 3500. The
thickness of the ZnO buffer layers was an important parameter to obtain high quality GaN
layers. GaN on Si (001) with ZnO buffer layers by RF magnetron sputtering was carried out at
room temperature in a 30 sccm Ar gas flow by supplying a RF power of 13.56 MHz."*®! The
ZnO buffer layer was grown at a RF power of 100 W and a pressure of 5.0 x 10~ Torr and GaN
growth was at a RF power of 50 W under the same pressure. GaN on a 300 nm-thick ZnO
buffer layer was obtained with XRD FWHM of 0.22 ° and rms surface roughness of 2.2 nm as
determined by AFM.

In GaN epitaxial growth, the polarity control of GaN is very important, since Ga-polar
GaN could have a better quality. Suzuki et al. demonstrated Ga-polar GaN layers grown
on epi-ZnO templates with NH; pre-exposure.”*”! The GaN growth by ammonia-assisted
MBE was conducted on ZnO/MgO/c-sapphire template grown by oxygen plasma-assisted
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MBE, where solid Ga and NH; gas were used as Ga and nitrogen sources. The substrate
temperature for GaN growth was 800 °C and the Ga beam pressure was 2.8 x 10~ Torr and
the NH; flow rate was 10 sccm. Before GaN growth, NH; was provided onto the O-polar
ZnO template at 800 °C to grow a Zn3N, layer, which could allow the Ga-polar GaN on
O-polar ZnO. By surface etching in 0.5M KOH solution, the surface polarity was
confirmed. Another way to control the GaN polarity is by controlling the growth
temperature in the PLD technique.”” Ga-polar GaN layers were grown at room tempera-
ture, while those grown at 700 °C had N-polarity. However, Ga-polar GaN could be grown
at 700 °C by introducing room-temperature GaN buffer layers.

To achieve high performance and reliable GaN-based devices, freestanding GaN
substrates are desirable. Butcher et al. demonstrated a GaN freestanding layer by chemical
wet etching using ZnO buffer/soda lime glass as a sacrificial layer.*!! The 50 nm-thick
ZnO buffer layers were grown on soda lime glass substrates by atomic layer epitaxy.
Metallic Zn and water vapor from liquid source was used as precursors and the optimized
substrate temperature was 430 °C. From the XRD spectrum, the ZnO film was not found to
be oriented along the c-axis. After a ZnO buffer layer growth, GaN was grown by remote
plasma-enhanced laser-induced chemical vapor deposition (RPE-LICVD) at a low tem-
perature (570 °C). Following the growth of ZnO, GaN on soda lime glass with ZnO buffer
was intended to eliminate the glass substrate and ZnO buffer layer by chemical wet etching
without any damage on GaN layers. Although the GaN layer was polycrystalline, 6 um-
thick and 5Smm x 10 mm area free-standing GaN films were obtained. Lee et al. demon-
strated strain-free thick GaN films grown on ZnO buffer layers with two-step HVPE
growth and in situ lift-off.**! Figure 9.3 shows a schematic diagram of the preparation
sequence of free-standing GaN substrate preparation by the in situ lift-off process. A
200 nm-thick ZnO layer with Zn polarity was grown on c-sapphire using 8§ nm-thick MgO
buffer layer by plasma-assisted MBE. The polarity of ZnO can be controlled by the
thickness of the MgO buffer layer through modifying the crystal structure of the MgO
buffer layer.”3 A 1 pm-thick GaN layer with Ga polarity was grown on ZnO/MgO/c-
sapphire by plasma-assisted MBE. Following GaN/ZnO growth, thick GaN layers were
grown by HVPE. During HVPE growth at 900 °C in order to prevent decomposition of
GaN at high temperatures, the ZnO layer was gradually etched from the side walls by NH3
and HCl gases, which were also used for the growth of GaN layers. The in sifu etching rate
of ZnO was controlled by the growth temperature and flow rates of NH; and HCI gases.
During the growth of the over 100 um-thick GaN layer by HVPE at 900 °C, the ZnO layer
between sapphire and GaN layers was completely etched away. Note that the GaN buffer
should be thick enough to prevent cracking of the GaN buffer before ZnO removal. Then,
thick GaN layers were grown at 1040 °C. The free-standing GaN surface roughness was
1.44nm for a 10 x 10 um? area with no microcracks (Figure 9.4). The calculated lattice
parameters from XRD data were 5.185 A for the c-axis and 3.189 A for the a-axis, which
indicated strain-free GaN layers. The FWHM of the (0002) w-rocking curve by high
resolution XRD analysis ranges from 300 to 450 arcsec, which is comparable with the
typical value of HVPE-grown GaN on ZnO/c-sapphire. The FWHM of the (0002) ©»-26
scan lies at about 50 arcsec, indicating uniform strain in the free-standing GaN layer.

The growth and fabrication of GaN-based LEDs using nonpolar (7-plane or a-plane)
semiconductors has attracted much attention due to the potential for avoiding undesirable
built-in field effects and achieving higher efficiencies than conventional devices using c-plane
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Figure 9.3 Schematic diagram of the growth sequence for free-standing GaN substrates. A
200 nm-thick single crystal ZnO layer with Zn polarity was first grown on c-plane sapphire using an
8 nmthick MgO buffer layer deposited by plasma assisted molecular beam epitaxy followed by the
growthofa 1 um-thick GaN layer (a). During the low temperature growth of a relatively thick (100
um) GaN by HVPE, commencing at 700 °C and ending at 900 °C, the ZnO buffer was gradually
etched from the sides by NH3; and HCl gases (b). The ZnO layer between sapphire and GaN layers
was completely etched off during growth of low-temperature GaN buffer (c). This was followed by
growth of the final high temperature CGaN layer (d). Reprinted from S. W. Lee, et al., Strain-free
GaN thick films grown on single crystalline ZnO buffer layer with in situ lift-off technique, Appl.
Phys. Lett., 90, 061907. Copyright (2007) American Institute of Physics

nitrides. Kobayashi et al. demonstrated nonpolar (m- and a-plane) GaN growth on nonpolar
(m- and a-plane) ZnO substrates by PLD."***! Atomically flat m-plane ZnO substrates were
obtained after annealing at 1250 °C for 3.5 h in air, where substrates were put in the ceramic
ZnO box to prevent desorption of Zn and O atoms from the surface and maintain the surface
stoichiometry. The m-plane GaN layers were grown on the m-plane ZnO substrate by PLD at
various temperatures ranging from room temperature to 700 °C. Since only the growth
performed below 300 °C was by layer-by-layer mode, thick m-plane GaN layers were grown
on low-temperature m-GaN buffer layers/lattice matched m-ZnO substrate at 700 °C. High
quality m-GaN layers were confirmed by XRD, AFM and transmission electron microscopy
(TEM) measurements.**! From the TEM image, shown in Figure 9.5, m-plane GaN was
almost coherent along the [0001] direction. Nonpolar a-plane GaN layers were also grown on
lattice-matched a-plane ZnO at room temperature by PLD. Hydrothermally grown a-plane
ZnO substrates (10 x 10 x 0.5 mm* SPC Goodwill, Russia) were annealed at 1000 °C for
30min in the PLD growth chamber with a background pressure of 2 x 107° Torr. The
RHEED pattern changed from a broad spotty pattern to a bright streaky one, indicating an
atomically flat surface. Similar to the m-plane GaN growth, room-temperature GaN buffer
layers grown on @-ZnO substrates were used for high quality a-plane GaN layers.
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Figure 9.4 (a—c) SEM images of the free-standing GaN layers grown by the two-step growth
method by HVPE. (a) Top surface; (b) back-side surface; (c) side cut. (d-f) SEM images of the
free-standing GaN layers grown at 900°C. (d, e) Top surface; (f) side cut. (a, inset) AFM image
of a 10 x 10 um? area with surface roughness of 1.44nm. Reprinted from S. W. Lee, et al.,
Strain-free GaN thick films grown on single crystalline ZnO buffer layer with in situ lift-off
technique, Appl. Phys. Lett., 90, 061907. Copyright (2007) American Institute of Physics

9.3 Compositional Analysis

Here we give one example of compositional analysis of ZnO films deposited by PLD.
Rutherford backscattering spectroscopy (RBS) analysis revealed that the composition
of the GaN films deposited at 600 °C on ZnO is stoichiometric when liquid Ga target
was used in PLD growth. A typical RBS spectrum is shown in Figure 9.6. However,
films deposited by a solid GaN target at a lower substrate temperature of 850 °C were
nonstoichiometric because of insufficient N radicals during the growth of GaN, whereas
for higher substrate temperatures, stoichiometric films were achieved.!”*®! Secondary
ion mass spectroscopy (SIMS) analysis showed that oxygen is one of the impurities in
the GaN layers and its concentration was much higher at the interface. Si and C were
found throughout the entire depth of the samples and are most likely from the sapphire

substrates.
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Figure 9.5 Cross-sectional TEM image of m-plane GaN (grown at 700°C)/GaN (grown at room

temperature)/m-ZnO substrate taken from the [ 112 0/ direction. Reprinted from A. Kobayashi, etal.,

Room temperature epitaxial growth of m-plane GaN on lattice-matched ZnO substrates, Appl.

Phys. Lett., 90, 041908. Copyright (2007) with permissions from American Instituite of Physics
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Figure 9.6 RBS spectrum of GaN thin films grown on ZnO/sapphire, He’™ beam energy is
2.3MeV and the detector angle is 168°. The experimental curve is simulated with the
theoretical curve to attain the composition of the films. Reprinted from R. F. Xia, et al., Growth
of gallium nitride thin films by liquid-target pulsed laser deposition, J. Vac. Sci. Technol. A 15,
2207. Copyright (1997) with permission from American Vacuum Society
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9.4 Structural Analysis

Various characterization methods have been used to analyze the structural properties of
GaN and specific to the theme of this section, GaN on ZnO with a few examples on other
substrates such as fused silica. XRD analysis showed that the GaN films grown directly on
fused silica substrates are not only polycrystalline with different orientations, (1010),
(0002) and (1011) but also are characterized with low intensities of diffraction peaks.m
The XRD spectrum is dominated by the (0002) reflection when GaN films were deposited
at a substrate temperature (7) of 600 °C; its significance is low for films grown at higher or
lower temperatures. The FWHM of the rocking curve for the (0002) diffraction was 0.21,
0.20, and 0.52° for GaN/ZnO/Si (111), GaN/ZnO/sapphire (0001) and ZnO/sapphire,
respectively.*®! The FWHM of the (0002) reflection for ZnO films on sapphire was 0.17°
for a substrate temperature of 750 °C and O, pressure of 10°—10"* Torr. The X-ray ¢ scans
of ZnO films deposited at two deposition conditions, (a) 7, = 500 °C with a pulse repetition
rate of 15 Hz and (b) T, =750 °C with a pulse repetition rate of 10 Hz, were recorded. The
X-ray analysis showed that the substrate and the epitaxial layer are oriented with respect to
each other by a 30° rotation of the unit cells. The in plane epitaxial and substrate
relationship is ZnO[1010]||Al,05[1120]. A similar fashion of orientation can be seen for
AIN and GaN on sapphire, as shown in Figure 9.7. The FWHM of the rocking curve of the
(0002) diffraction for GaN, AIN, ZnO growth on sapphire was less than 0.15°. The AIN
films were deposited on ZnO/sapphire at 7,=950 °C with the same technique and its
FWHM is 0.23 °."”! The (0002) diffraction peaks are clearly resolved for the structure of
ZnO/GaN, showing high crystalline quality of the films, as shown in Figure 9.8.

Matsuoka et al.**! observed that the etching rate of the O-face ZnO is faster than that of
the Zn-face by about one order of magnitude. The (0001) Zn-face ZnO on sapphire
substrates was used for the growth of Ing2,Gag 7N layers. The single crystal ZnO layers
were nitrided using ammonia at 76 Torr and 500 °C for 10 min. In the nitrided substrates,
the RHEED showed a ring pattern, indicating that a polycrystalline film formed on the
surface of the ZnO substrate. The XRD analysis revealed only the (0002) reflection of both
Zn0O and InGaN, and no other peaks could be observed (Figure 9.9). The RHEED pattern
was streaky for the films grown on ZnO indicating single crystal nature whereas films
deposited on sapphire were polycrystalline. The rough and smooth mirror-like surfaces
were observed for InGaN films grown on ZnO and sapphire, respectively. The XRD line
width of InGaN grown on ZnO is about 20% smaller than that of films grown on sapphire
substrates. It is clear that the remarkable improvement in the crystalline quality of the films
has been achieved. Ueda et al.'"*! found that if pulsed laser deposited ZnO layer thickness
is up to 50 nm, the FWHM for GaN grown on it is smaller by a factor of two than that of
thicker ZnO films. However, for a 200 nm-thick ZnO buffer layer, the rocking curve was
broader due to segregation of cracks in the subsequent GaN layer.

Wang et al.'”! reported that the FWHM of rocking curve of the (0002) diffraction for
GaN/ZnO is 0.38 °, which was wider, if ZnO buffer layer had not been used. The FWHM
decreased from 0.45 to 0.22 ° with increasing ambient pressure from 10~ to 1 Torr for GaN
films grown on ZnO, as shown in Figure 9.10(a). Similarly, this value decreased with
increasing substrate temperature, as shown in Figure 9.10(b). The GaN films deposited at
> 500, 700, and 800 °C under 0.1 Torr in N, ambient showed amorphous, polycrystalline,
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Figure 9.7 X-ray ¢ scans of nitride compounds grown on sapphire substrate (0001). Reprinted
from R.D. Vispute, et al., Advances in pulsed laser deposition of nitrides and their integration
with oxides, Appl. Surface Sci. 127-129, 431. Copyright (1998) with permission from Elsevier

and epitaxial nature, respectively. The decomposition of GaN occurred, if the deposition
had been carried out above the substrate temperature of 800 °C. The RHEED analysis
showed a streaky pattern, indicating high quality of the crystallinity. The RHEED patterns
of ZnO and GaN grown on it are parallel to the [1102] direction, as shown in Figure 9.11(a).
The GaN growth on chemical-mechanical polished ZnO substrates showed better than that
on unpolished substrates by means of RHEED pattern studies, which showed weak and
broken diffraction lines for the growth of GaN on unpolished ZnO substrates. A clear 2 x 2
RHEED reconstruction was observed for GaN layers deposited on both Zn- and
O-face ZnO substrates, as shown in Figure 9.11(b), which indicated Ga polarity of GaN
thin films.""® Two RHEED patterns were recorded on ZnO along one azimuth and along
another azimuth by rotating it 30°, which were parallel to the [2110] and [1100] directions of
ZnO, respectively (Figure 9.12). Almost similar patterns were observed for GaN grown
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Figure 9.8 X-ray rocking curve of GaN on sapphire with ZnO buffer layer. Reprinted from R.D.
Vispute, et al., Advances in pulsed laser deposition of nitrides and their integration with oxides,
Appl. Surface Sci. 127-129, 431. Copyright (1998) with permission from Elsevier

on ZnO. Ueda et al."? observed that the RHEED showed a ring pattern indicating that a
polycrystalline film had formed by a reaction between ammonia and the single crystal ZnO.
The (0002) reflection was predominant when the GaN films were grown with ZnO buffer
layer. An additional (1121) reflection was observed along with (0002). In this sample sharp,
rock-like three-dimensional structures were observed.
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Figure 9.9 X-ray rocking curve of InGaN/ZnO on sapphire substrate. Reprinted from
T. Matsuoka, N. Yoshimoto, T. Sasaki and A. Katsui, Wide-gap semiconductor indium gallium
nitride and indium gallium aluminum nitride grown by MOVPE, J. of Electro. Mater. 21, 157
(1992). Copyright (1992) with permission from Springer
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Figure 9.10 Variation of FWHM of XRD rocking curve for GaN/ZnO grown on sapphire vs (a)
ambient pressure and (b) deposition temperature. Reprinted from R. P. Wang, H. Muto, Y.
Yamada, and T. Kusumori, Effect of ZnO buffer layer on the quality of GaN films deposited by
pulsed laser ablation, Thin Solid Films, 411, 69. Copyright (2002) with permission from Elsevier

9.5 Surface Studies

For a comprehensive analysis of the properties of GaN films grown on ZnO substrates,
a whole slew of surface sensitive techniques can be applied. For example, scanning
electron microscopy (SEM) analysis (Figure 9.13) showed that the GaN surface has large
grain sizes, but is smooth within the grains when the GaN is deposited with ZnO buffer on
sapphire substrates. Without ZnO buffer, however, the surface was found to be rough with
many small domains.!'? In this study, the surface of the Zn-face of ZnO was noted to be
smoother than that of the O-face. The rms roughness of the O-face surface is an order of
magnitude higher than that of the Zn-face. Surprisingly, the GaN layers grown on the Zn-
face of ZnO are rough compared with those grown on O-face ZnO substrates.!'®! The GaN
layers grown on ZnO substrates without any buffer layer at a substrate temperature above
760°C easily peeled off.''® Therefore, the low temperature buffer layer was added to
prevent reaction between NHj3 and ZnO substrates. AFM images (Figure 9.14) show that
the surface of the GaN layers is smooth for when the GaN buffer was used whereas it is
rough for the AIN buffer case in part perhaps due to the higher lattice mismatch between
AIN and ZnO compared with that of GaN and ZnO, but most likely due to the relatively
low surface mobility of Al as compared with Ga. Yun e al.*”! studied the growth of GaN
on different substrates without using GaN buffer layers. The GaN grown on the air
annealed O-face ZnO substrates showed uniform and densely populated flower-like
patterned surfaces with an rms value of 1.98 nm. The ZnO surface was also scanned by
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Figure 9.11 (a) RHEED patterns of O-face ZnO and GaN/ZnO: (al) ZnO along /1102/; and
(a2) GaN along [1102]. (b) RHEED pattern of GaN/ZnO: (b1) during growth (on Zn-face
Zn0O); (b2) cooling down to 350°C (on Zn-face ZnO); and (b3) cooling down to 350°C (on
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Figure 9.12 RHEED patterns of ZnO and GaN/ZnO: (a) ZnO along [2110]; (b) ZnO along
[T100]; (c) GaN along [2110]; and (d) GaN along [1100]. Reprinted from R. P. Wang, H. Muto, Y.
Yamada, and T. Kusumori, Effect of ZnO buffer layer on the quality of GaN films deposited by
pulsed laser ablation, Thin Solid Films, 411, 69. Copyright (2002) with permission from Elsevier
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Figure 9.13 SEM images of (a) GaN/sapphire, (b) GaN/ZnO(25 nm)/sapphire, (c) GaN/ZnO
(200 nm)/sapphire and (d) the same as (c) but at different location. Reprinted from T. Ueda,
et al., Vapor phase epitaxy growth of GaN on pulsed laser deposited ZnO buffer layer , J. Cryst.
Growth, 187, 340. Copyright (1998) with permission from Elsevier

AFM, prior to the deposition of GaN, which showed smooth and sparsely scattered small size
granules with an rms value of 0.658 nm, as shown in Figure 9.15. TEM analysis showed that
the density of extended defects is in the order of 10® cm™ on the surface of GaN, which is
about three orders of magnitude lower than that in the buffer layer region."'®

9.6 Optical Properties

9.6.1 Transmission Analysis

Optical measurements in general and transmission measurements in particular can be used
to discern various transitions taking place in films. In the case of GaN on ZnO, the direct
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Figure 9.14 AFM images of (a) GaN grown on O-face ZnO, with AIN buffer and (b) GaN
buffer. Reprinted from F. Hamdani, et al., Microstructure and optical properties of epitaxial
GaN on ZnO (0001) grown by reactive molecular beam epitaxy, J. Appl. Phys., 83, 983.
Copyright (1998) with permission from American Institute of Physics
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Figure 9.15 AFM images of (a) O-face ZnO and (b) CGaN grown on O-face ZnO, without
buffer layer. Reprinted from F. Yun, M. A. Reshchikov, L. He, T. King, D. Huang, H. Morkog, J.
Nause, G. Cantwell, H. P. Maruska, and C.W. Litton, Comparative analysis of MBE-grown GaN
films on SiC, ZnO and LiGaO; substrates, in Defect and Impurity Engineered Semiconductors
and Devices Ill, edited by S. Ashok, J. Chevallier, N.M. Johnson, B.L. Sopori and H. Okushi
(Mater. Res. Soc. Symp. Proc. Volume 719, Warrendale, PA, 2002) F8.21. Copyright (2002)
with permission from MRS
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Figure 9.16 Transmission spectraof ZnO, GaN and GaN/ZnO. The inset shows the band gaps of
3.3 and 3.4 eV related to ZnO and GaN, respectively. Reprinted from R. P. Wang, H. Muto, Y.
Yamada, and T. Kusumori, Effect of ZnO buffer layer on the quality of GaN films deposited by
pulsed laser ablation, Thin Solid Films, 411, 69. Copyright (2002) with permission from Elsevier

optical band gaps of 3.3 and 3.4eV for ZnO and GaN, respectively, were observed by
optical transmission spectra.l’”! A similar band gap value (3.45eV) is reported for GaN
grown on ZnO/fused silica substrates by PLD."®

Figure 9.16 shows sharp absorption edges for ZnO and GaN/ZnO except for GaN on
sapphire, indicating the high quality of the layers."'”!

9.6.2 Cathodoluminescence Analysis

An electron beam can be used to create electron—hole pairs followed by observation of the
recombination processes in semiconductors such as GaN and ZnO. Because very high
excitation intensities can be obtained and the depth of the electron beam can be varied, this
technique has been popular for analyzing GaN and ZnO. Sun et al.®® studied defect levels
in the energy gap, emission positions and their intensities as a function of distance from
the GaN/ZnO interface in the samples, with different sheet densities (in the range of
6. 16.98.508x 10'* cm“?), grown by HVPE on ZnO buffered sapphire substrates by using
cathodoluminescence (CL) spectroscopy. The near band edge, blue emission, and yellow
luminescence peaks were observed at 3.4, 2.95 and 2.2 eV, respectively, in the CL spectra at
room temperature (Figure 9.17). The intensities of the near-band-edge emission and yellow
emission increased as the raster center was moved from the interface towards the surface of the
GaN layer. Eventually, the dislocation density decreased with increasing distance from the
Gal/sapphire interface (di,) > 10 um in sample 1 having a sheet interface concentration (r)
of 6 x 10*cm™2. Therefore, it can be asserted that the dislocations are not the sources for
yellow luminescence. However, they may decorate the complexes formed by Ga vacancies,
which are believed to be the source of this luminescence.*®! The broad blue luminescence (BL)
band pronounced at 2.9eV for d;, > 0.2 um might be due to Zn participation because the
epitaxial layer was treated by ZnO buffer. The PL signature in GaN doped with Zn or
contaminated by Zn from prior uses of Zn was studied by Reshchikov ez al."*" The assessment
agrees well with the aforementioned BL emission in GaN grown on ZnO buffer layers or
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Figure 9.17 Cathodoluminescence intensity vs distance from the interface for different peaks;
sapphire defect, near-band-edge emission (NBE), blue emission (BL), yellow luminescence
(YL), chromium (Cr) from sapphire (sample 1, ny=6 x 10"* cm™). Note that the scans are nor
normalized to a constant value and the GaN/sapphire interface is referenced as dj,,=0.
Reprinted from X. L. Sun, et al., Depth-dependent investigation of defects and impurity doping
in GaN/sapphire using scanning electron microscopy and cathodoluminescence spectroscopy.
J. Appl. Phys., 91, 6729. Copyright (2002) with permission from American Institute of Physics

substrates. Note that a similar in shape and position BL band is usually observed in GaN
heavily doped with Mg. However, it has a different origin and is attributed to transitions
from a deep donor to a shallow Mg acceptor.*! For sample 2, n,=1.6 x 10> cm™>, three
spectra are noted at different distances from the GaN/sapphire interface (d;,; =0.3, 1 and
4 um) at low temperatures, as shown in Figure 9.18. The peak at 3.517 eV above the band
edge was attributed to the free electron concentration at the degenerate interfacial layer.*®!
The intensity of the peak decreased for d;,,, = 1 um and finally disappeared for d;,,, = 4 um,
i.e. as the depth increased, the strong neutral donor bound exciton (D”X) emission
segregated at 3.483eV. A shoulder on the DX line at about 3.503 eV was assigned to
the excited state of the free exciton.”*®! The delineation of additional peaks, i.e. 3.41, 3.30,
3.28 and 3.19 eV, was observed as d,, increased. The peak at 3.28 eV was related to the
donor—acceptor pair (DAP) recombination and its phonon replicais at 3.19 eV. The peak at
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Figure 9.18 CL spectra of sample 2 (n,=1.6 x 10> cm ™) at different interface distances.
Reprinted from X. L. Sun, et al., Depth-dependent investigation of defects and impurity doping
in GaN/sapphire using scanning electron microscopy and cathodoluminescence spectroscopy.
J. Appl. Phys., 91, 6729. Copyright (2002) with permission from American Institute of Physics

3.41 eV frequently appears in GaN and is attributed by Xia e al.*® to excitons bound
to stacking faults. The peak at 3.30eV could be due to either ZnO or GaN cubic phase
mixed with the hexagonal phase.*®! Figure 9.19 shows the CL spectra of sample 3,
n,=9.8 x 10" cm™>.

In the case of sample 4, ny =75 x 10'®cm 2 and 17 pm thickness, the sapphire substrate
was nitridated prior to GaN growth. In the low temperature CL spectra, DX at 3.483 eV
was predominant as the depth increased from the interface and the other two known peaks
at 3.4 and 3.3 eV are ascribed to excitons bound to stacking faults and or a cubic GaN
domain. At the interface (di, <5um), the 3.563 eV peak is due to band filling at the
degenerate doping levels and the free-electron recombination.*® The same feature has
been observed in heavily doped (10" cm?) samples.*?! The DX emission intensity
decreased when CL spectra were recorded for columns or columnar regions, which might
be due to grain boundaries, or high defect levels which can act as efficient nonradiative
recombination centers.

Both samples 2 (1.6 x 10" em™) and 3 (9.8 x 10" cm ) showed free excitons in the
CL spectra which have been attributed to the quality of the samples. A weak residual
acceptor level peak is seen in the luminescence spectra of these samples. This could be due
to either Ga vacancy or C.1** In sample 4, the near-band-edge emission quenches near the
interface and grain boundaries where very high defect densities appear. A broad emission
band at 3.56 eV is likely due to free electron recombination band showing high degenerate
doping near the interface and grain boundaries (Figure 9.20).
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Figure 9.19 CL spectra of sample 3 (n,=9.8 x 10">cm ) at different interface distances.
Reprinted from X. L. Sun, et al., Depth-dependent investigation of defects and impurity doping
in GaN/sapphire using scanning electron microscopy and cathodoluminescence spectroscopy.
J. Appl. Phys., 91, 6729. Copyright (2002) with permission from American Institute of Physics

9.6.3 Photoluminescence Analysis

Similar to the case of high energy electron induced electron-hole pair generation, above
gap photon excitation can also be used to follow carrier recombination in an effort to
determine the quality and optical processes taking place in the layers. Photoluminescence
(PL) of three sets of bulk ZnO samples grown by Air Force Laboratories (Hanscom),
Cermet, Inc., and what was then the Eagle Picher Company to use as substrates for GaN
growth have been studied. All samples demonstrated good optical quality with very high
quantum efficiency. Therefore, the quantum efficiency of the Cermet sample in the near-
band-edge region exceeded 20%. The PL spectrum at 10K of this sample is shown in
Figure 9.21. The crystal quality of the sample was confirmed to be good by PL spectra
showing low FWHM of 0.55meV for the peak at 3.3597eV. This peak is tentatively
attributed to the exciton bound to neutral donor. Identification of the exciton structure of
ZnO is quite controversial in the literature, so further studies are required. The main peak
at ~3.36eV was repeated three times on the low-energy tail of the exciton emission at
energies which are multiples of the LO phonon energy (about 71 meV). Another sharp
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Figure 9.20 CL spectra of sample 4 (ny=>5x 10"°cm™) at different interface distances.
Reprinted from X. L. Sun, et al., Depth-dependent investigation of defects and impurity doping
in GaN/sapphire using scanning electron microscopy and cathodoluminescence spectroscopy.
J. Appl. Phys., 91, 6729. Copyright (2002) with permission from American Institute of Physics

peak was observed at 3.3206eV with LO phonon replicas at 3.2505eV and 3.180eV,
which is attributed to donor-acceptor transition.'*3! As for the defect-related features, only
the broad band with the maximum at about 2.4eV (green band) is resolved. The low-
temperature PL spectrum of the Cermet sample is nearly identical to that of the Hanscom
sample. However, the FWHM of the 3.36 eV peak is lower approximately by a factor of
three than that of the Hanscom sample. The broad defect related band was observed at
about 2.1 eV instead of the green band. In the Eagle Picher sample, the PL spectra from
two faces (Zn and O) were compared at room temperature, in an effort to identify the
transitions. Now it is easy to analyze PL spectra of GaN deposited on ZnO, if any traces of
ZnO or mixed phase of GaN and ZnO appeared. The low-temperature PL spectrum of GaN
grown on ZnO compared with GaN grown on other substrates is shown in Figure 9.22. The
FWHM of the excitonic peak was found to be about 13 meV for GaN/ZnO and a sharp
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Figure 9.21 PL spectra of ZnO substrate (produced by Cermet Inc.) at 10 K. Theinset shows
the enlarged fine structure in the near-band-edge region

peak at 3.358¢eV is due to excitonic emission from the underlying ZnO substrate in
PL spectra. Gu et al. reported that the high radiative efficiency and weaker yellow
luminescence was observed in GaN/ZnO, as compared with other substrates.!'®!
The exciton peak of GaN/ZnO was very slightly blue-shifted while that for GaN/SiC
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Figure 9.22 Low temperature PL spectra of GaN grown without buffer on different substrates.
Reprinted from F. Yun, et al., Mat. Res. Soc. Symp. Proc., 719, F8.21. Copyright (2002) with
permission from MRS
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Figure 9.23 Room temperature PL spectra of GaN grown without buffer on O-face ZnO at
different growth temperatures. Reprinted from F. Hamdani, A. E. Botchkarev, H. Tang, W. Kim,
and H. Morkog, Effect of buffer layer and substrate surface polarity on the growth by molecular
beam epitaxy of GaN on ZnO, Appl. Phys. Lett. 71, 3111. Copyright (1997) with permission
from American Institute of Physics

is red-shifted. It is a clear indication that the blue and red shifts are due to compressive and
tensile strains of GaN/ZnO and GaN/SiC, respectively.

Hamdani et al*" demonstrated that the growth temperature is one of the important
factors while depositing GaN on ZnO by using NHj3 in the MBE system. Room
temperature PL spectra of GaN grown on the O-face ZnO substrates at different
temperatures, i.e. 720, 750, and 780 °C, are shown in Figure 9.23. At room temperature
the FWHM of the band edge emission increased from 36 to 60 meV with increasing
growth temperature from 720 to 780 °C, respectively, due to increasing etching rate by
NH; on the substrates with effect of temperature. The FWHM was found to be 8 meV at
4.2 K for the films grown at 720 °C. Moreover, any GaN growth was not observed at higher
growth temperatures such as 800 °C. At low temperature, the intensity ratio of the free
exciton peak and the donor bound exciton of GaN films grown on the O-face ZnO is two
orders of magnitude higher than that of films on the Zn-face ZnO substrates. However, Gu
et al. also achieved good quality GaN layers on Zn-face ZnO substrates.!'®!

Figure 9.24 shows the low temperature PL and reflectivity spectra of the films grown on
O-face ZnO substrates at growth temperature of 750 °C. A, B and C excitons at 3.476,
3.489 and 3.511 eV, respectively, and interference fringes due to multiple reflections of
emission beam between the surface of GaN and GaN/ZnO interface are seen in the
reflectivity spectrum. In the PL spectrum, the main peaks were attributed to free A exciton,
abound exciton and DAP.2'*¥! Similarly, the PL and reflectivity spectra were recorded for
GaN films grown on the Zn-face of ZnO substrates,[21J as shown in Figure 9.25. A and B
excitons only pronounced at 3.481 and 3.496 eV, respectively, and the broadening of free
exciton (A) in the reflectivity spectrum reflects the lower crystalline quality of the GaN
films. Moreover, the donor bound exciton, DX, with a binding energy of 12 meV occurred
instead of the free A exciton peak in the PL spectrum when comparing with Figure 9.24.
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Figure 9.24 Low temperature (a) differential reflectivity and (b) PL spectra of GaN grown
without buffer on O-face ZnO. A, B and C, free excitons; AX, bound exciton; and DA,
donor-acceptor pair. Reprinted from F. Hamdani, A. E. Botchkarev, H. Tang, W. Kim, and H.
Morkog, Effect of buffer layer and substrate surface polarity on the growth by molecular beam
epitaxy of GaN on ZnO, Appl. Phys. Lett. 71, 3111. Copyright (1997) with permission from
American Institute of Physics
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Figure 9.25 Low temperature (a) differential reflectivity and (b) PL spectra of GaN grown
without buffer on Zn-face ZnO. DX, bound exciton. Reprinted from F. Hamdani, A. E.
Botchkarev, H. Tang, W. Kim, and H. Morkog, Effect of buffer layer and substrate surface
polarity on the growth by molecular beam epitaxy of GaN on ZnO, Appl. Phys. Lett. 71, 3111.
Copyright (1997) with permission from American Institute of Physics
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Figure 9.26 Reflectivity derivative spectra of GaN grown on O-face ZnO with different buffer
layers: (a) AIN; (b) GaN; and (c) Ing20Gag.goN. The growth temperature of the buffer layers was
650°C. Reprinted from F. Hamdani, A. E. Botchkarev, H. Tang, W. Kim, and H. Morkog, Effect of
bufter layer and substrate surface polarity on the growth by molecular beam epitaxy of GaN on ZnO,
Appl. Phys. Lett. 71, 3111. Copyright (1997) with permission from American Institute of Physics

An additional shift of the free exciton peak on about 5SmeV indicates that the GaN films
grown on the Zn-face ZnO substrates are under more compressive stress than the films on
the O-face ZnO due to the difference in interface bonding between ZnO and GaN. The
reflectivity derivative spectra of the GaN grown on the O-face ZnO with different buffer
layers such as GaN, AIN and Ing,0Gag goN are given in Figure 9.26. A, B and C excitons
clearly appeared and shifted to lower photon energies for GaN/ZnO with the Ing ,0Gag goN
buffer layer whereas in other cases no red shift was observed. This might be due to the
strain relaxation between the Ing ,0Gag goN buffer layer and GaN."?!! Figure 9.27 shows the
reflectivity derivative spectra of ZnO and GaN/ZnO in which the ground and excited levels
of free excitons labeled A;, A,, B;, B,, etc., occurred for GaN/ZnO, when Ing ,0Gag goN
was used as a buffer layer indicating better quality of the GaN epilayers.?"!

Hamdani et al.'® found from PL spectra that the FWHM of the room temperature band
edge emission was 80 and 36 meV for GaN/ZnO and ZnO substrate, respectively, and the
observation of free exciton in the low-temperature PL spectrum is confirmation of the high
quality of both materials. The intensity ratio of the free and bound excitons is higher for GaN/
ZnO compared with ZnO in the low-temperature PL spectra, and thus it can be concluded that
the quality of the epitaxial layers is higher, when ZnO is used as the substrates. The positions
of A, B, C excitons in GaN grown on a ZnO substrate obtained from the reflectivity spectra
slightly blue-shifted compared with the positions in bulk GaN. It indicates small compressive
strain between these layers. However, the excitonic positions, in the case of InGaN buffer
which is closely lattice matched to the GaN, shifted to lower energy levels compared with the
positions of GaN grown directly on ZnO. On the other hand, the yellow luminescence did not
appear at low temperatures, further proving the high quality of the samples, though at very
low excitation levels it has been observable. The excitonic peaks were not observed in GaN
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Figure 9.27 Reflectivity derivative spectra of ZnO substrate and GaN grown on ZnO with
thickness of 2 um with InGaN buffer layer. Reprinted from F. Hamdani, et al., Microstructure
and optical properties of epitaxial GaN on ZnO (0001) grown by reactive molecular beam
epitaxy, J. Appl. Phys., 83, 983. Copyright (1998) with permission from American Institute of
Physics

grown on AIN buffer layers.m' In PL spectra, A (3.375eV), B (3.386¢eV) free exciton and
DX (3.364¢V) peaks were seen in GaN/ZnO whereas A, B and A2 exciton peaks with
binding energy of 67 meV appeared in ZnO substrate.[** The segregation of free exciton is a
sign of low carrier concentration and high crystalline quality of the ZnO substrate. The
properties of the grown GaN layers depend not only on the type of the buffer or substrate used
for the growth but also on the polarity of the buffer or substrate. One can see the segregation of
different peaks from GaN, if the Zn-face or the O-face ZnO substrates were used,'® as shown
in Figure 9.28.

In the PL spectra at 77 K from GaN grown on sapphire substrate with ZnO buffer layer,
the BL band is seen.!'?! Note that the band edge emission peak at 3.45eV segregated in
both types of samples with and without buffer layers. However, in the ZnO/GaN layers,
a wide peak at 2.8 eV is due to the diffusion of Zn into GaN. Detchprohm et al.""*! studied
the low temperature PL properties of GaN films grown on sputter deposited ZnO at
different ambients such as Ar and O,. The peaks at 3.486 and 3.479 eV are due to free and
donor bound excitons, respectively, observed in both GaN samples. However, the FWHM
(2.58 meV) of PL peak due to exciton bound to neutral donor for GaN grown in Ar is less
than that of the GaN grown in O,. It was concluded that the films grown using ZnO buffer
showed high crystalline quality. The donor bound excitons and free excitons are observed
in the PL spectra of GaN grown on sapphire with ZnO buffer layer. The very weak yellow
luminescence at 2.2eV was also present.'¥!

In the Raman spectra, the coupled plasmon-phonon mode, in addition to two E, modes
at 570 and 143 cm ', was a broad line at approximately 510-530 cm'.""*! The broad nature
of this mode indicates that GaN films might have a higher carrier concentration. The
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Figure 9.28 PL spectra of GaN grown on (a) O-face ZnO, (b) Zn-face ZnO, (c) with AIN buffer
on O-face ZnO and (d) with GaN buffer on O-face ZnO. A;, free exciton; DX, donor bound
exciton; and AX, acceptor bound exciton. The inset shows the spectrum over a wider energy range
including red and green wavelengths. Reprinted from F. Hamdani, et al., Microstructure and
optical properties of epitaxial GaN on ZnO (0001) grown by reactive molecular beam epitaxy, /.
Appl. Phys., 83, 983. Copyright (1998) with permission from American Institute of Physics

measured carrier concentration is in the order of 10'” cm . Regarding the surface, terrace-
like flat features were observed when growing GaN films on ZnO buffers.!'?!

9.7 Electrical Properties

Perhaps the most sensitive characterization method, one which also bodes well for
electronic devices, is electrical characterization, such as Hall measurements. In this
vein, Detchprohm et al.!'*! found that the growth of GaN on sputtered ZnO in O, is
better than that of sputtered ZnO in Ar. The measured room temperature Hall mobility is in
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Figure 9.29 (a) Variation of electron concentration vs inverse temperature and (b) electron
mobility vs temperature for GaN layers grown by HVPE. Reprinted from R. J. Molnar, W. Goétz,
L. T. Romano, N. M. Johnson, Growth of gallium nitride by hydride vapor-phase epitaxy, J.
Cryst. Growth, 178, 147. Copyright (1997) with permission from Elsevier

the range of 420-520cm?V's™ for GaN films grown directly on sapphire. At room
temperature, the carrier concentration of 9 x 10'3—4 x 10'° cm ™ for GaN films grown on
ZnO is two or three orders of magnitude lower than that of the films grown on sapphire. A
relatively lower mobility value of 60cm”V"'s™ and a higher carrier concentration of
6 x 10" cm™ for GaN films grown on ZnO by PLD are reported in the literature.'”! The
carrier concentration and mobility of Ing,3Gag 77N films grown on ZnO substrates at
800°C are 1 x 10" cm™ and 100cm? V' s7', respectively.'*?! The electron concentration
and the Hall mobility are 7 x 10"®cm = and 880cm? V' s at 293 K and 4 x 10"®cm > and
2248 cm® V' s at 120K for 74 pm-thick ZnO pretreated GaN sample. A little variation in
electrical properties was noted for over 2 inch sample, showing homogeneity of the sample
grown by Molnar et al'¥ Electrical measurements, which were carried out on
n-GaN grown by HVPE and treated by either GaCl, or ZnO, effectively showed thickness
dependence. As depicted in Figure 9.29, the Hall mobility increased with increasing
thickness of the GaN film/ZnO/sapphire. This is a clear indication that the defect
concentration decreased with increasing thickness of the film ranging from 4.5 to 74 um.
A two-layer model was proposed by Look and Molnar,'**! and extended by Gotz et al.,'**!
to obtain more accurately the bulk mobility and electron concentration when a highly
conductive interfacial layer is inserted. The effective areal density of free electrons g ¢
and the effective Hall mobility p.¢ are related to the free electron concentration n(x) and
electron mobility u (x):

d 2 d
oot (d) = JH(X)u(X)dX] / [ o 9.1)
0



Electrical Properties 251

(a) (b)

14F i g4
HVPE GaN HVPE GaN 7
T GaCl pretreatment T 40} zno pretreatment 1
(2] _ i (%) /:
T 12F 12300k T T=300 K
s & st g -
£ =
10 E K
N S 30 .
Q@ b ]
58 £ 25 .
F ©
=t o 20 b
” 6 1
3 315 1
54 1 %
< < 10] .
2 - 5| -
1 1 1 1 1 1
0 5 10 15 20 0 20 40 60 80
Thickness (um) Thickness (um)

Figure 9.30 Product of electron density (n o) and mobility (ues) vs thickness of GaN layer for
(a) GaCl-treated samples and (b) ZnO-treated samples. The solid and dotted lines are the linear
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and R. J. Molnar, Hall-effect analysis of GaN films grown by hydride vapor phase epitaxy, Appl.
Phys. Lett., 72, 1214. Copyright (1998) with permission from American Institute of Physics

and
d d
%mwzjmnmw%wjmnmnw 9.2)
0 0

The final product can be derived from Equations (9.1) and (9.2):

d
mm%M@ZJM@M@M (9.3)
0

For layer 1: 0 < x <d,, n(x) =n;, u(x) =y, and for layer 2: d, < x < d,+d>,=d,
n(x) =ny, W(x)= .
Equation (9.3) becomes (d; < d, ~ d)

Ns et legy (d) & nipydy + napiydo (9.4)

Equation (9.4) predicts a linear dependence of ng egefterr On film thickness (d). Experi-
mentally, linearity was observed for the product of ng egeitesr Vs thickness for GaCl-treated
samples, whereas for the ZnO-treated samples, a slightly nonlinear behavior was observed,
as shown in Figure 9.30. One could believe that there might be some disturbance at the
interface, for which some arbitrary decay parameters are introduced in the equations:

n(x) = nyexp(—x/8,) +m (9.5)
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p(x) = p—py exp(—2x/8,) (9.6)

where n, and p, represent the electron concentration and mobility for a thick GaN film,
respectively, and n; +n, and u, — w1, are roughly related to electron concentration and
mobility near the GaN/sapphire interface, respectively. The terms §,, and 0, represent the
increase and decrease of the electron concentration and mobility, respectively. From
Equations (9.1), (9.2), (9.5) and (9.6):

Moeit(d) = AP /B)  and  pg(d) = B(d)/A(d) 0.7)
where
A(d) = nipd +ny 8, lexp(—d/8,)—1]—nop, 8,[exp(—d /8,)—1]

and

B(d) = nlulzd—1/an,u%t?/,[exp(—Zd/BH)—l] + 2n1,u1,u28M[exp(—d/5ﬂ)—l]

2 (9.8)
o8, fexp(~d/5,)1]

The theoretically determined electron concentration and mobility are: n, =3.5 x
10"%cm™ and 1 =903 em?V's™! for a thick film; and n; +n, =4.3 x 10" cm™ and
to—p; =216cm? Vs for the interface between sapphire and GaN. The reported
highest mobility value of GaN grown on sapphire with ZnO buffer is 2248 cm* V"5
at 120 K.M"* TEM analysis revealed that there is no interface between sapphire and
GaN when ZnO is used as a buffer. These results solely support the electrical analysis.

9.8 GaN/ZnO Hybrid Devices

Because p-type ZnO had been relatively hard to attain, hybrid heterostructures in which
the p-type material was of some other semiconductor have been explored. Furthermore,
for some device features integration of GaN and ZnO technologies paves the way for
enhanced performance and/or make certain device functions possible. To reiterate,
semiconductor ZnO has a direct band gap of 3.3 eV with a wurtzite structure. In many
respects ZnO competes with GaN for device applications. It is also clear that GaN has
been shown to be capable of producing very high performance electronic and optical
devices. Issues such as reliability, efficiency, etc., are being explored which is indicative
of a success story. Power field effect transistors are capable of producing over 500 W of
CW power in the communication band, LEDs have become very popular with current
emphasis on efficiency while they are already more efficient than fluorescent bulbs, and
blue lasers are already used in the Sony Play Station III for high definition viewing. The
same, however, cannot necessarily be said about ZnO at this point. As already
mentioned, the applications of ZnO overlap a good deal with those of GaN. On the
electronic side, the relatively low mobility of ZnO compared with GaN and stronger
electron—phonon coupling together with relatively low thermal conductivity are serious
shortcomings for ZnO. However, transparent thin film transistors built in poly-ZnO
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appear to hold some potential, and so do the already established surface acoustic
wave devices.

It still remains to be seen, however, as to how competitive ZnO would be with existing
technologies. On the optical device front, ZnO needs to show high p-type conductivity
along with heterojunctions for competitive devices to be built. Again the competition is
GaN, which is well on its way to dominating the optical device development arena in the
short wavelength end of the visible spectrum and UV. One advantage that ZnO has over
GaN is the 60 meV exciton binding energy, compared with 25 meV for GaN. In addition,
ZnO appears to be a more efficient light emitter compared with GaN. If lasers utilizing
excitonic transitions were to be built, ZnO would have an advantage over GaN provided
that p-type conductivity is obtained and other necessary processing capabilities are
developed for ZnO. Further, electromechanical coupling of ZnO, particularly along the
c-direction is higher than that of GaN, which could pave the way for applications such as
surface acoustic wave devices. Further yet, if and when the highly hyped and touted
nanostructures were to be of use, ZnO appears to be better suited for producing those
structures. The worldwide shortage of In at a time of expanding demand for ITO seems
to be opening the door for ZnO-based transparent oxides, i.e. AIZnO (or AZO for short), to
be explored. If successful, this application area is huge.

In this section, we focus our attention on GaN/ZnO hybrid devices. As already
mentioned, ZnO buffer layers and ZnO substrates have the potential to improve the
quality of GaN-based emitters. ZnO itself is also a very promising material for UV-visible
light emission. Hereafter, we review the recent progress on hybrid ZnO/GaN heterojunc-
tion LEDs and some other hybrid optical devices.

9.8.1 Hybrid ZnO/GaN Heterojunction LED

Alternative approaches which are based on hybrid heterojunctions combining p-doped
GaN and n-doped ZnO have been realized. Alivov et al. demonstrated room temperature
electroluminescence (EL) from n-ZnO:Ga/p-GaN:Mg (grown by MBE)/c-sapphire!*”!
and n-ZnO:Ga (grown by MOCVD)/p-AlGaN:Mg (grown by HVPE)/GaN (grown by
HVPE)/6H-SiC'*®! heterojunction LEDs, having emission wavelengths of 430 nm and
389 nm, respectively. In the former case, diode-like current—voltage (I-V) characteristics
were observed under forward bias. The latter provided much better /-V characteristics
with threshold voltage ~3.2 'V as shown in Figure 9.31 and low reverse leakage current
~107" A at room temperature. This UV emission at 389 nm at room temperature when the
diode is forward biased and operated up to 500K was attributed to the radiative
recombination in ZnO.

To improve optical and thermal characteristics of LEDs, UV LEDs based on p-n
junction n-Zng oMg 10/n-ZnO/p-Alg 16Gag g4N/p-GaN triple heterostructures were grown
by RF plasma-assisted MBE."**”" The charge distribution and band diagram of this
structure are shown in Figure 9.32. The free carrier concentration in MgZnO and ZnO was
assumed to be ~3 x 10"7 cm_3, with free hole concentrations in AIGaN and GaN assumed
tobe 1 x 10" and 3 x 10" cm >, respectively. The measured I-V characteristics shown in
Figure 9.33(a) have rectifying characteristics with a turn-on voltage of ~3.2 V. Strong UV
emission at ~390 nm assumed to originate from excitonic transition in ZnO was observed
up to 650K [Figure 9.33(b)].
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Figure 9.31 Room temperature |-V characteristics of the n-ZnO/p-Aly 1,Gag.ssN structure.
Reprinted from Y. I. Alivov, et al., Fabrication and characterization of n-ZnO/p-AlGaN
heterojunction light-emitting diodes on 6H-SiC substrates, Appl. Phys. Lett., 83, 4719.
Copyright (2003) with permission from American Institute of Physics

@ M
p | Nat~3x107cm= OAiGaN dA)
>
Nd~~3x10"7em |
. O7n0 3
Mg 1Zn; O n-ZnO Al 16Gag 34N
: : p—-GaN
(b)
EC
= Ee
S O |
Q
o, Ev ]
-2 <
_3 -
0 1000 2000 3000 4000
Depth (A)

Figure 9.32 (a) Charge distribution and (b) band diagram of the p-n junction MgZnO/ZnO/
AlGaN/GaN heterostructure. The layer thicknesses are 100, 100, 40 and 200 nm, respectively.
Reprinted from A. Osinsky, J. W. Dong, M. Z. Kauser, B. Hertog, A. M. Dabiran, P. P. Chow, S. J.
Pearton, O. Lopatiuk, and L. Chernyak, MgZnO/AlGaN heterostructure light-emitting diodes,
Appl. Phys. Lett., 85, 4272. Copyright (2004) with permission from American Institute of Physics
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Figure 9.33 (a) Forward bias |-V characteristics of triple heterostructure UV LED measured at
different temperatures. Curves A, B, and C correspond to measurements at 300, 500 and 650K,
respectively. At 100 mA current, the series resistance is ~150Q and is ~105 Q for 300-650 K.
Reprinted from H. S. Yang, et al., Fabrication of Hybrid n-ZnMgO/n-ZnO/p-AlGaN/p-GaN
Light-Emitting Diodes, Jpn. J. Appl. Phys., 44, 7296 Copyright (2005) with permission from the
Japan Society of Applied Physics

p-GaN/n-ZnO:In (p-n) and p-GaN/i-ZnO/n-ZnO:In (p-i-n) heterojunction LEDs were
fabricated by the vapor cooling condensation system,'>" in which the material sources were
put on a tungsten boat and heated. Then the sublimated material vapor gases were allowed to
condense and deposit onto the substrate cooled by liquid nitrogen. The electron concentration
and mobility of the deposited n-ZnO:In were 1.7 x 10*°cm ™ and 3.7cm? V' s, respec-
tively, and for i-ZnO were 7.6 x 10" cm™ and 2.17 cm® V™' s\, For the PL spectra, near-
band-edge emission of 380 nm and broad band emission due to what was assumed to be the
oxygen vacancies of 540 nm for n-ZnO:In and near-band-edge emission of 382 nm having
FWHM of 13 nm for i-ZnO were observed. Figure 9.34 shows the schematic diagrams of the
p-n and p-i-n heterojunction LED structures. As shown in Figure 9.35, the room temperature
I-V characteristics of these LED structures show rectifying diode-like behavior. For the p-n
heterojunction LEDs, the forward turn-on voltage and reverse breakdown voltage were 3 and
—15V, respectively, compared with 7 and 23 V for the p-i-n heterojunction LEDs. In the
room temperature EL spectrum, the p-n heterojunction LEDs have a broad emission band at
432nm, which is attributed to the transition from the conduction band to the acceptor
level ascribed to the Mg-doped p-GaN when electrons are injected from the n-ZnO:In into the
Mg-doped p-GaN. The EL emission peak of p-i-n heterojunction LEDs is at 385 nm, which
corresponds to the PL emission wavelength of the i-ZnO.

High brightness UV-blue-green InGaN-based quantum well (QW) LEDs are now
commercially available. However, the performance of InGaN-based green LEDs is still
far from sufficient for use in solid-state lighting. This is because higher In composition and
thick well width are needed to obtain the green emission and the internal field becomes
large when the In composition and well width increases. InGaN with high In composition
becomes unstable at high temperatures, which is required for high quality n-doped GaN
growth. To overcome these challenges, hybrid n-ZnO/(InGaN/GaN) multi-quantum wells
(MQWSs)/p-GaN LEDs were achieved by Bayram et al.'>*! The reason why n-ZnO layer by
PLD is used is that ZnO layer can be grown at lower temperatures as compared with
conventional MOCVD growth to protect the QWs. Note that the refractive index of ZnO at
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Figure 9.34 The schematic diagrams of (a) p-GaN/n-ZnO:In and (b) p-GaN/i-ZnO/n-ZnO:In
heterojunction LED structures. Reprinted from R. W. Chuang, R. X. Wu, L. W. Lai, and C. T. Lee,
ZnO-on-GaN heterojunction light-emitting diode grown by vapor cooling condensation
technique, Appl. Phys. Lett.,, 91, 231113. Copyright (2007) with permission from American
Institute of Physics

500 nm is ~2.0 compared with ~2.5 for GaN. In this manner, lower critical angle loss can
be expected for light extraction through ZnO-capped LEDs. Hybrid n-ZnO/(InGaN/GaN)
MQWs/p-GaN LEDs were grown by MOVCD and PLD. The device structure is illustrated
in the inset of Figure 9.36. p-GaN was grown on a 600 nm-thick AIN buffer layer on
sapphire by MOCVD. To activate the Mg dopant, thermal annealing was performed at
1000 °C for 30s. Hole carrier concentration of p-GaN was determined to be 7.8 x 10"
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Figure 9.36 (a) |-V curve of the fabricated LEDs. The device structure is illustrated in the inset.
(b) Leakage current vs reverse-bias voltage: experimental and theoretical fits for the reverse
voltage range from —1.6 to —5.4V. Reprinted from C. Bayram, F. Hosseini Teherani, D. ).
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permission from American Institute of Physics
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Figure 9.37 (a) Normalized EL intensity of the hybrid green LED at room temperature. (b)

Peak EL wavelength and amplitude with respect to injection current. Reprinted from C. Bayram,

F. Hosseini Teherani, D. J. Rogers, and M. Razeghi, A hybrid green light-emitting diode

comprised of n-ZnO/(InGaN/GaN) multi-quantum-wells/p-GaN, Appl. Phys. Lett, 93,

081111. Copyright (2008) with permission from American Institute of Physics

cm ™ by Hall effect measurements. Five periods of InGaN/GaN quantum wells were grown
in nitrogen ambient. Each period consisted of a 2 nm-thick InGaN quantum well with a
4 nm-thick GaN barrier. An n-ZnO layer was grown on top of the (InGaN/GaN) MQW/p-
GaN by PLD to complete the LED structure. A typical -V curve for a hybrid green LED is
shown in Figure 9.36(a). The turn-on voltage was ~2.5V and the calculated on-series
resistance was 4.75 Q. This high value is due to (1) high contact resistance because
the meal contacts to the p-GaN were not annealed and (2) the closeness (~70 nm) of the
p-contact to the GaN/AIN interface. As shown in Figure 9.36(b), a nonlinear increase in
the leakage current with respect to the reverse-bias voltage was observed. The EL spectra
under pulsed injection (duty cycle of 10% and frequency of 5kHz), as shown in
Figure 9.37, show linear dependence on the current density. A blue shift from 510 to
504 nm was observed as the current increased from 400 to 1000 uA and the FWHM
decreased slightly from 194 to 179 meV. This is due to the band gap renormalization.!*!
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9.8.2 ZnO-based Hybrid Microcavity

ZnO-based hybrid microcavities which consist of GaN-based distributed Bragg reflector
(DBR), ZnO-based cavity, and dielectric DBR are studied for a new type of coherent
optical source, namely polariton lasers. In the 1990s, the studies on semiconductor
microcavities paved the way to the development of cavity polariton technology.'>*! Cavity
polaritons which are the elementary optical excitations in semiconductor microcavities
may be viewed as a superposition of excitons and cavity photons. The major feature of
cavity polariton technology centers on large and unique optical nonlinearities which would
lead to a new class of optical devices such as polariton lasers exhibiting very low threshold
and polariton parametric amplifiers with ultrafast response.”>>! Among the wide-bandgap
semiconductors, GaN and ZnO are promising candidates for low threshold polariton
lasers operating at room temperature because of their large oscillator strengths and large
exciton binding energies, particularly ZnO with its unmatched exciton binding energy of
60meV in bulk.

To reiterate, ZnO is a wide-bandgap semiconductor having a large exciton binding
energy (60 meV), much larger than that of GaN (23 meV), and a large oscillator strength,
and therefore, is a potential candidate like GaN for the realization of room temperature
polariton devices. The most adopted structure for the observation of polariton lasing is
a model ZnO-based microcavity proposed by Zamfirescu et al.°®! The structure consists of
a A-thick ZnO cavity layer sandwiched between ZnO/Zn ;Mg 30 DBRs having 14 and 15
pairs of A/4 thick layers on the top and at the bottom, respectively. Amazingly, the vacuum
Rabi splitting is as large as 120 meV in this model ZnO-based microcavity, suggesting
room temperature polariton lasing to be possible. However, the ZnO technology is not so
well developed as yet as compared with that of GaN. Instead of all ZnO-based micro-
cavities, ZnO-based hybrid microcavities which consist of GaN-based DBR, ZnO-based
cavity layer and dielectric DBR were grown by MOCVD, plasma-assisted MBE and
plasma-enhanced CVD, respectively.””! Figure 9.38 shows a cross-sectional image of a
ZnO-based hybrid microcavity which consists of a A-thick ZnO cavity layer sandwiched
between a 29 pair Al 5Gag sN/GaN bottom DBR and an 8 pair SiO,/SiN, top DBR. The
bottom Alj sGag sN/GaN DBR was directly grown on a 200 nm-thick AIN buffer layer on a
(0001) sapphire substrate by low-pressure MOCVD. The AIN buffer was chosen to
avoid cracking due to the built-in strain caused by lattice mismatch. The Al composition in
the AlGaN layer is nearly 50% as determined from XRD measurements, which also
revealed clear interference fringes indicative of smooth interfaces between layers. The
Al sGag sN/GaN pair layer thickness was determined to be 77 nm from both XRD
measurements and cross-sectional SEM images.

A A-thick (optical thickness being ~160 nm for 4 = 380 nm in air) ZnO cavity layer was
grown on the bottom Al sGag sN/GaN DBR by plasma-assisted MBE. The top dielectric
DBR which consisted of A/4-thick SiO, and SiN, layers was deposited on the ZnO half-
microcavity by ultra-high vacuum remote plasma-enhanced chemical vapor deposition
(UHV-RPECVD) to complete the microcavity structure. Angle-resolved measurements
are conventional means to trace the cavity polariton modes in microcavities without
changing the position or the temperature. By using the abovementioned ZnO microcavity
samples, the angle-resolved PL spectra were measured at room temperature over the range
0-40° using 325nm excitation light from a He-Cd laser. The results are shown in
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Figure 9.38 Cross-sectional SEM image of a ZnO-based hybrid microcavity. Reprinted from
R. Shimada, J. Xie, V. Avrutin, U. Ozgtir, and H. Morkog, Cavity polaritons in ZnO-based hybrid
microcavities, Appl. Phys. Lett., 92, 011127. Copyright (2008) with permission from American
Institute of Physics

Figure 9.39(a), where the dotted line indicates the uncoupled exciton mode while the solid
lines are guides to the eye. As the angle increases, the lower polariton mode approaches the
uncoupled exciton mode, while the upper polariton mode is dispersed from the exciton
mode toward the cavity mode. These mode positions are plotted as a function of angle in
Figure 9.39(b), indicating a typical anticrossing behavior between the cavity mode and
exciton mode when the cavity mode crosses the exciton. Since the stopband width of the
bottom DBR is narrow (~150meV) due to relatively low refractive index contrast in
semiconductor DBR layers, the upper polariton features are not clear at large angles,
making it difficult to observe a clear anticrossing behavior. In addition, the relaxation
processes at the lower polariton branch and thermalization issues due to the large vacuum
Rabi splitting might be also responsible for poor resolution of the upper polariton branch.
Yet, the anticrossing behavior is clearly seen in Figure 9.39(b) and confirms the strong
coupling regime in ZnO-based hybrid microcavities. At the resonant condition of § =22°,
the vacuum Rabi splitting is estimated to be ~50 meV. This value is far below the 120 meV
predicted by Zamfirescu e al.®® The reason for such a large discrepancy is not clear
at present but might be partly attributed to the experimental problems such as the



Conclusions 261

. 3.33 ——————
PR TS K ‘
(@) or3 30 (b) ,-
/-— *- 3.324 .’
-/ ; .. I
° |}
- 3.314 - J
" :
3.30 Jua"" / ]
0 \\_\ RLGEECORy EEEERRREES
: \\ S 3.20] ' o
: - N [ 1]
ER | B 3.28] P
> 5 !
= N [ ]
§ 5 3.27 P :
.§ o '.’ ]
o] £ 3264 [ . 1
o , .
3.251-° = .
n
n
E 3.241 Ll .
L]
L]
u
3.23 u" :
300K
0
, 3.22 e —
3.2 3.3 3.4 0 10 20 30 40
Photon energy (eV) Angle (deg.)

Figure 9.39 (a) Angle-resolved PL spectra at room temperature in the range of 0 — 40° for a
A-thick ZnO hybrid microcavity. The dotted line is the exciton mode and the solid lines are
guides to the eye. (b) Experimental dispersion curves for upper and lower cavity polariton
modes. The dotted curves represent the uncoupled cavity and excition modes. Reprinted from
R. Shimada, /. Xie, V. Avrutin, U. Osz'ir, and H. Morkog, Cavity polaritons in ZnO-based hybrid
microcavities, Appl. Phys. Lett., 92, 011127. Copyright (2008) with permission from American
Institute of Physics

inhomogeneous broadening in the ZnO cavity layer and the low Q-value in the micro-
cavity. Polariton lasing depends on the formation of a Bose-Einstein condensation at the
lower energy trap states in the lower polariton branch. High resolution spectroscopy of
the lower polariton branch is imperative for the development of the polariton laser in the
strong coupling regime.

9.9 Conclusions

In summary, we have reviewed the growth and characterization of GaN on ZnO substrates
and on sapphire with ZnO buffer layer and related ZnO-based hybrid devices. The
structural analysis revealed that GaN grown on ZnO showed good quality crystallinity.
The reported CL measurements have given a clear picture about the quality of the layers
and the effect of the interface between ZnO and GaN. In PL studies, the observation of A
and B free exciton peaks bodes well for the quality of the GaN films grown on ZnO. By
using a two-layer model, the exact concentration and mobility of the films can be obtained.
Finally, ZnO-buffered GaN layers give us fruitful results rather than using just sapphire
substrates for the growth of GaN by HVPE. Moreover, for high performance and reliable
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GaN-based devices, ZnO buffer layer and ZnO substrates also play a major role in
fabrication of free-standing GaN substrates and in the nonpolar GaN growth technique.

Furthermore, ZnO offers some potential in providing optoelectronic devices and
encouraging progress has been made in the research phase. Despite this progress there
is still a number of important issues that are in need of further investigation before this
material can be transitioned to commercial use. The task is made more difficult by the
highly successful GaN which competes for similar applications. However, there are some
niche applications of ZnO which are not addressed by GaN which, if explored fully, might
pave the way for some ZnO-based devices.
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Room Temperature Stimulated Emission
and ZnO-Based Lasers

D.M. Bagnall
University of Southampton, Southampton, UK

10.1 Introduction

The fundamental emission properties of semiconductors under high excitation conditions
are well described by Klingshirn.!"! In general, increasing the excitation levels of
semiconductors results in increased interaction between excitonic species and carriers,
and these interactions can lead to the observation of nonlinear spontaneous emission bands
with quadratic dependence on excitation intensity. At low temperatures and intermediate
density regimes, biexcitonic, exciton—exciton or exciton—carrier emissions can be
expected, though small biexciton binding energies only allow biexcitonic emissions to
be observed at very low temperature. At higher temperatures exciton ionization increases
free carrier densities and exciton—carrier emissions are more likely to occur, then at very
high excitation intensities exciton densities reach such levels that they overlap. Beyond
this “Mott density”, phase space filling and Coulomb interactions cause excitons to lose
their individual character and an “electron-hole plasma” results.

Some of these spontaneous emission bands, under the right conditions, can provide a
mechanism for stimulated emission and in the right circumstances, optical gain. Stimu-
lated emission is identified by a strongly super-linear increase of the optical luminescence
output as a function of excitation power above a certain threshold and a spectral narrowing
of the emission. If these effects are accompanied by a suitable optical cavity then laser
action or “lasing” can be confirmed by the occurrence of Fabry—Perot modes or spatially
directed emission."!

Zinc Oxide Materials for Electronic and Optoelectronic Device Applications, First Edition.
Edited by Cole W. Litton, Donald C. Reynolds and Thomas C. Collins.
© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-51971-4
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All of the effects outlined above have been observed in many semiconductor systems,
however the nature of emission for given temperature ranges and excitation levels are
strongly dependent upon both the fundamental material properties and the actual material
quality of a given sample. For a long time ZnO was known to have rather desirable
fundamental properties, with a wide band gap and a large exciton binding energy that
ought to ensure violet and blue excitonic emissions at room temperature. However,
deposition of suitable ZnO layers with low defect densities and low impurity concentra-
tions has remained problematic. So, as with preceding developments of other semicon-
ductor lasers the main aim of researchers wishing to realize low-threshold high-brightness
blue and violet laser diodes based on ZnO was to first find techniques by which suitably
perfect ZnO layers could be deposited. The second aim would be to optimize band-
engineering by alloying with Al or Cd to allow the formation of double-heterostructures,
quantum wells or superlattices and thereby enhance carrier densities and gain. The final
requirement is for the realisation of p-type ZnO and thereby formation of diodes and
carrier injection.

10.2 Emission Mechanisms

In the 1970s Klingshirn, Hvam and co-workers'”*' carried out thorough studies of high
excitation effects in ZnO. In perhaps the most complete work, Klingshirn'! studied one-
and two-photon excitation studies in the range 2—-300 K. Emission bands were attributed to
the interactions of free excitons with phonons (E,— mLO), free excitons with free electrons
(Eex— E.1), excitons with excitons (E,— E), bound excitons with phonons, and free excitons
and bound excitons.

Above 150K only three intrinsic high-excitation emission mechanisms are observed.
During exciton—exciton scattering, one exciton decays to create a photon and scatters
another exciton from the lowest (n=1) excitation state into higher excitation states.
Emissions due to these processes are labelled the “P” band, and individual emission lines
are labelled P, (where n =1, 2, 3,. . .,00 and represents the excitation state of the remaining
exciton). The energy of the emitted photon (P,) can be readily calculated according to:

1 3
PnEexEﬁx<1$)§kT (101)

where E. is the free exciton emission energy, E;* is the exciton binding energy and kT is
the thermal energy.

A second important band is due to exciton—electron scattering.!”! A feature of this
emission band is a strong shift to lower energy with increasing temperature. The emission
energy for this process is approximated by:

holo B = Eo—7.74 kT (10.2)

The “N” band, a final source of stimulated emission at room temperature, is due to
electron—hole plasma recombination. Excitons begin to overlap at the Mott density
(~10"cm™). A distinctive feature of the N band is that, because of band-gap renorma-
lization, it moves to lower energy with increasing excitation.!)
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Although much of the literature that reports stimulated emission and lasing in ZnO
assigns emissions to either P, or N bands, Klingshirn et al.''%'* have recently argued that
these assignments have been made too readily and often with relatively weak evidence. In
particular it is felt that although excitonic processes are likely at low temperatures and low
excitation densities, at room temperature and with high excitation and exciton densities
close to the Mott density there are more likely mechanisms including those based upon
exciton—phonon and exciton—electron processes.

10.3 Stimulated Emission

10.3.1 Bulk ZnO

Bulk ZnO, pumped by electron beam,'*'*! was shown to produce stimulated emission at

cryogenic temperatures during the 1960s. Later studies with optical pumping also
produced stimulated emission at cryogenic temperatures.”**'*! Throughout this time
stimulated emission at room temperature had proved illusive. The first, brief, report of
stimulated emission in ZnO crystals at room temperature was by Koch et al.!”! in 1978 and
then Reynolds e al.''” were the first to report optically pumped lasing in bulk ZnO as late
as 1997.

10.3.2 Epitaxial Layers

Although ZnO thin films were regularly studied for application as a transparent conductor
and as a piezoelectric material, up until 1996 relatively little attention had been paid to the
ZnO system for its potential use in the fabrication of short wavelength laser diodes.
However, a number of developments, particularly the remarkable success of the GaN-
based system, caused a number of researchers to look at ZnO in more detail.

In 1996 Yu et al''® reported room temperature stimulated emission from ZnO epitaxial
layers. The samples, produced at the Tokyo Institute of Technology, were hexagonal ZnO
microcrystalites grown on sapphire substrates by a technique they called laser molecular
beam epitaxy (laser-MBE). High excitation effects were studied using the frequency-tripled
output (355 nm, 15 ps) of a Nd: YAG laser. Two spontaneous emission mechanisms and two
stimulated emission mechanisms were identified at room temperature. Initially at low
excitation a single broad spontaneous luminescence peak, attributed to free exciton recom-
bination, was observed at 3.3 eV. At intermediate excitation levels the P, band, attributed to
exciton—exciton scattering process in which one exciton is scattered into the n =2 state,
emerged 70 meV below the free exciton band in good agreement with Equation (10.1). Above
a threshold of 24 kW cm 2 the much sharper “P” band was observed 100 meV below the free-
exciton emission band. With increasing excitation the P band showed a superlinear increase
in intensity, and was seen to suppress the spontaneous emission background, conditions
highly indicative of stimulated emission. Beyond 50 kW cm > the appearance of a second
narrow band (N), with its peek moving to lower energies with increasing excitation, was
attributed to stimulated emission due to electron—hole plasma recombination. Figure 10.1
shows the development of the P and N lines with increasing excitation.!'® These remarkable
results represented a considerable improvement on all earlier works and even now, there are
few reports of lower threshold intensities for ZnO epilayers.
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Figure 10.1 Llasing spectra of the ZnO microcrystallite film pumped using the frequency-
tripled output of a mode-locked Nd:YAG laser at various pumping intensities. Reprinted from Z.
K. Tang, et al., Room-temperature ultraviolet laser emission from self-assembled ZnO micro-
crystallite thin films, Appl. Phys. Lett. 72, 3270. Copyright (1998) with permission from
American Institute of Physics

The dramatic improvement in performance can be attributed to a number of features;
most significantly, the excellent crystallinity and purity of the ZnO microcrystals produced
by the laser-MBE process. High quality material leads to longer carrier lifetimes, reduced
losses by nonradiatative processes, narrow spectral features and lowers absorption. Each of
these effects reduces the threshold for stimulated emission and it is for these reasons
research efforts towards improved optical devices in any semiconductor system are
predominately based around the perfection of growth systems and processes. Perhaps
the most important fundamental aspect was the excitonic nature of the stimulated
emission. The exciton through its stability in ZnO even at room temperature and its
narrow energy distribution provides for low thresholds. In addition the exciton—exciton
scattering process which puts the emission peak 100meV below the fundamental
absorption edge is of additional benefit as self-absorption is significantly reduced.
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In a later work on the same samples,[lg] the stimulated emission threshold is shown to be
a strong function of crystallite size with the lowest threshold occurring at a film thickness
of 55 nm. So, it was shown for the first time in the case of ZnO that the spatial confinement
of excitons can have the expected beneficial effect of driving down threshold values.

Shortly after the first report of stimulated emission at room temperature, the first room
temperature ZnO lasers were reported, by workers at Tohoku University™®” and at the
Tokyo Institute of Technology.!'?*!2%!

Workers at Tohoku University had been studying the growth of ZnO by plasma-
enhanced MBE on sapphire substrates.””** Under relatively high excitation by the
frequency-tripled Nd:YAG laser, regions of single crystal epilayers had been found to
exhibit stimulated emission and, after cavities were formed by cleaving, some localized
regions were seen to lase. The stimulated emission and lasing thresholds were found to be
in the range 200-240kW cm ™. In further studies at higher temperatures stimulated
emission due to exciton—exciton scattering and electron—hole plasma were clearly resolved
(Figure 10.2).°! At room temperature the threshold for stimulated emission at the “P”
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Figure 10.2 Temperature dependence of peak energy positions. Reprinted from D.M. Bagnall,
et al., High temperature excitonic stimulated emission from ZnO epitaxial layers, Appl. Phys.
Lett. 73, 1038. Copyright (1998) with permission from American Institute of Physics
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band was 400 kW cm 2 while the “N” band had a threshold of 800 kW cm 2. Even at 550 K
both features, with peaks at 3.05eV and 2.9 eV, were still observed with thresholds of 1.2
and 1.9 MW cm 2, respectively.

In further works on ZnO produced by the Tokyo Institute of Technology
Tohoku University,*>*!! further information on lasing and stimulated emission have been
described. Two publications in particular have provided detailed analysis of gain spectra
produced by the variable stripe length method of Shaklee.*?!

Yu et al.*?! describe the lasing and gain features of the microcrystalline samples of the
Tokyo Institiute of Technology. Gain spectra are plotted for three excitation fluencies; at
2.1 pJ cm > the peak in the gain spectrum of 50 cm ' is at 3.19 eV, at 3.1 puJ cm 2 the peak is
165cm ™ at 3.175eV and at 3.4 puJem 2 it is 220cm ' at 3.17eV. A maximum gain of
280 cm ! is found at a fluence of 3.8 pJ cm 2 whereupon further increases in excitation lead
to free carrier densities close to the Mott transition and, as a consequence, electron—hole
plasma formation. The maximum values of gain are in reasonably good agreement with
the values of 320 cm™ (at 3.0J cmfz) and 300 cm ™! determined by the same authors for
the same samples by analysis of lasing spectra./*!

In the second work specifically dedicated to studies of gain spectra, Chen et al. '**' have
studied ZnO produced by plasma-MBE at Tohoku University. Once again, values are
determined by the stripe length method at room temperature. At 180 kW cm 2 a peak gain
of about 40 cm ! at 3.17 eV is attributed to exciton—exciton scattering, at 220 kW cm 2 the
mechanism produces symmetric excitonic gain spectra with a maximum of 177 cm™' with
a red-shift of 6 meV (Figure 10.3). At 300 kW cm 2 a gain value in excess of 550 cm " is
reached at 3.125 eV but this gain is attributed to the electron—hole plasma recombination
mechanism.

[26-29] and

10.3.3 Quantum wells and Superlattices

The formation of quantum well structures within a semiconductor matrix can allow tuning
of emission wavelengths, the realization of enhanced exciton binding energies, enhanced
carrier confinement and thereby enhanced gain. Alloying to provide material such as
ZnMgO with a larger band gap can be used to surround a ZnO quantum well, while
alloying to provide a material such as ZnCdO with narrower band gap can provide
quantum wells within a ZnO matrix.

10.3.4 ZnMgO/ZnO Structures

The ZnMgO alloy system allows for band-gap engineering from 3.37 eV (ZnO) to around
4eV (Znge;Mgp330) at room temperature[33] and photoluminescence studies of ZnO
quantum wells within ZnMgO and superlattices have shown tuning of room temperature
emission wavelengths from 3.36 to around 3.87 eV.1**3°!

Relatively few researchers have described stimulated emission from ZnO-based quan-
tum well samples. This lack of success reflects the difficulties associated with the growth
of these structures, in particular avoiding the precipitation of cubic MgO and the
maintenance of excellent structural quality. Success in this regard seems to be enhanced
by growth on lattice matched ScAIMgO, substrates rather than sapphire, although some
recent reports indicate increasing success with growth on sapphire.'?¢—%!
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Figure 10.3 Optical gain spectrum of a ZnO epilayer at excitation density of (a) 180 kW cm™,
(b) 220kWcm™ and (c) 300kWcm™ at room temperature. Reprinted from Y. Chen, N.T.
Tuan, Y. Segawa, H. Ko, S. Hong and T. Yao, Stimulated emission and optical gain in ZnO
epilayers grown by plasma-assisted molecular-beam epitaxy with buffers, Appl. Phys. Lett. 78,
1469. Copyright (2001) with permission from American Institute of Physics

Workers at the Tokyo Institute of Technology and their collaborators have performed the
most detailed studies of ZnO-based superlattice systems.'>¢-!

H. D. Sun et al."*" provided one of the earliest detailed studies of stimulated emission
from a range of ZnO/Zn, ,Mg,O multiple quantum well (MQW) samples grown on
ScAIMgOQO, substrates by laser-MBE. The magnesium content of the barrier layers was
kept at x=0.12 to provide a barrier of around 0.2 eV. Barrier thickness was kept at 5 nm,
while the quantum wells ranged from 0.69 to 4.65 nm. Optical excitation was carried out
using an excimer laser and edge emission was detected. At low excitation intensities a
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spontaneous emission peak due to localized excitons is observed but as excitation levels
were increased this peak was found to saturate before a stimulated emission peak due to
exciton—exciton scattering emerged. Exciton—exciton scattering was found to be the
main stimulated emission mechanism for all temperatures from 5K through to room
temperature. Although at higher temperatures, and higher excitation levels, stimulated
emission due to electron-hole plasma recombination was simultaneously observed, this
would probably be from localized regions of the material. Exciton binding energies were
readily deduced and found to be enhanced for all quantum well samples, increasing with
decreasing well width to a maximum value of 86 meV in the case of 1.75nm wide
quantum wells. Thresholds for stimulated emission at 5 and 300 K were determined at
around 220 and 480kW cm 2, respectively, values an order of magnitude greater
than those observed for the best ZnO epilayers, though the authors suggest that shorter
excitation pulses and subtraction of reflected and transmitted light might reduce
these values.

Ohtomo et al.®® have produced 10-period superlattices of ZnO/Zn,ggMg( 1,0 and
Zn0/Zng 74Mgp 60 on ScAIMgO, substrates using combinatorial laser-MBE. ZnO
quantum well thicknesses were varied from 0.7 to 4.7 nm while barrier layers were kept
at Snm. Excitation was carried out using a frequency-tripled Nd:YAG laser with 15 ps
pulses, and edge emission was studied in the temperature range 294-380K. At room
temperature all of the ZnO/Zng gsMg 1,0 superlattices were found to exhibit stimulated
emission at energies in the range 3.2-3.4eV with thresholds below 22kW cm 2. The
lowest threshold of 11kW cm 2, reported for the sample with 4.7 nm wells, compares
favorably with typically optical pumping thresholds reported for high quality ZnSe- and
GaN-based systems. The stimulated emission mechanism is tentatively assigned to
exciton—exciton scattering. Clear threshold characteristics are provided for temperatures
up to 377 K. and the characteristic temperature is determined at 87 K.

In other work of note, J. W. Sun et al"" have observed room temperature stimulated
emission at 3.33eV and excitation intensities of around 200kW cm 2, from ZnO/
Mg.2Zny 30 MQW structures grown by plasma-assisted MBE on sapphire. The emission
mechanism is assigned to exciton—exciton scattering and the enhanced exciton binding
energy calculated to be 122 meV in good agreement with other similar work.*%3!

10.3.5 ZnO/ZnCdO Structures

Early studies of Zn,Cd;,O alloy films were carried out by the Tokyo Institute of
Technology,**™** where it was found that a band gap of 3.0eV at room temperature
could be achieved with y=0.07, when layers were grown on ScAIMgO, (0001)
substrates by pulsed laser deposition."**! More recent work by Sadofev et al'*! has
shown that this range can be extended to as far as 2.15eV and emission in the yellow
spectral range at Cd compositions as high as y =0.32. Strong band-gap-related emission
was reported for both epilayers and quantum wells grown using MBE at remarkably low
growth temperatures.

The success of this MBE approach has recently yielded the first evidence of room
temperature stimulated emission and lasing in ZnCdO quantum well samples."*®! Samples
containing multiple Zn,Cd;.,O quantum wells with y=0.1 and widths of 3.2nm were
found to lase at 5 K with a threshold of 60 kW cm 2 and with the emission peak at 2.77 eV.
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Figure 10.4 Laser emission spectra from ZnCdO MQW:s. (a) Variation of the laser emission
with structure design; 1—4 are on sapphire substrates, 5 is on ZnO substrate. (b) Change of laser
emission from low to room temperature for structure 2. Inset: temperature dependence of the
threshold.™*®

At room temperature laser emission at 2.75eV was found at a threshold of 350 kW cm 2
for the same sample. Other samples with y =0.16 and well width 2.7 nm were found to lase
with emission peaks as low as 2.53 eV corresponding to emission wavelengths around
490 nm [Figure 10.4]. The lasing thresholds are found to be relatively robust to tempera-
ture increases, a feature indicative of gain mechanisms related to the recombination of
carriers localized within the quantum wells. These are encouraging developments for a
ZnO-based technology, with emission extending well into the green, there is potential
advantage over GaN-based systems, though this work is at an early stage.
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10.4 Zinc Oxide Lasers

10.4.1 Introduction

According to modern convention demonstrations of “laser action” or “lasing” requires
coherence, and this is conventionally achieved by placing gain media inside an optical
cavity. This cavity will then favor the growth of particular frequencies and phases. Thus
selective amplification is a result of positive feedback for electromagnetic waves that form
a standing pattern in the cavity. In general, to prove lasing it is necessary to provide
evidence of the formation of Fabry—Perot modes.

Mode spacing (A/4) is given by:

}2
A=——"9
2L(n—Agdn/dA)
where L is the cavity length and # is the index of refraction at 4, (the wavelength of one of
the modes).

Meanwhile, to a first approximation, the gain threshold (Gy,) is given by:

« 1 1

=24 —1
=5t 28 "RiR,

where « is the loss per unit length, 3 is the gain and R; and R, are the mirror (or facet)
reflectivities.

To observe modes directly it is desirable to have a short cavity length as this will
increase the mode separation but small cavity lengths require higher threshold intensities.
High mirror reflectivities are very desirable as this reduces thresholds. Resolution of laser
modes from cavities prepared by simple cleaving is difficult, as the process tends to
produce poor quality mirrors with low reflectivities, and relatively large cavity lengths and
this combined with excitation pulse variations, and spatial variations in the sample often
produces broad Gaussian and Lorentzian lineshapes when laser spectra are generated by
boxcar integration or multiple charge-coupled device (CCD) acquisitions. To obtain
spectra with clear mode structure it is necessary to resolve emissions spatially and
temporally as well as spectrally.*”! Thus, excitation stripes should be narrow to
avoid the effect of spatial variations along the laser bar and the emission from a single
excitation pulse should be collected and dispersed into a high resolution monochromator/
CCD system.

The first room temperature ZnO laser was reported in 1997 by the Tohoku University
group.*”! Samples were grown by plasma-enhanced MBE on sapphire substrates. To
produce laser cavities as-grown samples are cleaved to produce “bars” with cavity lengths
in the range 300-1000 um. By moving an intense excitation stripe, generated by a
frequency tripled Nd:YAG laser, along the bar high intensity regions emitting speckled
light were located. When these regions were studied in detail a threshold for stimulated
emission was determined at 240kW cm ™ and lasing was proven by the presence of
modulations in the spectra taken from single excitation pulses. As far as we are aware there
is only one other instance where a ZnO cavity has been fabricated; however, one of the
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most fascinating features of ZnO is its almost unique tendency to form natural laser
cavities. “Microstructural”, “powder” and “nanowire” ZnO lasers have all been reported
within the last few years.

10.4.2 Microstructural Lasers

There have now been many reports of ZnO laser cavities formed as a result of
microstructural features of thin films. The Tokyo Institute of technology and their
collaborators!'*?%?%2%! found regularly spaced sharp lines in lasing spectra reminiscent
of cavity modes (Figure 10.5.). This was surprising since there had been no attempt to form
a laser cavity. Furthermore, the mode spacing and therefore cavity length was found to
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Figure 10.5 The lower trace shows the absorption spectrum (dotted curve) and photolumi-
nescence spectrum, measured at 70 K and room temperature, respectively. The upper traces
show spontaneous and stimulated emission spectra under pumping intensities of 0.21,, 1.021y,
and 1.121,, provided by the frequency-tripled and mode-locked Nd:YAG laser (355 nm, 15 ps).
The inset on the right-hand side shows the degree of polarization of the UV emissions plotted as
a function of the pumping intensity. Reprinted from Z. K. Tang, et al., Room-temperature
ultraviolet laser emission from self-assembled ZnO microcrystallite thin films, Appl. Phys. Lett.
72, 3270. Copyright (1998) with permission from American Institute of Physics
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Figure 10.6 (a) The mode spacing (solid circles) plotted as a function of the stripe length L of
the pumping laser beam. The solid line is calculated for a Fabry—Pérot resonant cavity with
length L. A model of natural Fabry—Pérot microcavity formed by the hexagonal microcrystallites
is schematically drawn in the inset. (b) The laser emission intensity plotted as a function of
rotating angle. The experimental set-up is shown in the inset. The maximum and minimum of
the laser emission intensity repeats every 60°. Reprinted from Z. K. Tang, et al., Room-
temperature ultraviolet laser emission from self-assembled ZnO microcrystallite thin films, Appl.
Phys. Lett. 72, 3270. Copyright (1998) with permission from American Institute of Physics

change, in steps, with the length of the excitation stripe (Figure 10.6.). The authors
concluded that the laser cavity was formed by the {1100} facets of parallel hexagonal ZnO
microcrystallites, where many hexagons are covered by the excitation stripe. The
necessary mirrors were described as a result of the combination of the change in refractive
index due to excitation and the grain boundaries.

Workers at Northwestern University have reported laser action from nonepitaxial ZnO
(Figure 10.7).1*8 Polycrystalline films were grown on amorphous fused silica substrates by
laser ablation. They found laser cavities to “self-form” as a result of strong optical
scattering in the films. The scattering mean free path is estimated to be of the order of the
emission wavelength of ZnO and it is suggested that emitted light could return via a
“random” or complex path to the scatterer from which it was scattered and thus form a
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Figure 10.7 Emission spectra from a ZnO “powder laser” when the excitation area is (a)
2700 um?, (b) 3800 um? and (c) 4500 um?. The excitation intensity is 400 kW cmi2. The inset is
a schematic diagram showing the formation of a closed-loop path for light through multiple
optical scattering in a random medium. Reprinted from H. Cao, Y. C. Zhao, H. C. Ong, S. T.
Ho, J. Y. Dai, J. Y. Wu, and R. P. H. Chang, Ultraviolet lasing in resonators formed by scattering
in semiconductor polycrystalline films, Appl. Phys. Lett., 73, 3656. Copyright (1998) with
permission from American Institute of Physics

closed-loop path (Figure 10.7, inset). A number of subsequent publications by North-
western and collaborators have examined**~>"! and modelled™* random cavity formation.
Models are suggested in which regions of net gain, regions of loss and scattering centers
can lead to the formation of cavities.

Other groups have also reported lasing as a result of microstructural cavities. Mitra and
Tharejal®*! have observed lasing from ZnO pellets and polycrystalline thin films formed by
pulsed laser deposition. Cho er al.®*! have observed lasing from polycrystalline films
deposited by the oxidation of metallic zinc.
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What is clear from all these studies is that grain boundaries, features normally avoided,
in ZnO can play a significant role in the formation of laser cavities. Spatially resolved
electron energy loss spectroscopy (EELS) has revealed significant changes in refractive
index to form reflective layers of around 10nm in the vicinity of grain boundaries.'!
This change is speculated to be due to the formation of space-charge regions at the grain
boundaries.

10.4.3 Powder Lasers

ZnO has also provided the first demonstration of laser action in a powder.®® ZnO
nanoparticles were produced by the precipitation reaction of zinc acetate dihydride and
diethylene glycol. The nanocrystals of around 50 nm agglomerate to form micrometer-
sized clusters (Figure 10.8). Excitation with the 4th harmonic of a Nd: YAG laser (266 nm)
above a threshold of around 0.3nJ at room temperature results in a very sharp peak
(FWHM = 12 nm) in the emission spectrum at around 380 nm (Figure 10.9). Similar to the
lasing observed in polycrystalline ZnO films, optical cavities are formed by multiple
scattering and wave interference within the disordered medium. Whether these lasers
are simply complex cavities or whether the Anderson localization plays a part is still a
matter for debate.
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Figure 10.8 Spectrally integrated intensity of emission from the ZnO cluster vs the incident
pump pulse energy. The inset is the SEM image of the ZnO cluster. Reprinted from H. Cao, J. Y.
Xu, E.W. Seelig, and R.P.H. Chang, Microlaser made of disordered media, Appl. Phys. Lett., 76,
2997. Copyright (2000) with permission from American Institute of Physics
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Figure 10.9 (a, c, e) Emission spectra from the ZnO cluster shown in Figure10.8. (b, d, f) The
corresponding spatial distributions of emission intensity in the cluster. The incident pump pulse
energy is 0.26 nf for (a) and (b), 0.35 n/ for (c) and (d), and 0.50 nj for (e) and (f). Reprinted
from H. Cao, J. Y. Xu, E.W. Seelig, and R.P.H. Chang, Microlaser made of disordered media,
Appl. Phys. Lett., 76, 2997. Copyright (2000) with permission from American Institute of
Physics

10.4.4 Nanowire Lasers

Perhaps one of the most intriguing developments over the last few years has been the
demonstration of room temperature ZnO nanowire “nanolasers”.””-**! Physical vapor
deposition techniques can be used to fabricate arrays of ZnO nanowires via the vapor—
liquid—solid (VLS) process (Figure 10.10).°” Sapphire substrates are coated with a thin
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Figure 10.10 (a—e) SEM images of ZnO nanowire arrays grown on sapphire substrates. A top
view of the well-faceted hexagonal nanowire tips is shown in (e). (f) High-resolution TEM image
of an individual ZnO nanowire showing its <0001> growth direction. Reprinted from M.
Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R. Russo, P. Yang, Science, 292,
1897. Copyright (2001) with permission from AAAS

film of gold, as the substrate reaches the growth temperature the gold forms nanoclusters
and subsequent ZnO wire growth is catalyzed by the gold. Very well faceted hexagonal
wires with excellent crystal quality are commonly produced. The distribution of wire
diameters, from 20 to 150 nm, reflects the distribution of gold clusters, though 95% of
wires have diameters between 70 nm and 100 nm. Lengths are readily controlled up to
10 um. When optically excited by the frequency quadrupled output of a Nd:YAG laser
(266 nm) a threshold of 40 kW cm 2 and clear mode structure in emission spectra indicate
lasing due to exciton—exciton scattering [Figure 10.11(a,b)]. The length of the nanowire
forms the laser cavity length and the sapphire/ZnO and ZnO/air interfaces at either end of
the wires provide the mirrors [Figure 10.11(c)].

The low threshold for laser action in ZnO can be attributed to the single mode nature of
the lasers (fortuitously wires with diameters in the range 80-120nm are single mode
waveguides for UV light), the giant oscillator strength effect and the high crystal quality
(which also manifests itself in long luminescence lifetimes). A lot of nanotechnological
ingenuity will be required to turn these nanolasers into practicable devices but the
prospects for integration into ‘“‘system-on-a-chip”, use as optical probes or pixelated
displays are enticing. In addition to offering a glimpse of a nanotechnological future the
work of the Berkeley group'®”! also independently verifies that stimulated emission and
lasing can be achieved in ZnO crystals with thresholds as low as 40 kW cm 2.'®!

10.4.5 ZnO Laser Diodes

Both the fabrication of p-type ZnO and the reproducibility of laser-quality ZnO remain
seriously challenging and, as yet, only one group has reported on the fabrication of ZnO-
based laser diodes.
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Figure 10.11 (a) Emission spectra from nanowire arrays below (A) and above (B and inset)
the lasing threshold. The pump power for these spectra is 20, 100 and 150kWcm™,
respectively. The spectra are offset for easy comparison. (b) Integrated emission intensity
from nanowires as a function of optical pumping energy intensity. (c) Schematic illustration of a
nanowire as a resonance cavity with two naturally faceted hexagonal end faces acting as
reflecting mirrors. Reprinted from M. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E.
Weber, R. Russo, P. Yang, Science, 292, 1897. Copyright (2001) with permission from AAAS

Ryu et al.® fabricated arsenic-doped p-type ZnO/BeZnO and gallium-doped n-type
BeZnO/ZnO heterojunction structures with undoped ZnO/BeZnO MQW active layers.
This work represents a significant milestone with stimulated emission reported with a
threshold of 420 A cm 2 and emission at 3.21 eV. The authors suggest exceptionally high
exciton binding energies (263 meV) in the MQW active layers, exciton—exciton scattering
as the main emission mechanism and the existence of Fabry—Perot modes. However,
Klingshirn et al.'"* have suggested alternative explanations for the experimental evidence
presented.

It is hoped that in the near future the fabrication of more devices with more detailed
analysis will yield a greater understanding and a concerted effort toward reproducible,
efficient and lasting ZnO-based lasers, though it is clear that this is a challenging goal.

10.5 Conclusions

Although ZnO epitaxial growth technologies are still relatively immature the best reported
room temperature “figures of merit” for ZnO-based structures, 11 kW cm? thresholds,
300cm " gain and 87 K temperature coefficients, compare favorably with those of ZnSe-
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and GaN-based structures under similar conditions. In the context of emission character-
istics there is no fundamental reason why ZnO-based devices should not provide a
competitive alternative to GaN-based devices in some if not all circumstances. The main
issues remain reproducibility of “laser quality” and p-type material as part of complete
laser structures. There is still plenty of room for progress in this regard as the total research
investment in ZnO laser technology is still a tiny fraction of the total investment put in to
ZnSe and GaN technologies. The prevalence of the exciton—exciton gain mechanism at
room temperature, the relatively low growth temperatures, the availability of ZnO
substrates, excellent transport properties and the possibility of micro-laser self-formation
are all factors that provide justification for continued work. However, the ZnMgCdO
system does not seem as flexible in terms of band-engineering as the GaAlInN system and
issues such as device lifetimes and stability have yet to be addressed.

In this chapter we have only considered the stimulated emission and lasing with
relevance to traditional band-to-band short-wavelength devices. Two other types of device
deserve brief consideration. As yet, no experimental or theoretical work has been
published considering the potential of ZnO for use in infrared quantum cascade lasers.
With current solubility limits the band offsets in the ZnO/ZnMgO system may not allow
for devices at the communications wavelengths but with high electron densities and
excellent transport characteristics ZnO ought to have high power applications in the
2-5um wavelength range. A second type of device has recently received theoretical
attention. Zamfirescu et al.'*" have suggested ZnO as the semiconductor most suitable for
the realization of room temperature “polariton lasers”. The polariton laser is a device
based on the strong coupling of light with excitons in a semiconductor microcavity. This
revolutionary laser requires no population inversion to achieve optical amplification,
instead, coherent light amplification is based on the mechanism of the Bose condensation
of exciton polaritons. Zamfirescu et al. found record values for longitudinal transverse
splitting of the exciton resonances in ZnO, values two orders of magnitude larger than
those of GaAs. A ZnO-based microcavity structure is proposed that would have high gain
and thresholds as low as 3kW cm™ at room temperature.
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11.1 Introduction

The ultraviolet (UV) region covers the spectral wavelength of 400-10nm. The UV

radiation is commonly divided into three regions:!"?!

e UV-A (400-320 nm);
e UV-B (320-280nm);
e UV-C (280-10 nm).

Another widely used division of the UV wavelengths is:

e near-UV (400-300 nm);

e middle-UV (300-200 nm);
e far-UV (200-100 nm);

e extreme-UV (100-10 nm).

In UV semiconductor photodetectors, electron—hole pairs are generated when incident
photons at UV wavelengths are absorbed in the semiconductor. The photogenerated
electrons and holes are separated by the electric field due to the presence of built-in
potential or external applied voltage. A photocurrent is then produced and collected
proportional to the incident UV radiation power.

Zn0O is a wide-band-gap semiconductor that is currently undergoing a renaissance
because of its many promising properties. The earliest work on ZnO can be dated back to

Zinc Oxide Materials for Electronic and Optoelectronic Device Applications, First Edition.
Edited by Cole W. Litton, Donald C. Reynolds and Thomas C. Collins.
© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-51971-4
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the 1930s, particularly optical characterizations in the 1950s and 1960s.”*>! ZnO has
the following advantages:'® (i) a 60-meV exciton binding energy for more efficient
optical emission and detection (much higher than the 25meV of GaN and 4 meV of
GaAs), which is 2.4 times the thermal energy at room temperature; (ii) a commercially
available native substrate; (iii) radiation resistance (one order higher than that of
GaN), which is particularly useful for detectors operating in hostile environments;'’}
(iv) low cost for the basic materials; (v) wet-chemical processing is feasible, which eases
the fabrication process and cuts the production cost; and (vi) high-quality epitaxial films
and nanostructures can be grown at a low temperature (~400 °C), hundreds of degrees
lower than GaN. A high saturation velocity has been predicted to be ~3 x 10" cms ',
potentially leading to fast electronic and optoelectronic devices.

The UV photoreponses in ZnO films were first reported by Mollwo' and Miller"® in
the early 1950s. Since then, photoconduction from various types of ZnO materials has
been extensively studied, including single crystal,''""'? polycrystalline films,!"*~'®! epi-
taxial films"'®~"" and nanostructures.'*7>°! Recently, in the research and development of
p-type doping,””**! ZnO has demonstrated potentially superior properties for optoelec-
tronic devices, including light-emitting diodes (LEDs) and UV photodetectors.

By alloying ZnO with MgO to form the ternary compound Mg,Zn,_,O, the energy band
gap of ZnO can be increased from 3.3 to 7.8 eV.* " Ryu et al. proposed Be,Zn,_,O as a
good candidate for modulating the band gap to the deep UV region.**! Since BeO has the
same wurtzite structure of ZnO, the band gap of Be,Zn,_ O can be tuned from 3.37 to
10.6 eV without phase segregation. The quaternary alloy, Zn,_, ,Be Mg,O, continuously
tunes the band gap from 3.7 to 4.9 eV."**! The band gap engineering for ZnO opens up for
the broad application areas, such as solar blind and UV-sensitive space detection, in situ
combustion monitoring, and biodetection.

Several good reviews on semiconductor UV photodetectors have been published,
which cover the basic theory of photoconductive and photovoltaic detectors built on other
wide-band-gap semiconductors. Table 11.1 summarizes the basic material parameters of
semiconductors used for UV detection.

ZnO UV photodetectors are categorized in the following device configurations:

[1.2]

photoconductive detector;

Schottky barrier photodetector;

metal-insulator—-metal (MIS) structure;

p-n junction and p-i-n photodiode;

field-effect phototransistor, including thin-film transistor (TFT);

integrated surface acoustic wave (SAW) and photoconductive wireless UV detectors
(UV-SAW);™

AR e

Among these, p-n photodiodes have the advantages of fast photoresponse speed and
low dark current. However, because of the difficulties in obtaining high quality and reliable
p-type materials, ZnO homojunction-based photodetectors show poor performances at the
current stage. In this chapter, we will first review photoconductivity mechanism of ZnO for
UV detection. Various types of ZnO-based UV photodetectors will be discussed, including
photoconductive-type, Schottky-type, UV-SAW, and Mg,Zn,_,O photodetectors, etc.
Finally, ZnO one-dimensional (1D) nanostructure-based UV detectors are reviewed and
compared with the thin-film devices.
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11.2 Photoconductivity in ZnO

It has been found that the photoresponse of ZnO consists of two components: a fast
response and a slow response. The fast response results from the reversible solid-state
process, such as intrinsic interband or excitonic transition, while the slow one is governed
by the surface-related oxygen adsorption and photodesorption process, or by the bulk
defect related recombination process.!!!!2-36-3

In polycrystalline ZnO films, the slow photoreponse component is found to be the
dominant process.">%4% The slow process in the photoresponse of polycrystalline ZnO
has been mainly attributed to a two-step process, in which free carriers interact with
surface states and grain boundaries:

i. Under the dark condition, oxygen adsorbs at the surface states (e.g. oxygen
deficiency sites) to create a negatively charged ion by capturing a free electron
from n-type ZnO:

0,(g) + e — 05 (ad) (11.1)

Thus, a depletion region and band bending are created near the surface, resulting in a
decrease of the film conductivity.

ii. Under UV irradiation, forced by the electrical field in the surface depletion region, the
photogenerated holes move toward the surface to neutralize the negative oxygen ion.
This process is called the photodesorption of Oj:

h* + 05 (ad) — Oy (g) (11.2)

When the free carriers generated by optical absorption are spatially separated, the film
conductivity is increased.

This model has been supported by photoconductivity decay measurements of ZnO,
where the decay is slower in vacuum but faster in oxygen.'>3¢37#11 A hole-capture model
in polycrystalline ZnO films was proposed by using photo-Hall and transient photocon-
ductivity measurements.>**®! The transient photoconductivity study shows that the hole-
capture process is of nonthermal nature; the excitation rate of photoconductivity does not
depend on temperature but depends on ambient oxygen partial pressure. The photocon-
ductivity relaxation is attributed to electron tunneling to the surface oxygen states. The
slow photoconductivity process associated with the surface trap states has been also
observed in the epitaxial ZnO films.

In general, the fast photoresponse process in ZnO is related to the solid-state process
such as intrinsic interband photoconductivity, which is a general photoconduction process
in semiconductor materials. When the energy of incident photons is higher than the energy
band gap, electrons are excited from the valence band to the conduction band. Free
electrons and holes are generated:

hv—ht +e (11.3)

Thus, the film conductivity is increased. This process is characterized by the cut-off
wavelength of the photoresponse corresponding to the energy band gap.



Photoconductivity in ZnO 289

Other photoconduction mechanisms, including exciton photoconductivity and phonon-
assisted photoconductivity, have been also connected with the fast photoresponse process
in ZnO. An exciton is a hydrogen-like two-particle system composed of an electron and a
hole formed by coulomb interaction. Since the exciton is typically quasi-charge-neutral, it
does not directly contribute to the photoconductivity. However, exciton photoconductivity
has been observed in II-VI semiconductors including ZnO,"***¥ which may be due to
ionization of the excitons. The mechanisms of the exciton ionization could be: (i)
ionization under the electrical field; (ii) exciton—phonon or exciton—impurity
interaction; and (iii) the Auger process. A phonon-assisted photoconductivity is caused
by interaction between photogenerated carriers and phonons. Oscillations in
photoconductivity of single crystal ZnO have been observed in the infrared (IR)
region. By studying the oscillation energies in the surface photoconductivity spectra,
Liith attributed the oscillations to the bulk longitudinal optical (LO) phonons and surface
phonons. !

In order to make a high speed UV photodetector, it is critical to use the high quality ZnO
films in which the slow photoresponse process is suppressed by reducing the trap density
and background carrier concentration, and the fast process is dominant.

Effects of ambient gas. Zinc oxide shows a strong chemisorption behavior at the surface,
which has been widely used for various chemical/gas sensing. The conductivity and
photoconductivity of ZnO films are strongly dependent on ambient gas conditions.!'>#>~*"1
An oxidizing atmosphere, such as CO, and water vapor, effectively accelerates the decay
of photoconductivity in ZnO films.""> It is suggested that oxygen in water vapor may
diffuse into the interior part of ZnO films from the surface through pores inside. The
oxygen adsorption modifies the electrical conductivity and photoresponse time of the ZnO
films.

Effects of oxygen plasma treatment and surface passivation. Enhancement of UV
photoresponse properties of a ZnO photoconductor is obtained by use of an oxygen plasma
treatment. Liu and Kim reported that an oxygen plasma treatment dramatically improved
the UV detection properties of ZnO metal-semiconductor-metal (MSM) photoconductors
grown by radio frequency (RF)-magnetron sputtering,'*®! through reducing the decay time
constant and increasing the on/off ratio of photocurrent. The as-grown ultrathin (~20 nm)
ZnO film was exposed to the oxygen plasma for 30 min using an inductively coupled
plasma reactive ion etching (ICP-RIE) system with ICP power of 125 W and RIE power of
5W, oxygen pressure of 1.5 x 1072 Torr and a flow rate of 30 sccm. Figure 11.1 shows the
current—voltage (I-V) characteristics of (a) an as-grown ZnO MSM photoconductor and
(b) an oxygen-plasma-treated ZnO MSM photoconductor. The dark leakage current of
ZnO photoconductor is reduced from 5mA to 400 pA at 3V after the oxygen plasma
treatment. The normalized photocurrent transient is measured in air and in vacuum
(10°Torr) ambient and compared for the as-grown and oxygen-plasma-treated ZnO
MSM photoconductor, respectively, shown in Figure 11.2 (a) and (b).

The as-grown ZnO photoconductor exhibits a slow photocurrent decay profile with a
time constant in an order of tens of minutes, which is strongly dependent on the oxygen
ambient pressure [Figure 11.2(a)]. The slow photocurrent decay process indicates that a
slow charge-transfer process due to the oxygen chemisorption occurs, which is slower in
vacuum than in air. After the oxygen plasma treatment, the ZnO photoconductor becomes
insensitive to the ambient with a dramatically reduced decay time constant (below 10 ms)
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Figure 11.1 |-V characteristics of ZnO photoconductors with (a) as-grown ZnO film and (b)
oxygen-plasma-treated ZnO film. Reprinted from M. Liu and H. K. Kim, Ultraviolet detection
with ultrathin ZnO epitaxial films treated with oxygen plasma, Appl. Phys. Lett. 84, 173.
Copyright (2004) with permission from American Institute of Physics

[Figure 11.2(b)]. It is suggested that the plasma treatment suppresses the chemisorption
sites (primarily the oxygen deficiency sites) on the ZnO surface and the oxygen vacancies
in bulk ZnO, leading to reduction of the chemisorption of oxygen through the surface and
decrease of free carrier concentration in the bulk for the dark current. In the plasma
treatment process, highly diffusive atomic oxygen may effectively fill the chemisorption
sites on the ZnO surface, while positive oxygen ions in the plasma may neutralize the
negatively charged oxygen molecular ions adsorbed on the ZnO surface.

Surface passivation effectively suppresses the slow photoresponse decay in the ZnO
photoconductor. One of the surface passivation schemes is to deposit a SiO, layer after wet
chemical etching of bare ZnO surface in 30% H,O, for 15 min.'*”! However, the quantum
efficiency is also reduced.

Effects of trap levels. The slow UV photoresponse process of ZnO photodetector is
controlled by the trap levels on the surface and in the bulk ZnO. Sharma et al. reported a
very slow decay and rise time of photocurrent (~800ms) in polycrystalline ZnO films

(b)

O N aire

3 In vacuum

S {

- .

& 0.5} !

=

(&

0 75 150 0 25 50
Time (min) Time (s)

Figure 11.2 Photocurrent transients of ZnO photoconductors with (a) as-grown ZnO film
measured in air (dashed curve) and in vacuum (107 Torr) (solid curve) ambient and (b)
oxygen-plasma-treated ZnO film measured in air (solid curve) and in vacuum (107 Torr)
(dashed curve) ambient. Reprinted from M. Liu and H. K. Kim, Ultraviolet detection with
ultrathin ZnO epitaxial films treated with oxygen plasma, Appl. Phys. Lett. 84, 173. Copyright
(2004) with permission from American Institute of Physics
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grown by unbalanced RF-magnetron sputtering. They attributed the observed slow time
response to the trap levels in the band gap.”>”

Oh et al. found the trap centers in ZnO layers with different Zn/O flux ratios by
admittance spectroscopy.®"! The ZnO layers exhibited three electron-trap centers ET1
(33meV), ET2 (0.14eV) and ET3 (65 meV), near the conduction-band edge, where ET1
and ET2 are ascribed to singly and doubly ionized Zn interstitials, respectively. The trap
densities of ET1, ET2, and ET3 were estimated to be 3 x 10" cm_3, 2% 10"cm™ and
3 x 10" cm ™, respectively. Since the ZnO layers used were grown under Zn-rich growth
conditions, it is suggested that the large photoresponse time observed in ZnO layers can be
ascribed to Zn-interstitial type defects.>*!

Epitaxial ZnO thin films grown by pulsed laser deposition (PLD) were investigated by
deep level transient spectroscopy (DLTS) and by Fourier transform infrared photocurrent
(FTIR-PC) spectroscopy.'>*! The IR photocurrent of undoped ZnO films shows transitions
between 100 meV and 500meV from deep defect states to the band edges, including
intrinsic deep defects E1 at ~110meV and E3 at ~320meV. Cordaro and Shim
reported trap levels T1 at ~170meV and T2 at ~330meV below the conduction band
edges, and related them to the second ionization of zinc interstitial and the oxygen
vacancy, respectively.>* There are reports of trap levels L1 (close to T1) and L2 at ~170
and ~260meV and El, E3 (close to T2) and E4 at ~120, ~290 and ~570meV,
respectively.>>>®) However, the chemical origins of many trap states related to the
photoconduction process in ZnO are still unclear.

Doping effects. Doping and co-doping with multiple elements (N, Te, P, Cu, etc.) are
used to improve the photoresponse of n-type ZnO films.''*3"=%1 Photosensitivity is
defined as a ratio of the photocurrent to the dark current:

Photosensitivity = Tohoto | + An (11.4)
dark no
where n, is the background carrier concentration and An is the photogenerated excess
carrier density. When the equilibrium carrier concentration is suppressed, the photosensi-
tivity is increased. The approach to use the doping and co-doping methods is to reduce the
background carrier concentration of n-type ZnO films by incorporating compensation
dopants of group V elements.

Ultraviolet photoresponse of ZnO film deposited by PLD was enhanced by phosphorous
doping and post-annealing.>”! Phosphorous introduced a deep level in the energy band
gap, heavily compensating the defect-related shallow donors in the intrinsically n-type
ZnO films. On the other hand, the incorporated acceptor atoms such as N and P may
compensate the oxygen vacancies at the ZnO surface, reducing the photoresponse time.

Porter et al. proposed to co-dope ZnO films with nitrogen and tellurium during PLD to
improve the photoconductivity.[ssl The isoelectronic impurity Te is chosen as a co-dopant
due to the anion-rich nature of ZnTe, in contrast to the cation-rich nature of ZnO. After N
and Te co-doping, the sample’s dark resistivity increases from 102-10~" to 10°~10° Q cm.
A peak photoconductivity was achieved at a Te concentration of 10** cm™, presumably
limited by the solid solubility of Te in ZnO.

Effects of surface polarity. Surface polarity is known to strongly affect the photocon-
ductivity of ZnO. In this study, ZnO single crystal samples were prepared by a
hydrothermal method.'*” After chemical-mechanical polishing, the ZnO substrates were
annealed at 850 °C for 2 h. One side of the c-plane ZnO substrates has an O-face, and the
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Figure 11.3 Spectral response of the photocurrent of c-plane ZnO single crystals: (a) O-face;
and (b) Zn-face. Reprinted from F. Masuoka, et al. Phys. Stat. Sol. (c) 3, 1238 (2006).
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission

other side has a Zn-face. The spectral responses of photocurrent for different faces of the
c-plane ZnO single crystals were measured under UV irradiation of ~10mW cm .
Figure 11.3 shows the spectral response of the O-face and the Zn-face of a c-plane ZnO
single crystal. Photocurrent of the O-face is about two orders of magnitude larger than that
of the Zn-face. It is also noted that the photoresponse of the O-face ZnO in the shorter
wavelength of 250-200 nm is stronger than that of the Zn-face ZnO.
The different behavior for the photoresponsivity of O- and Zn-face ZnO single crystals
is explained by an energy band diagram model illustrated in Figure 11.4. On the O-face,
the surface-terminated oxygen atoms act as the acceptor-like surface states. They are deep

Surface state
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Figure 11.4 Energy band diagram model for (a) O-face and (b) Zn-face of a c-plane ZnO

single crystal. Reprinted from F. Masuoka, et al. Phys. Stat. Sol. (c) 3, 1238 (2006). Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission
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levels in the energy gap. The depletion layer is extended from the surface into the bulk due
to generation of electron trapping in these surface states. The extended built-in electric
field effectively separates electrons from holes, leading to increased photoexcited carrier
lifetime for a higher photoresponsivity. On the other hand, on the Zn-face, the built-in
electric field only exists near the surface; therefore the surface recombination is fast.
Particularly, at shorter wavelength than the absorption band edge, the surface absorption
and recombination dominates for the Zn-face ZnO.

11.2.1 Persistent Photoconductivity

Persistent photoconductivity (PPC) has been observed in various types of ZnO, including
polycrystalline,*®%! epilayer,'*"** and nanowires (NWs).[*** PPC is closely related to
the slow photoconduction process. It has been reported that polycrystalline ZnO samples
show a very slow relaxation (over a time interval of hours or days) of conductivity after
illumination.*®~3#4% PPC is associated with the defects in semiconductor materials, such
as neutral donor (DX) centers in III-V alloys. Under the light illumination, these DX
centers can transfer between a nonconducting defect localized state (DLS) in the band
gap and a conducting DLS resonant with the conduction band, which is a delocalized
hydrogenic-like state,'®! giving rise to PPC in the semiconductors.

A slow photoresponse component dominates the photoresponse of ZnO photodetectors
when PPC is present. In a PPC process, photogenerated holes are usually captured by the
hole traps, resulting in a reduced electron—hole recombination rate and an increased
lifetime of nonequilibrium electrons. Therefore, a large photoconductive gain is expected
to accompany PPC. The presence of PPC dramatically affects the performance of ZnO-
based UV photodetectors by reducing the UV/visible rejection ratio and decreasing the
photoresponse speed.

The influence of grain boundaries on photoconductivity of polycrystalline ZnO was
studied by Zhang.'*”! The photoresponse is related to the changes of barrier heights of
grain boundaries when the films are irradiated with UV light. It is suggested that the hole
traps contributing to the persistent photoconductivity are located at grain boundaries.
Several defect related photoconduction mechanisms have been proposed. Tomm et al.
observed that room temperature photocurrent peak is significantly below the room
temperature band edge in the ZnO films grown by laser-assisted molecular beam epitaxy
(MBE).[** Tt is suggested that the photoconduction process is defect related. However, the
nature of the defects is unclear.

Zhang et al. proposed a two-hole capture model through the oxygen vacancy (Vo) to
explain the slow photoconductivity decay.'®® The energy levels of the intrinsic defects in
ZnO were calculated by the local density approximation (LDA) method. They found that
the 42 charge ionized oxygen vacancy had a lower energy than a charge neutral V due to
a large lattice distortion formed after capturing two holes. Therefore, a charge neutral
oxygen vacancy can capture two holes. The reduction of delocalized holes causes a
decrease of electron-hole recombination rate, which is responsible for the fast photo-
conduction decay. A fast phonon-assistant conductivity relaxation is suppressed because
of the deep energy level from the hole traps and large lattice distortion. As a result, a slow
process dominates.
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Figure 11.5 Schematic illustration of a proposed model for persistent photoconductivity in ZnO
involving hole traps and defect levels: (i) photogeneration of electron—hole pair; (ii) recombination
through recombination centers in the mid gap; (iii) band-to-band recombination; (iv) hole capture
process; and (v) hole emission process through hole traps. Adapted from K. Moazzami, et al., Sub-
bandgap photoconductivity in ZnO epilayers and extraction of trap density spectra, Semicond. Sci.
Technol, 21, 717 (2006)

Moazzami et al. studied the sub-band-gap photoconductivity in n-type ZnO films grown
by plasma-assisted MBE on c-plane sapphire.**! The carrier trapping dynamics were
investigated by time-resolved photoluminescence (PL) and photoconductive transient
under optical excitation wavelengths of 400-700 nm. Figure 11.5 illustrates a proposed
model for PPC in ZnO involving hole traps and defect levels.

Under an optical excitation, electron-hole pairs are generated, either between the defect
states and the band edge, or between the conduction band (CB) and the valence band (VB).
The PPC could be attributed to the capture of holes in the hole trap states, followed by hole
emission and carrier recombination. A deep hole trap may act as a negative charge when it
is filled with a hole, similar to the hole trap observed in GaN. The excess hole captured by
the hole traps are thermally emitted into the VB, and recombine with the electrons in the
CB. A rate equation model describes the persistent photoconductive process in n-type
ZnO:1*!

— = ¢a(Ny—N)— 11.5
a = PoNr—N)—— (11.5)
d
P _Nser_ L P (11.6)
dr Teap  Trec
dN ;
Y — pa(Nr—N)—Nse 7 + L (11.7)
dt Tcap

where 7 and p are the electron and hole density in the CB and VB, respectively, Nt is the
total density of hole traps, N is the number of filled hole traps, ¢ is the incident photon flux,
o is the photon capture cross-section of the hole traps, 7. is the band edge carrier
recombination lifetime, tc,p is the hole capture lifetime, E, is the energy separation
between the hole trap state and VB and s is the hole escape frequency.

In order to derive the trap density spectrum, assuming the hole capture lifetime is
much larger than the band edge carrier recombination lifetime, the relationship between
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hole traps and conduction band electrons based on the rate equations is derived from
Equations (11.5)-(11.7):

JNT(Ei)exp(—se’%t)dE = An(i) (11.8)

where i represents the ith hole trap state.

Lany and Zunger proposed that oxygen vacancies act as a source of PPC in n-type ZnO
through the first-principle electronic structure calculations.'®”! They suggested that the
neutral oxygen vacancy Vg is a localized ground state in the energy band gap; however, the
ionized 2+ excited state V(Z)+ becomes an excited state resonant with the conduction band.
In this model, the light induced charge state transition follows:

V3 — Vi 42 (11.9)

which leads to the configuration change for the oxygen vacancy from the nonconducting
ground to the conducting excited state. To return to the ground state, the metastable state
needs to be thermally activated across an energy barrier while an electron must be captured
by the DLS from the CB, as a result, n-type PPC occurs.

Reemts and Kittel suggested that PPC in highly porous ZnO films could be attributed to
a lattice relaxation process of surface states, when electrons are photoexcited into the
surface states located in the energy band gap of ZnO.!°®! A stretched exponential law was
used to fit the photoresponse decay.

11.2.2 Negative Photoconductivity

Negative photoconductivity has been observed in ZnO NW assemblies [such as compo-
sites of ZnO-AAM (anodic alumina membrane) and ZnO-CNT (carbon nanotubes)].[69’70]
The potential applications include optical logic circuits and high-resolution image sensors
for integrated nanoscale optoelectronics.

Sen et al. studied the negative photoconduction in a planar two-dimensional network
consisting of ZnO particles (with diameters of 0.1-100 um) and single-walled carbon
nanotubes (ZnO-CNT).!*”! Under UV light illumination (340 nm, ~10mW cm ), the
conductivity of ZnO-CNT decreased by 3% compared with the dark value. An intensity-
dependent photocurrent was obtained on ZnO-CNT devices and fitted to a double
exponential decay with characteristic time constants of ~450 and 75s, respectively.
The negative photoconduction is attributed to the interface-mediated charging/dischar-
ging effect involving oxygen chemisorption/desorption on the surface of ZnO particles
that form a heterojunction with CNTs. The exponential photocurrent decay is explained
by the surface charge stated modified band energy diagram at the ZnO/CNT interface,
approximately follows:

Ang ~ —1
p ~ ety Ee/kT (11.10)
Ey ~—I
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where Ang is the surface charge density, / is the light intensity, Ey is the position of the
valence band, and p is the effective hole concentration.

Transition from negative photoconductivity to positive photoconductivity in ZnO
NWs was realized through thermally annealing AAM as the NW growth template.!”"!
High density vertical ZnO NW arrays were grown in AAM by laser-assisted chemical
vapor deposition (CVD) [Figure 11.6(a)]. Before the CVD growth, Sn catalyst was
deposited by electrochemical deposition into the bottom of the AAM channels. As
shown in Figure 11.6(b), negative photoconductivity is observed in the ZnO NW. It
is expected that the anion impurities introduce electron trapping in the inner alumina
layer. Since ZnO NW and the inner AAM channel forms a core—shell heterostructure,
electrons can tunnel into these trapping states above the conduction band upon
photoexcitation, lowering the conduction electron concentration in the NW. When an
AAM was thermally annealed at 500 °C for 13 h in pure argon gas, positive photocon-
ductivity is observed [Figure 11.6(c)]. This is attributed to thermal decomposition of the
acid anion and thus reduction of the impurity levels in the alumina.
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Figure 11.6 (a) Schematic illustration of an atomic force microscopy (AFM) probe to
measure individual ZnO NWs in a vertical NW array. (b) -V curves measured from a single
ZnO NW in an unannealed AAM, showing negative photoconductivity. (c) -V curves
measured from a single ZnO NW in an annealed AAM, showing positive photoconductivity.
Reprinted from Z. Fan, et al., Electrical and photoconductive properties of vertical ZnO
nanowires in high density arrays, Appl. Phys. Lett. 89, 213110. Copyright (2006) with
permission from American Institute of Physics
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11.3 ZnO Film-Based UV Photodetectors

11.3.1 Photoconductive UV Detector

The photoconductive photodetector is the simplest device, acting as a photo-sensitive
resistor. When an incident photon has energy higher than the band gap energy of ZnO,
an electron—hole pair is produced. The electron and hole are separated under the electric field.
The photogenerated current is collected by the electrodes of the samples under the proper
bias. The photoconductive UV detector exhibits an internal photoelectric gain. However, the
photoconductive type of detector has the limitation of the gain-bandwidth. The ZnO film
thickness should be optimized so that the ZnO layer can absorb sufficient incident photons
without producing a large noise current due to the ZnQO intrinsic conductivity. The circular or
interdigital (IDT) metal pattern is deposited on top of the ZnO surface for the electrode.
Figure 11.7 shows the schematic diagram of a ZnO IDT MSM photoconductive photode-
tector on a sapphire substrate; Figure 11.7(a) is the top view and (b) the cross-sectional view.

Photoconductivity in polycrystalline ZnO films has been reported extensive-
1y H416-18:361 polyerystalline ZnO films were deposited by RF sputtering,”#%7! jon-
beam sputtering,''® and solution-based synthesis,!'**®! etc. While exhibiting large
photoresponse, the photodetector made of polycrystalline films suffers from slow speed
and large noise due to the dark conductivity.

Liu et al. reported the first epitaxial a-plane ZnO film-based UV photoconductivity
detector."®! In comparison with its polycrystalline counterpart, the epitaxial ZnO-based
detector significantly improves the photoresponse time. The photodetector is made of a
1 um thick a-plane ZnO epitaxial layer grown on r-plane sapphire using metal organic
chemical vapor deposition (MOCVD). Diethylzinc (DEZn) and oxygen were used as the
Zn metal organic source and oxidizer, and NH; was used as an in situ dopant for MOCVD
growth. The typical growth conditions were the following: chamber pressure of 50 Torr,
10-151pm of N, (carrier gas), 1000 sccm of O,, DEZn bubbler temperature of 10°C,
100 sccm Ar flow through DEZn bubbler, growth temperature in the range of 350-600 °C.
Growth rates of 1-2 umh ™' were obtained. Unintentionally doped ZnO generally exhibits
n-type behavior because of the presence of various defects such as oxygen vacancies, zinc
interstitials and impurities. In order to reduce the background electron concentration, the
compensation doping process, such as in situ nitrogen doping, was carried out by
introducing NH; during MOCVD growth of ZnO.
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Figure 11.7 Schematic drawing of a ZnO IDT MSM photoconductive photodetector on a
sapphire substrate. (a) Top view and (b) cross-sectional view, where c and d are the metal
electrode finger width and interelectrode spacing, respectively, and t is the thickness of the
ZnO film
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Figure 11.8 (a) X-ray 6-20 scan of ZnO on r-plane sapphire and (b) SEM image of the surface
morphology of ZnO films grown in the presence of NH;. Reprinted from Y. Liu, et al., J.
Electron. Mater, 29, 69. Copyright (2000) with permission from TMS

The ZnO films deposited on (0112) Al,O5 with their (1120) a-plane parallel to the
surface, as confirmed by the X-ray diffraction (XRD) 6-26 scans [Figure 11.8(a)]. The in-
plane orientation of the films was analyzed by X-ray ¢-scans, and the epitaxial relation-
ship was determined to be (1120) ZnO//(0112) Al,O5 and [0001] ZnO//[0 11 1] Al,O3.7%
The lattice mismatch parallel to and perpendicular to the [0001] direction of ZnO is 1.53
and 18.3%, respectively. The a-plane ZnO films grown on r-sapphire are dense with a
smooth surface, as seen in the SEM image shown in Figure 11.8(b). A cross-sectional high
resolution transmission electron microscopy (HR-TEM) lattice image of the interface
between ZnO and r-sapphire is observed to be atomically sharp and semicoherent, as
shown in Figure 11.9.

Figure 11.9 HR-TEM image of the interface between ZnO and r-sapphire. The view is along
the c-axis of ZnO. Highly strained regions with a repeat distance twice that of the misfit
dislocations are observed. Reprinted from C. R. Gorla, et al., J. Appl. Phys. 85, 2595. Copyright
(1999) with permission from American Institute of Physics
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UV photodetectors were fabricated based on MSM circular structures. The device material
is made up of 1-um-thick N-doped ZnO grown on r-sapphire. Al (200 nm thick) was used as
the contact metal. A circular pattern was used for contact electrodes. The spacing of the two
electrodes varied from 2 to 16 um. e-beam evaporation, photolithography and wet chemical
etching techniques were used to generate the metal electrode patterns. The spectral
photoresponse of the MSM photodetectors was measured using a 75 W Xe lamp UV light
source, an Oriel monochromator for monochromic light power output, and a chopper to
generate the light pulse with a frequency ranging from 1 to 1000 Hz. A Newport 1830-C
optical power meter was employed to calibrate the light beam intensity. I-V characteristics
were measured using a Tektronics Semiconductor Work-Bench 372.

The measured dark and photoilluminated /-V characteristics are shown in Figure 11.10
(a). The dark current for a bias voltage of 5V was only 450 nA. The reason for relatively
low dark current is that the resistivity of the ZnO film was high. From the /-V measurement
data, we calculated the resistivity of the ZnO film to be 3.1 x 10° Q cm. The wavelength of
365 nm was used for the photoilluminated /-V measurements. The light power was 6.4 nW.
The linear I-V relationships under both forward and reverse bias exhibit ohmic metal—
semiconductor contacts. The detector operates in the photoconductive mode.

The gain of the photoconductor can be expressed as the following:

P (11.11)

where 1, is the effective recombination time for excess minority carriers, # is the transit
time of electrons in the device, u, and Wy are the electron and hole mobilities, respectively.
7, can be much larger than 7, if the device is properly designed.

For the case of constant mobility when the bias Vj, is small, the photoconductor gain
Gph < Wy, the electron transit time can be expressed as:

d2

fr X —= X ——
:unE ,unvb

(11.12)

where E is the applied electric field at low bias voltage V.
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Figure 11.10 (a) Dark (solid line) and photoilluminated (dashed line) I-V characteristics from a
ZnO MSM photoconductive photodetector and (b) photoresponsivity vs bias voltage of a ZnO
MSM photoconductive photodetector. Reprinted from Y. Liu, etal., J. Electron. Mater, 29, 69 (2000)
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As shown in Figure 11.10(b), the photoconductors show a linear photoresponse vs
bias voltage from 1 mV to 5V. Such a linear relationship indicates that the device
operates in the constant mobility range. For d =10 um, 4 =365 nm, G/V}, is approxi-
mately 120 V™', Assuming y, ~ 100cm? V' s> Up, the minority carrier lifetime (tp)
can be estimated as:

Gond?
TR 2 12 %100 (11.13)
,LLan

Figure 11.11 shows the spectral response of a MSM photoconductive detector. A sharp
cut-off near 373 nm was observed. The photoresponse drops by more than two orders of
magnitude across the cut-off wavelength within 15 nm of the band edge. These results are
consistent with the transmission measurements. There is a long absorption tail below the
band gap. The impurity levels within the band gap might be the source of the tail.
Photoresponsivity of about 400 AW is obtained under 5V bias.

We have also measured the photoresponse speed of the detector. The optical excitation
source was a Ti:sapphire regenerative amplifier-pumped optical parametric amplifier,
which produces visible ultra short pulses at a 175 kHz repetition rate. These pulses were
compressed to less than 100 fs and frequency doubled in b-barium borate (BBO) to obtain
UV pulses tunable between 300 nm and 375 nm. Neutral density filters are used to control
the optical power on the detector. Shown in Figure 11.12 is the transient photoresponse of
the ZnO detector under 5V bias. The rise time is about 1 s, while the fall time is about
1.5 us.

The fast photoresponse of the photoconductors can be attributed to the improvement of
the crystalline quality of the ZnO films, which reduces the defect-induced recombination.
Simultaneously, the oxygen adsorption process is suppressed by reducing the electron
carrier concentration (by N doping) and by greatly reducing the grain boundaries in the
high-quality epitaxial ZnO film.
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Figure 11.11 Spectral response of a ZnO MSM photodetector under 5 V bias. Reprinted from
Y. Liu, et al., J. Electron. Mater, 29, 69 (2000)
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Figure 11.12 Photocurrent transient of a ZnO MSM photodetector. Reprinted from Y. Liu,
et al., J. Electron. Mater, 29, 69 (2000)

11.3.2 Schottky Barrier UV Photodetectors

The Schottky barrier photodetector is among the simplest of the unipolar photovoltaic
devices. Under optical illumination, the nonequilibrium minority carriers generated in the
bulk of the semiconductor are collected by the built-in electrical field of the Schottky
barrier formed at the semiconductor surface. The advantages of Schottky photodiodes are
high speed, low noise performance, and ease of fabrication. Fabricius et al. made Schottky
barrier type UV sensitive photodiodes using Au on a thin sputtered layer of polycrystalline
ZnO.""¥ These photodiodes exhibited slow operating speed (rise time ~20 ps and decay
time ~30 us) and low quantum efficiency (1%) due to the large amount of recombination
centers in the polycrystalline ZnO layers.

The first Schottky barrier photodetector based on epitaxial ZnO film was reported by
Liang et al. at Rutgers.'*°! In this work, the Schottky barrier UV photodetector is made
of nonpolar (1120) a-plane ZnO epitaxial films grown by MOCVD. As described in
Section 11.3.1, the epitaxial relationships between a-plane ZnO and r-plane sapphire
substrate were determined to be (1120) ZnO//(0112) Al,O5 and (0001) ZnO//(0111)
Al,O5. Therefore, the c-axis of ZnO lies in the surface plane (1120) of the ZnO film. In
this nonpolar a-plane, absence of net surface charges (due to the presence of equal
numbers of both Zn as well as O atoms on the surface) and a net zero dipole moment
normal to the surface prevent divergence of surface energy.'”>~"> As a result, Schottky
contacts formed on a-plane ZnO surfaces would be more stable as compared with the
polar c-plane surface. Furthermore, in this a-ZnO/r-Al,O5 system, the lattice mismatch
between ZnO and the substrate along the c-axis is 1.53%, while along the direction
perpendicular to the c-axis is 18.3%. The overall lattice mismatch is less than that of the
polar (0001) ZnO film on c-plane sapphire system.

a-plane ZnO epitaxial films were grown on r-plane (0112) sapphire substrates in a low-
pressure MOCVD reactor. DEZn and O, were used as the source materials. The reactants
were introduced in the reactor by two separate injectors to reduce gas phase reaction. The
DEZn flow rate was 50-100 sccm and the O, flow rate was 1000-2000 sccm. The growth
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temperature range was from 380 to 420°C. The typical growth rate was 1-2pumh .
Because unintentionally doped ZnO film prepared by MOCVD generally exhibits n-type
conduction due to oxygen vacancies or Zn interstitials, NH3 (500 sccm) was used as a
nitrogen compensation doping source to reduce the electron concentration. A 500 nm ZnO
epilayer was grown with carrier concentration of about 10'®cm™.

UV photodetectors were designed and fabricated using both circular and IDT MSM
structures. For the circular structure, the outer diameter is 320 um, the inner diameter is
150 um, and the gap is 10um. For the IDT structure, the fingers are 10 um wide and
180 um long, with a 10 um gap. Aluminum and silver were used to form ohmic and
Schottky contacts, respectively. The formation of Schottky contacts is greatly influenced
by chemical reactions at the metal and semiconductor interface and diffusion of the metal
into the semiconductor. This effect is much more pronounced for II-VI oxides as
compared with III-V nitrides. In the case of ZnO, the less reactive metal Ag is used
to form Schottky contacts for the UV photodetectors. The Ag-ZnO-Al circular structures
were used for Schottky diode studies, while the Ag-ZnO-Ag structures served as Schottky-
type MSM photodetectors. For comparison, the Al-ZnO-Al structures were also fabricated
as MSM photoconductive detectors. e-beam evaporation was utilized for metal deposition.
The thickness of Al and Ag layers was 2000 A. For the Schottky contact, a 500 A thick Au
layer was finally deposited on the top of the Ag layer, to act as an oxide-resistant layer. It is
well known that in fabrication of Schottky contacts, the surface states, contaminants and
defects of the surface layer significantly affect the barrier height and leakage current.
Oxygen plasma was used to clean the surface before and after the metallization process in
order to minimize such effects.

Photoresponse measurements were performed using an Oriel optical system. The
photoresponse speed of the detector was also measured. The optical excitation source
was the 337.1 nm line of a N, pulse laser, with a pulse width of 2 ns at a repetition rate of
40Hz. A Xe arc lamp and monochromator combination provided the light source. The
signal from the detector was monitored by a lock-in amplifier. Neutral density filters were
used to control the optical power on the detector. Optical energy on the detector was about
10 nJ per pulse. The signal from a 50 € load resistor was recorded by a digital scope with a
time resolution better than 1 ns. The bias voltage was 9 V.

Shown in Figure 11.13 are the [-V characteristics of ZnO MSM circular devices,
including both Schottky and ohmic types. The linear /-V relationship from the Al-ZnO-Al
structure clearly indicates the ohmic behavior of the Al on n-type ZnO contact. On the
other hand, the rectified I-V relationship from the Ag-ZnO-Al confirms Schottky junction
formation between Ag and n-type ZnO. In a Schottky diode, the general /-V characteristics
are represented by:

_ av,_
J=1J, [exp(nkT) 1}7 (11.14)
Jo = A*T?exp(—®p /kT), (11.15)

where J,, is the saturation current density, 7 is the ideality factor, k is Boltzmann’s constant,
T is the absolute temperature, A* is the effective Richardson coefficient, and ®g is the
barrier height. The Schottky contact area is 1.77 x 10~*cm?. The values of 1 = 1.50 and
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Figure 11.13 |-V characteristics of ZnO diodes with circular pattern. The electrode gap is
10 um. Reprinted from S. Liang, et al., ZnO Schottky ultraviolet photodetectors, J. Cryst.

Growth, 225, 110. Copyright (2001) with permission from Elsevier

Jo=2.38 x 10 A cm % were obtained from curve fitting. The barrier height @y is estimated
to be about 0.84 eV by using A* ~32 Acm > K2 (A" = dngm”k*h 3, where m' ~ 0.27my).
Atareverse bias of 1V, the leakage current (~0.1 nA) of the Ag-ZnO-Al device is about five
orders of magnitude smaller than that of the Al-ZnO-Al device (~10HA).

The Ag-ZnO-Ag MSM structure with IDT configuration was used to evaluate the UV
detector performance. Figure 11.14 shows the dark and photoilluminated /-V character-
istics of a Schottky detector. The wavelength and power of the illuminated light are 368 nm
and 0.1 uW, respectively. The leakage current of the photodetector is about 1 nA at a bias
of 5 V. The breakdown starts at about 8 V. The early and soft breakdown is mainly due to
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Figure 11.14 |-V characteristics of a ZnO Schottky photodetector with an IDT structure. The
inset shows a SEM picture of the top view of the device. Reprinted from S. Liang, et al., ZnO
Schottky ultraviolet photodetectors, J. Cryst. Growth, 225, 110. Copyright (2001) with

permission from Elsevier
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Figure 11.15 Spectral response of a ZnO Schottky photodetector with an IDT structure.

Reprinted from S. Liang, et al., ZnO Schottky ultraviolet photodetectors, J. Cryst. Growth, 225,
110. Copyright (2001) with permission from Elsevier

the nonuniform field distribution, especially at the corners of the finger electrodes in the
IDT patterns. The low-frequency photoresponsivity is about 1.5 AW, which corresponds
to a quantum efficiency of 2.5. We believe that the photoconductive effect that occurs at
the high field contributes to the large gain (>1).

The spectral photoresponse of a IDT Schottky device is shown in Figure 11.15. The
photoresponsivity drops more than three orders of magnitude from 370 to 390 nm.
The sharp cut-off at wavelength of 370 nm agrees with the ZnO energy band gap of
3.35eV. The responsivity decreases at the shorter wavelength range due to decrease of the
penetrating depth of the light, resulting in an increase of the surface recombination.

Figure 11.16 shows photocurrent as a function of time from an IDT ZnO Schottky
detector. The photoresponse has a fast component, which rises within 12 ns and falls to
66% of its peak value within 50 ns, as shown in the inset of Figure 11.16. After that a slow
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Figure 11.16 Transient photocurrent of a ZnO Schottky photodetector with an IDT structure
under a nitrogen gas laser pulsed excitation. The inset is a magnified response pulse. Reprinted
from S. Liang, et al., ZnO Schottky ultraviolet photodetectors, J. Cryst. Growth, 225, 110.
Copyright (2001) with permission from Elsevier
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Table 11.2 Comparison of main device parameters of ZnO Schottky-type MSM

photodetectors with Ag, Pd, and Ni metal contacts'”®”
Metal Photoresponsivity Quantum Noise equivalent Normalized
(AW™ at 370nm)  efficiency  power (W)? detectivity (Hz'2W™)
Ag 0.066 17.3% 6.8x 10" 1.04 x 10"
Pd 0.051 11.4% 1.13x107"? 6.25x 10"
Ni 0.09 23.8% 6.4x 1077 1.1x10"

“Measured at a given bandwidth of 100 Hz and an applied bias of 1V.

process follows lasting about 5 ms (not shown in the figure). The fast response in a MSM
detector is usually related to the transit time of the photogenerated carriers, while the slow
response in a ZnO MSM detector is usually attributed to the oxygen adsorption at the
surface and grain boundaries."">*”! The high quality epitaxial ZnO films were used for
both Schottky and photoconductive detectors. Such a slow process was not observed in the
photoconductive devices with the same material quality. Therefore, this slow process was
attributed to the trapping and emission of photogenerated carriers in the ZnO surface of the
Schottky detector. It should be noted that oxygen plasma was used to treat the ZnO surface
only when making the Schottky detectors.

Table 11.2 summarizes the main device parameters for ZnO Schottky-type MSM
photodetectors with various metal contact electrodes reported by Young et al.’®" As
shown in Table 11.2, the UV responsivity, quantum efficiency, and noise spectra were
studied and compared in the ZnO Schottky-type MSM UV detectors with various metal
contact schemes. ZnO epitaxial films were grown on the c-plane sapphire substrate using
plasma-assisted MBE. Room temperature Hall measurements showed the carrier concen-
tration and mobility of as-grown ZnO films were 1.71 x 10"°cm™ and 26.4cm*V's™,
respectively. Schottky-type MSM photodetectors were made of IDT Schottky contacts
deposited on top of a ZnO active layer. To form Schottky contact to ZnO, metals with large
work functions are chosen, including Ag, Pd, Ni, and Ru. Depending on the ZnO-based
material quality and surface conditions, the reported data vary from different research
groups.

11.3.3 Integrated Surface Acoustic Wave and Photoconductive Wireless
UV Detectors

11.3.3.1 The Principle of UV SAW Devices

Most UV photodetectors use either voltage or current as the output. In order to construct
zero-power and wireless UV detector for applications such as distributed sensor network,
UV-SAW photodetectors have been proposed based on acoustoelectric interaction. /80521
In the UV-SAW photodetectors, the UV sensitive semiconductor layer is integrated with
the SAW device built on the piezoelectric material. The incident light will be absorbed by
the semiconductor and generate electron-hole pairs. These free carriers in the semicon-
ductor layer will interact with the electric field accompanying the propagating SAW in the
piezoelectric material, resulting in increase of insertion loss. Furthermore, a velocity
reduction will occur due to the piezoelectric stiffening, resulting in a phase shift and time
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delay across the SAW device. Both the attenuation and phase changes correlated with the
incident light intensity and wavelength can be used for the optical detection. The UV-SAW
photodetectors offer advantages of low power consumption (due to the passive nature) and
RF readout (for wireless communication).

Several UV-SAW photodetectors have been demonstrated with various piezoelectric
and UV sensing layer integration. GaN-based UV SAW devices were demonstrated by
using MOCVD grown GaN on c-plane sapphire substrates.**!! In these devices, GaN,
which is a weakly piezoelectric wide-band-gap semiconductor, is used for both SAW
excitation and UV sensing. A GaN-based SAW UV detector was reported to cause a
60kHz oscillation frequency shift at 221.3 MHz when used as a delay element in the
feedback path of an oscillator. The estimated electromechanical coupling coefficient K is
~0.055% and the achieved relative oscillation frequency shift is 271 ppm. The maximum
response was observed at the optical wavelength of 365 nm, which corresponds to the
photon energy equal to the GaN band gap of 3.4eV.*” In an alternative configuration, a
SAW launched from an input IDT transducer is used to sweep electron—hole pairs
generated in the sensing area to an MSM photoconductive detector out of the sensing
region (Figure 11.17)."®!! The responsivity of this MSM photodetector is a function of the
frequency and power of the SAW. Based on the acoustoelectric interaction, the coupling
coefficient K° is the key factor to influence the change of velocity and attenuation.
A higher K is desirable for a larger acoustoelectric effect and hence a higher sensitivity.

In the case of a thin semiconducting layer system placed on the piezoelectric crystal’s
surface, the mobile carriers are confined to a conductive layer of thickness d, which is
assumed to be much smaller than the wavelength of the SAW. The thin semiconducting
layer can be a single layer semiconductor film under optical illumination. The longitudinal
electric field of the SAW can only be screened at the piezoelectric surface, i.e. z=0, where
z is along the growth direction of the semiconductor thin film. The conductivity
modulation in a thin sheet layer results in an effective modification of the relaxation
frequency ®., which is a function of the SAW wave vector k; k =2mn// for the homoge-
neous semiconductor.

Figure 11.17 Schematic diagram of integration of SAW generator and a UV photodetector.
Reprinted from T. Palacios, et al., Proc. 2002 IEEE Ultrasonics Symp. 1, 55. Copyright (2002)
with permission from IEEE
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Because the electric field in the homogeneous bulk semiconductor decreases exponen-
tially with the height (¢ %), a layer of thickness 1/k effectively carries this current. For the
thin semiconducting layer, the available thickness to carry the current is defined as d. Thus
the effective resistance and the time constant become 1/kd times larger:

&1t &

- 1.1
YT e kd (11.16)

and the conductivity relaxation frequency o, is:

_kd-o o4k
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where o,=0-d is the sheet conductivity of the thin film. Thus, the ratio w./w becomes
frequency independent:
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where oy = vy (e +¢;) is the conductivity at which the maximum loss occurs. Now
Equation (11.18) becomes after separation of the real part and the imaginary part:
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The relationships of Equations (11.19) and (11.20) are plotted in Figure 11.18. Shown in
Figure 11.18(a) is the relative change Av/vy = (v—v)/vy of the sound velocity. Figure 11.18(b)
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Figure 11.18 Change in sound velocity Av/v, (a) and attenuation coefficient per unit wave
vector k (b) in units of effective coupling coefficient K? as a function of the ratio o4/o,. The thin
conducting layer is assumed to be located on top of the piezoelectric surface. Reprinted with
permission from J. Zhu
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is the attenuation I' per unit length, as a function of the sheet conductivity of the thin
semiconducting layer.

11.3.3.2  ZnO-Based Multilayer UV-SAW Photodetectors

Based on the acoustoelectric interaction, the device is designed by integrating a UV-
sensitive semiconducting ZnO layer with piezoelectric ZnO layer on r-Al,O5 substrates.
The detailed bottom-up layer structure consists of a piezoelectric a-ZnO layer on r-Al,0;
substrate for SAW generation, a Mg, ,Zn,gO buffer layer, and a semiconducting ZnO
sensing layer [Figure 11.19(a)]. These three layers are all grown by MOCVD. A thick
piezoelectric ZnO film (~2.0 um) is first grown on r-Al,O3 substrates. As ZnO has a lower
acoustic velocity than r-Al,0s, this layered system has dispersive acoustic velocity, with
higher order wave modes excited at higher film thickness—frequency (hf) products. Based
on the SAW simulation, the thickness is determined to ensure the excitation of the first
higher order Rayleigh wave mode, the Sezawa wave mode, in the test devices below
1.0 GHz. The Sezawa wave mode is chosen as it has higher acoustic velocity, vsaw, and
maximum effective piezoelectric coupling, K52, than the base Rayleigh wave mode and
the Love wave mode. The as-grown, unintentionally doped MOCVD ZnO shows n-type
conductivity, with a carrier concentration of about ~10'” cm™. To compensate the excess
carriers in ZnO film and ensure efficient SAW excitation, the piezoelectric ZnO layer is
doped with Li to increase its resistivity to above 10’ Qcm. Then, a 50nm thick
Mgy2Zny 3O buffer layer is used to isolate the semiconducting ZnO layer from the
piezoelectric ZnO layer and as a diffusion barrier for Li. The semiconducting ZnO layer’s
thickness, fesq, varies from 200 to 400 nm to analyze the thickness dependence of the
SAW and optical responses. After the formation of the semiconducting ZnO sensing mesa
by wet chemical etching, the Al IDT transducers are deposited and patterned on top of the
piezoelectric ZnO surface. The top view of a prototype ZnO UV SAW device is shown in
Figure 11.19(b).

[11-20]
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ZnO film
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Piezoelectric ZnO film
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Figure 11.19 (a) Schematic structure of a ZnO-based multilayer UV-SAW device on r-Al,O3
substrate. Reprinted from N. W. Emanetoglu, et al., Surface acoustic wave ultraviolet photo-
detectors using epitaxial ZnO multilayers grown on r-plane sapphire, Appl. Phys. Lett. 85,
3702 (2004) (b) Top view of the UV SAW device under an optical microscope. Reprinted with
permission from J. Zhu



ZnO Film-Based UV Photodetectors 309

For the horizontal device structure, there are three main parameters: the SAW
wavelength 4, the delay line length L, and the UV sensing mesa length L,..,. The SAW
wavelength A determines the operating frequency of the UV SAW device and is
determined by the periodicity of the IDT electrodes. Three wavelengths, 8, 12 and 16 um,
are chosen based on the photolithography constraints and the piezoelectric film thickness.
The aperture of the IDTs is chosen to be 380 um. The ZnO UV SAW devices are
comprised of two sets, with delay lengths, L, of 1.2 mm and 1.7 mm, and corresponding
mesa lengths, Lyes., of 1.0mm and 1.5 mm, respectively. Each set contains SAW devices
with 8, 12 and 16 um acoustic wavelength. The length of the sensing mesa L, is chosen
based on ensuring sufficient phase shift and insertion loss change under UV illumination.
The devices are aligned parallel to the ZnO c-axis, which is in the surface plane of the
(1120) ZnO film, to generate the Rayleigh type wave modes. In the IDT region, the base
Rayleigh wave mode has an estimated maximum coupling coefficient of 1.9% with a
velocity of 2768 ms ', while the maximum coupling coefficient for the Sezawa wave mode
is estimated to be 6% with an acoustic velocity of 5658 ms™', leading to a larger
photoresponse.

The ZnO SAW UV devices were tested using an HP 8753D network analyzer and
Cascade Microtech probes for the RF response (the transmission parameter S,;). The ZnO
UV SAW device was first measured under the dark condition. A 75W Xe lamp with a
monochromator system was used as the optical excitation source. Multiple UV filters were
used to adjust the power density of the incident light. Two optical illumination procedures
were used, illuminating the whole device surface and only illuminating the semiconduct-
ing ZnO mesa through a shadow mask, as shown in Figure 11.20. The light wavelengths
were varied from 630 to 300 nm. The light power density was varied from 810 uW cm 2 to

HP 8753D Network Analyzer

) O Socoo,

Rack mount

/ "]
UV Light

SAW Sensors

Figure 11.20 Schematic of the UV-SAW testing set-up. Reprinted with permission from J. Zhu
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Figure 11.21 Frequency response of the SAW UV detector under 365 nm light illumination,
under dark, 0.81 mW cm™? and 2.32 mW cmi™ conditions. Reprinted from N. W. Emanetoglu,
et al., Surface acoustic wave ultraviolet photodetectors using epitaxial ZnO multilayers grown
on r-plane sapphire, Appl. Phys. Lett. 85, 3702 (2004)

2.32mW cm 2 at Z1ighe = 365 nm. -V measurements were used to determine the change in
the resistance of the mesa active layer as a function of the light wavelength and power, then
correlated with the SAW photoresponse.

Figure 11.21 shows the SAW response of a UV SAW device with Agaw = 8 um, L= 1 mm,
and /iyesa = 300 nm, under dark and two different light power conditions (Zjign = 365 nm),
while using a shadow mask to limit the illuminated area to the mesa. The power density of the
incident light was adjusted by applying UV filters to the light beam. The base Rayleigh wave
mode response is at 545.9 MHz, with an insertion loss of —67.8 dB. In comparison, the Sezawa
wave mode response is at 711.3 MHz, corresponding to vsaw = 5690 ms ', with an insertion
loss of —52.5 dB. The Sezawa wave insertion loss increases to—75.3 dB when the light power
is 2.32mW cm 2, while the Rayleigh wave insertion loss is— 83.3 dB. In comparison, the UV
SAW detector with a 200-nm-thick active region had an insertion loss of —33.8 dB for the
Sezawa wave mode, due to its lower conductance. The insertion loss can also be improved by
using better designed IDTs with narrower bandwidth and unidirectional transducers. When
the whole device surface is illuminated, a shift in center frequency, up to 11 MHz, along with
additional phase shift and insertion loss, was observed. This is due to the generation of carriers
in the Li-doped piezoelectric ZnO layer under the IDTs, whose high resistivity (> 10 Q cm)
is insufficient to totally suppress carrier generation.

The phase shift at center frequency for the Sezawa wave mode with respect to the dark
condition, as a function of light wavelength and power level, is shown in Figure 11.22. The
inset shows the transmission spectrum of ZnO epilayer grown on r-Al,O5 for comparison.
The UV SAW device response closely follows the absorption spectrum. For light
wavelengths above 400 nm, the phase shift is small. The phase shift increases rapidly
as the light wavelength approaches the band edge at about 372 nm. The phase shift at
365nm for a light power of 2.32mW cm * is 107°, corresponding to a frequency shift of
1.36 MHz in an oscillator circuit, calculated for the standard oscillator circuit configura-
tion with the SAW in the feedback path:
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Figure 11.22 Phase shift vs light wavelength for light power of 2.32, 1.83, 1.18 and 0.81 mW
cm™. The responses have been normalized for constant power with respect to 365nm. The
inset shows the absorption spectrum of a ZnO thin film on r-Al,O;. Reprinted from N. W.
Emanetoglu, et al., Surface acoustic wave ultraviolet photodetectors using epitaxial ZnO
multilayers grown on r-plane sapphire, Appl. Phys. Lett. 85, 3702 (2004)
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where 7 is the delay time across the device, Vsaw.mesa the acoustic velocity in the mesa
region, vsaw pr the acoustic velocity in the IDT region, Lipt the delay path length in the
IDT region, and A¢ the phase shift across the device. The Sezawa wave velocity in the
mesa region, Vsaw.mesas 15 €stimated to be 5430 m s . This 1.36 MHz frequency shift
corresponds to a 0.19% relative shift for a light power of 2.32mW cm 2, which compares
favorably with the 0.46% relative frequency shift at 40 mW cm = reported for a ZnO/LiNbO5;
SAW UV detector.® The estimated effective coupling, keff2, athf =1710is 1.6%, calculated
using the transfer matrix method. It is estimated that the maximum effective coupling that
could be obtained for this structure is 3.2% at hf =2820. Thus, device performance can be
improved by operating at a higher frequency using a smaller SAW wavelength.

Figure 11.23 shows the differential insertion loss for the Sezawa wave mode with
respect to the dark condition, as a function of light wavelength and power density. The data
have been normalized for constant power on the device. As the light wave approaches the
band edge, at about 372 nm, the differential insertion loss rapidly increases, similar to the
phase shift changes. At 365 nm, the differential insertion loss for the Sezawa mode under
2.32mW cm * illumination is 22.8 dB.

11.3.3.3 Hybrid ZnO/LiNbO; SAW UV Photodetector

UV photodetectors have been developed by combining various SAW devices, such as SAW
filter,'® SAW oscillator™®*! and SAW delay line,'® with a ZnO photoconductor. In the ZnO/
LiNbO; hybrid photodetector, semiconducting ZnO is used as a photosensitive layer and bulk
LiNbOj is used to excite the SAW. A hybrid ZnO/LiNbO; SAW UV photodetector has
piezoelectric coupling.'® The LiNbO5 substrate was used for SAW excitation, while the
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Figure 11.23 Differential insertion loss vs light wavelength for light power of 2.32, 1.83, 1.18
and 0.81 mW cm . The responses have been normalized for constant power with respect to
365 nm. Reprinted with permission from J. Zhu

unbalanced RF-magnetron sputtering deposited ZnO film was used as the photosensitive
layer. This device was reported to exhibit a frequency shift of 170 kHz at 37 MHz, for a UV
light intensity of 40 mW cm 2. The wavelength of the UV light is 365 nm.

In order to enhance the UV sensitivity, a ZnO/LiNbO; SAW oscillator configuration
was used.®™ An Amplifier oscillator circuit was built up to improve the UV sensitivity.
The UV sensitivity was evaluated by both of the oscillation voltage amplitude and
frequency shift due to the acoustoelectron interaction described in Section 11.3.3.1. For
the amplitude measurement, the UV sensitivity depended on the power supply V.. of the
oscillator circuit and an oscillation quench was observed with a higher UV light intensity.
Kumar et al.®" demonstrated a ZnO/LiNbO; UV detector by sputtering a thin layer of
ZnO film on a commercially available 128° Y-X LiNbO3; SAW filter. The thickness of ZnO
was optimized to 71 nm to reduce the mass loading effect. The ZnO/LiNbO; UV-SAW
photodetector was connected into the positive feedback loop of a high frequency amplifier
to form an oscillator. By control of the power supply voltage, the UV detector exhibits a
UV sensitivity of 450nWcm 2 and a voltage responsivity of ~24kV W', For the
frequency evaluation, there was ~28 kHz oscillation frequency (f,=35.4 MHz) down
shift when UV illumination (~34 uW cm 2) was chopped after 5s.

An UV array detector has been developed by introducing a LiNbOs-based slanted finger
interdigital transducer (SFIT) and multiple ZnO optically active areas deposited by RF
sputtering.'®®! A SFIT can be treated as a combination of numerous subfilters, each with a
uniform finger width and with a distinct center frequency. Figure 11.24 shows a schematic
structure of a SFIT SAW UV array detector. The ZnO-based optically active areas are
designed perpendicular to the SAW propagation direction between two ports of the SFIT
electrode. Therefore, the SAW response introduced by each active area is distinguishable
from the operating frequency. The magnitude of the corresponding frequency is related to
the UV light intensity due to the acoustoelectric interaction between the SAW and
photogenerated carriers in the ZnO photoconductive overlayer. When the size of an optical
active area is reduced, the spatial distribution of the light field can be detected and recorded.
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Figure 11.24 Schematic diagram of a hybrid ZnO/LiNbO3; SAW UV array photodetector.
Three ZnO active areas are shown by the squares in the top view. Reprinted from C. Ma, T.
Huang, and J. Yu, Application of slanted finger interdigital transducer surface acoustic wave
devices to ultraviolet array photodetectors, J. Appl. Phys., 104, 033528 (2008)

To determine the light field distribution, the response curves from each individual active
area are first constructed to form the standard curves. Under UV illumination, the SAW
insertion loss responses were then interpolated from the standard curves to deduce the light
power intensity. The frequency shift is insignificant due to the photoelectric effect in the
SFIT SAW device. From the insertion loss evaluation, a UV photosensitivity of 65 uW
cm? at 380nm was achieved with a minimum optically active area of 0.04 mm?.
The corresponding insertion loss difference is —58.33dB. Figure 11.25 shows the
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Figure 11.25 Measured light field distribution using a hybrid ZnO/LiINbO3; SAW UV array
photodetector. Reprinted from C. Ma, T. Huang, and J. Yu, Application of slanted finger
interdigital transducer surface acoustic wave devices to ultraviolet array photodetectors, J.
Appl. Phys., 104, 033528. Copyright (2008) with permission from American Institute of Physics
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measured light field distribution at a UV wavelength of 380 nm from an SFIT SAW device
with three ZnO active areas (Figure 11.24).

11.3.4 Photodetectors Using ZnO TFT

A field-effect phototransistor is a three terminal device in which photodetection occurs due
to photogenerated carriers in the semiconductor channel upon optical excitation and the
presence of an electric field at the semiconductor and the gate oxide interface for the
carrier extraction. ZnO TFT is an optically transparent field-effect transistor primarily used
for display technology. Figure 11.26 shows the schematic diagram of a bottom-gate ZnO-
based TFT optical detector structure.

The ZnO channel layer is used as a photoconductor, where photogenerated carriers are
collected by source and drain electrodes. The gate electrode is separated from the active
channel layer through a layer of gate dielectric (e. g. SiO,). By control of the voltage applied
to the gate electrode, the charge density in the channel and the source-to-drain conductance
are changed through formation of a space charge layer in the channel. For the n-channel ZnO
TFT device, a positive gate voltage increases the electron density in the channel, while a
negative gate voltage decreases the electron density. As aresult, a photoconductive gain in the
phototransistor is modulated by varying the gate voltage. The TFT-based phototransistors
offer the advantages of high photoconductive gain, a large current transfer ratio, and
versatility in designing the optically controlled circuits (e.g. photoinverter, photodetector,
and opto-isolator, etc.). The photocurrent in the TFT is proportional to the gate voltage.

ZnO TFT-based optical detectors were reported by Bae et al’®”%% ZnO TFTs were
fabricated using the RF-magnetron sputtering technique at room temperature or at 300 °C
for the ZnO channel layer. RF sputtering is chosen due to its capability of low temperature
deposition, low cost, and convenience in fabrication. A wide range of materials were
selected for the source and drain electrodes of the ZnO TFTs. These include Al, Au, Ti and
transparent oxides (NiO,), etc. p-Si and glass are used as the substrates. On Si substrates,
thermally grown SiO, provides high quality gate dielectric. A poly-4-vinylphenol (PVP)
polymer gate dielectric was also demonstrated.’! The optical response of TFTs shows
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Figure 11.26 Schematic structure of a bottom-gate ZnO-based TFTTFT optical detector.
Adapted from H. S. Bae, et al., Photodetecting properties of ZnO-based thin-film transistors,
Appl. Phys. Lett. 83, 5313. Copyright (2003) with permission from American Insitute of Physics
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high gain in UV wavelength (340 nm), as well as in blue (450 nm) and green (540 nm)
wavelengths. The dynamic UV response of TFTs was measured to be ~300ms. All
indicate that the elimination of mid gap states in the sputtered ZnO channel is critically
important for improving the photodetection properties of TFTs. The UV photosensitivity
is dramatically enhanced when the TFT is operated under the depletion mode with a
negative gate bias instead of the accumulation mode with a positive gate bias. This is due
to reduction of dark current in the ZnO channel under the depletion mode.

11.3.5 Mg,Zn, O UV Photodetector

There is keen interest in the solar blind UV photodetectors, which find broad applications
in space engineering, flame detection, and biotechnology. ZnO can alloy with MgO to
form the ternary compound Mg,Zn;_,O to extend the energy band gap, and therefore the
detection spectrum into the shorter wavelength region. The direct energy band gap of
wurtzite-structured Mg,Zn;_,O can be tuned from 3.3 (x=0) to 4.0eV (x=0.34),
corresponding to a cut-off wavelength from ~375 to ~305nm. Further increase of Mg
composition would extend the indirect band gap of cubic-structured Mg,Zn; O up to
7.8 eV. Difficulties for the growth of high quality Mg,Zn, O films are partly from the fact
that MgO (cubic) and ZnO (hexagonal) have different crystal structures. According to the
phase diagram, the solid solubility of Mg in hexagonal ZnO is less than 4%. However, by
using nonequilibrium growth methods, high quality wurtzite Mg,Zn, O films with up to
34% Mg incorporation have been achieved without phase segregation.
The energy band gap of Mg,Zn,;_,O follows Vegard’s law:

E;(Mg,Zn;_0) = (1—x)E,(ZnO) + xE;(MgO) (11.22)

Figure 11.27 shows the energy band gap of Mg,Zn;_,O as a function of Mg composi-
tion. It is shown that the Mg,Zn,_,O films have wurtzite and cubic crystal structures for
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Figure 11.27 Band gap energy of Mg,Zn,_O films as a function of Mg composition. Reprinted
from W. Yang, et al., Compositionally-tuned epitaxial cubic Mg.Zn; O on Si(100) for deep
ultraviolet photodetectors Appl. Phys. Lett. 82, 3424. Copyright (2003) with permission from
American Institute of Physics
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Mg composition <37% and >62%, respectively. For Mg composition between 37% and
62%, a mixed hexagonal and cubic phase occurs.

Yang et al. reported the first Mg,Zn; ,O MSM photoconductive detector grown by
PLD on c-plane sapphire substrates.”'! Shown in Figure 11.28(a) is an optical
microscope image of a Mgy 34Zng 6O UV detector with a size of 250 x 1000 p.unz.
The IDT metal electrodes are 250 um long, 5pum wide, and have an interelectrode
spacing of 5 um. A ~150 nm thick Cr/Au bilayer was patterned as the metal contacts by
conventional photolithography and ion milling. To achieve ohmic contact, a thin layer
(~3nm) of chromium was used. A monochromator (150 W xenon lamp, 1200 lines
mm ' grating) and a nitrogen gas laser (337.1 nm, pulse duration <4ns) were used as
the excitation source to characterize the Mg 34Zn cO detector. Figure 11.28(b) shows
the linear relationship of the /-V curves for both dark current and photocurrent. At 5V
bias, the dark current and photocurrent under UV illumination (308 nm, 0.1 uW) are
~40nA and 124 pA, respectively, indicating a responsivity of ~1200 AW . The visible
rejection (R 308 nm/R 400 nm) is more than four orders of magnitude.

The spectra response of a Mg 34Zng O UV detector under illumination is plotted in
Figure 11.29(a). The peak response is at 308 nm. The —3 dB cut-off wavelength is 317 nm.
The inset of Figure 11.29(a) is the responsivity as a function of bias voltage. A linear
relationship was obtained between 0.5 V and 5V, indicating no carrier mobility saturation
or sweep-out effect up to the applied bias. Figure 11.29(b) shows the temporal response of
an Mg 34Zn( 660 UV detector with 3 V bias and 50 Q load. The 10-90% rise and fall time
are 8ns and 1.4 us, respectively. The signal drops to zero at ~30 s.

A prototype deep UV detector based on cubic-phase Mg,Zn; O thin films was
demonstrated for solar-blind detection.'®” To reduce the lattice mismatch between the
film and the substrate, a thin SrTiO; buffer layer was used to grow Mg,Zn;_,O (x > 0.62)
on Si (100) substrates by PLD. The epitaxial relationship was established as Mg,Zn;_,O
(100)//SrTiO5(100)//S1(100) and Mg, Zn,_,O[100]//SrTiO5[100]//Si[100]. The Mg,Zn;_,,O
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Figure 11.28 (a) Optical microscope image of a Mgo 34Zno.660 MSM UV detector. The Cr/Au
fingers are 250 um long, 5 um wide with an interfinger spacing 5 um. (b) I-V characteristics of dark
current and photocurrent under 308 nm, 0.1 uW UV light illumination. Reprinted from W. Yang,
et al., Ultraviolet photoconductive detector based on epitaxial Mgy 34Zn¢.66O thin films, Appl.
Phys. Lett. 78, 2787. Copyright (2001) with permission from American Institute of Physics
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Figure 11.29 (a) Spectral response of a Mgy 34Zn¢ 660 detector at 5V bias. The inset shows
the responsivity as a function of bias voltage under 308 nm, 0.1 uW UV light illumination. (b)
Temporal response of a Mgy 34Zn0.660 detector excited by nitrogen gas laser pulses. The inset
shows the enlarged pulse response. Reprinted from W. Yang, et al., Ultraviolet photoconduc-
tive detector based on epitaxial Mgy 34Zn¢ ¢¢O thin films, Appl. Phys. Lett. 78, 2787. Copyright
(2001) with permission from American Institute of Physics

photodetector with MSM structure was fabricated. The IDT metal electrodes (250 um long,
5 um wide, with 5 um spacing) were patterned from a 250 nm gold film, followed by rapid
thermal annealing at 400 °C. A peak photoresponsivity was achieved at 225 nm.

Liu et al. reported a Mg, Zn; O p-n homojunction diode grown on c-plane sapphire by
plasma-assisted MBE.”?! The spectra response of a Mg »47Zn, 740 p-n photodiode under
the reverse bias of 0 and 6 V is plotted in Figure 11.30(a). The left inset of Figure 11.30(a)
shows the schematic diagram of the Mg,Zn; O p-n photodiode structure. The cut-off
wavelength is ~345nm, corresponding to 24% Mg incorporation. The visible rejection
ratio (R 325 nm/R 400 nm) achieved is four orders of magnitude under 6 V reverse bias.
The peak responsivity at 325nmis 4 x 10* AW ' at 9 V reverse bias. A linear relationship
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Figure 11.30 (a) Spectral response of a Mgy 24Zn¢ 760 p-n photodiode under the reverse bias
of 0 and 6V. The left inset of shows the schematic diagram of the Mgy 24Zno 760 p-n
photodiode. The right inset shows the responsivity at 325nm vs reverse bias voltage. (b)
Transient response of the Mgy 24Zn¢ 70 p-n photodiode excited by a 266 nm Nd:YAG laser
with a 50 Q load. The inset shows the enlarged pulse response. Reprinted from K. W. Liu, et al.,
Zno.76Mgo0.240 homojunction photodiode for ultraviolet detection, Appl. Phys. Lett. 91,
201106 (2007)
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is obtained between 0V and 9V, indicating no carrier mobility saturation up to 9 V.
Figure 11.30(b) shows a transient response of the Mg »4Zn, 760 p-n photodiode under the
excitation of 266 nm from a Nd:YAG laser with a 50 Q load. The photodiode has fast
photoresponse with a rise time of 10ns and fall time of 150ns. The thermal limited
detectivity was calculated as 1.8 x 10'°cmHz">W™" at 325 nm with a noise equivalent
power of 8.4 x 10'2W Hz % at room temperature.

11.4 ZnO NW UV Photodetectors

One-dimensional ZnO nanostructures have attracted increasing attention due to their
promising optical and electrical properties. The electron—hole interaction will have orders
of magnitude enhancement in a nanostructure, due to the dramatically increased electronic
density of states near the van Hove singularity. Bulk ZnO has a small exciton Bohr radius
(1.8-2.3nm).**¥ The quantum confinement effect in ZnO NWs is observable at the scale
of an exciton Bohr radius. On the other hand, the giant oscillator strength effect occurs in
ZnO NWs with diameters larger than the bulk exciton Bohr radius but smaller than the
optical wavelength,'”>*®! making ZnO NWs suitable for high sensitivity UV detection.

Single crystalline ZnO NWs haven been synthesized by various techniques, such as
MOCVD,[97_99] CVD,[IOO’IOH chemical vapor transport and condensation (CVTC),“OZ’](B]
catalyst-assisted MBE,"® template-assisted growth"® and solution-based synthe-
sis.11%1 7ZnO NWs have the same lattice constants and crystal structure of bulk, confirmed
by XRD and TEM data.”®*'°”! Many bulk properties are still preserved in ZnO NWs. In
comparison with its bulk counterpart, ZnO nanostructures possess certain significant
characteristics for UV detection, including: (i) high surface-to-volume ratio and large
density of surface trap states (primarily oxygen-related hole traps) greatly increase the
photogenerated carrier lifetime and modify the effective carrier mobility; and (ii) reduced
dimension decreases the carrier transit time in the active area of the nanoscale device. As
aresult, a large photoconductive gain is expected. A photoconductive gain as high as ~10%
was reported in a ZnO single NW UV photodetector,!'°!! which is promising for single-
photon detection.

In general, there are two types of device configurations of ZnO NW photodetectors: (i) a
vertical structure prepared by self-assembled growth or template-assisted growth; and (ii)
a horizontal structure, in which ZnO nanostructure photodetectors are fabricated using the
“pick-and-place” manipulation of randomly dispersed ZnO NWs. In the latter, ZnO NWs
are usually scratched from the growth substrate, then sonicated in an organic liquid drop
and dispersed onto a template. After picking up an appropriate single NW, metal contacts
are deposited on both ends of the NW using photo- or nanolithography. Most horizontal
devices are randomly located on the template surface, and then the photoconduction
properties of ZnO NWs are characterized and studied.

11.4.1 Photoconductive Gain in a ZnO NW

11.4.1.1 Theoretical Background
A simplified approach to evaluate the carrier transport and photoconduction in an
individual ZnO NW is based on classical principles governing the carrier generation and
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Figure 11.31 Schematic of a NW structure with an arbitrary volume of length L, width W and
thickness T, under a photon flux @, Free carriers are optically generated within an absorption
depth o', leading to a photocurrent density j;. Reprinted from J. D. Prades, et al., Toward a
Systematic Understanding of Photodetectors Based on Individual Metal Oxide Nanowires,
J. Phys. Chem. C, 112, 14639 (2008)

transport in semiconductors, providing that many bulk properties are still kept in the ZnO
NW. The key factors for modeling a ZnO NW device are all surface-related, including
surface state modified carrier mobility and carrier lifetime. A single ZnO NW photode-
tector was modeled by Prades et al.,"'® as an arbitrary volume of length L, width W, and
thickness 7, which is illustrated in Figure 11.31.

The current density in the NW follows the classical rule:

Joh = qAnghy (11.23)

where ¢ is the elemental charge, Anpy, is the photogenerated carrier density and v is the
velocity of the carriers. By assuming a constant carrier generation profile within the optical
absorption depth o', Anpy, is expressed by:

Ay = 12 (F) = (F) (11.24)

where 7 is the quantum efficiency, F is the photon absorption rate, Vj,, is the photo-
generation volume (Figure 11.31), o is the optical absorption coefficient and 7 is the carrier
lifetime, which is a function of photon absorption rate F. The continuity equation gives:

8Al’lph Anph
= &~ ~ 7y
ot o(F)

(11.25)

where g, is the carrier photogeneration rate.
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Case 1: Surface Modified Carrier Mobility. If the photogenerated excess carrier density
is independent of the carrier lifetime, the time dependent photocurrent can be derived from
Equation (11.25):

ipn (1) = Ipn(1—e™"/™) (11.26)
ipn (1) = Ipne ™" (11.27)

where I, is the steady-state photocurrent, 7, is the photocurrent rise time and ¢ is the
photocurrent fall time. When an external electric field is applied along the length direction,
the carrier drift velocity is related to the applied voltage V by:
. vV
y=pE=L" (11.28)
L

where u* is the effective carrier mobility. It consists of contributions from the bulk (ug)
and the surface (us):

1 1 1
—=—+— (11.29)
H Hg  Hs

The photocurrent in the NW is derived as:
L w *
Ioh = jon(0” W) = qZBnr,u V@, (11.30)

where  is the fraction of photons not reflected by the surface and @, is the incident
photon flux. The photoconductive gain G, is defined as the ratio between the number of
electrons collected and the number of photons absorbed per unit time:

In 1

phzq—Fwﬁnw*v (11.31)

Case 2: Surface Modified Carrier Lifetime. Inthe second case, carrier lifetime is treated
as a function of photon absorption rate due to the presence of high density surface trap states.
Figure 11.32 illustrates the photoconduction process in a single ZnO NW photodetector.
Similar to the oxygen adsorption—photodesorption process described in Section 11.2, the
hole-trapping mechanism through the surface states (such as dangling bonds at the surface)
governs the photoconduction in ZnO NWs. Under illumination with photon energy higher
than the energy band gap, electron—hole pairs are generated [Figure 11.32(a)]. Holes migrate
to the surface along the potential field provided by the band bending [Figure 11.32(b)] and
discharge of the negatively charged adsorbed oxygenions, and are trapped at the surface states
[Figure 11.32(c)]. The unpaired electrons are either collected at the anode or recombine with
holes generated when oxygen is readsorbed at the surface.

Soci et al. developed a model to describe the internal photoconductive gain in
semiconductor NWs, where the high density of surface trap states enhances the carrier
lifetime, leading to photoconductive gain.'"®"! When surface hole traps are filled by the
photogenerated holes upon illumination, the depletion region near the surface becomes
narrow and the band bending is flattened. This increases the free hole concentration and
the probability of electon—hole recombination. The carrier lifetime is a function of photon
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Figure 11.32 (a) Photoconduction in a single NW photodetector. (b, c) Surface trapping and
photoconduction mechanism in a ZnO NW: (b) in the dark; and (c) under optical excitation.
Reprinted from C. Soci, et al., ZnO Nanowire UV Photodetectors with High Internal Gain,
Nano Lett 7, 1003. Copyright (2007) with permission from American Chemical Society

absorption rate:

1

= Ry

(11.32)

where 1° is the carrier lifetime at low excitation and Fj, is the photon absorption rate when
trap saturation occurs. Assuming the photoabsorption occurs in the entire ZnO NW, from
Equations (11.24) and (11.32), the photocurrent in the NW is given by:

70 F
Ioh = qAnpvA = gn(—)

w 1+ (F/Fo)" 33

where v is the carrier drift velocity and 7, is carrier transit time. The photoconductive gain
Gy is derived from Equation (11.33):

I 70 n
Gh="=(—|— 11.34
T gF (Tt) 1+ (F/Fy)" (1134)

The gain—bandwidth (3 dB bandwidth) product of the NW photodetector is obtained by:

1 1
w8 = () Tr 7T )

11.4.1.2 Experimental Results

Large photoconductivity of a single ZnO NW was first reported by Kind et al. in 2002.12?!
Single crystalline ZnO NWs with diameters ranging from 50 to 300 nm were dispersed on
prefabricated gold electrodes. Electrical resistivities without and with UV light irradiation
were measured in a four-terminal configuration. The conductivity of ZnO NW under UV
irradiation increases by four to six orders of magnitude compared with the dark current
with a response time in the order of seconds (Figure 11.33). The photoresponse has a cut-
off wavelength of ~370nm. The slow process can be suppressed by reducing the trap
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Figure 11.33 |-V characteristics of dark current and photocurrent of a single ZnO NW under
365nm, 0.3mWcm™ UV light illumination. The inset is a field emission scanning electron
microscopy (FESEM) image of a ZnO NW with 60 nm diameter bridging four Au electrodes.
Reprinted from H. Kind, H. Yan, et al., Adv. Mater, 14, 158. Copyright (2002) with permission
from John Wiley and Sons

density and background carrier concentration. ZnO NWs also show a reversible switching
behavior between dark conductivity and photoconductivity when the UV lamp is turned on
and off. This suggests that ZnO NWs are good candidates for optoelectronic switches.

The photoconduction properties of ZnO NW photodetectors are controlled by the
geometrical size of the NWs and electrodes, ambient gas, and surface coatings. The
electron mobility in ZnO varies depending on the diameter of the NWs. For example,
mobility values of 2-30cm? V™' s were reported for NWs with radii < 100nm,!"%'1]
and ~200cm®V's! in thicker NWs.I"" By surface passivation of the ZnO NWs,
electron mobility up to 1000cm® V"' s was reported.'!'~14!

Photoconduction was investigated in the ZnO NWs which were grown by CVD, with
diameters of 150-300 nm and lengths of 10-14 pm.!"°"! After the NWs were transferred
onto a SiO,/Si substrate, Ti/Au electrodes were patterned on top of these NWs using
photolithography for photocurrent detection. Figure 11.34(a) shows the photocurrent
spectra of an array of ZnO NWs. The photoresponsivity of ZnO NWs increases by about
two orders of magnitude after keeping the sample under vacuum (10~*Torr) for about
20 min. This is consistent with the increased carrier lifetime caused by a reduced oxygen
readsorption rate in vacuum. Figure 11.34(b) plots the photoconductive gain from
Equation (11.34). A high internal photoconductive gain of 2 x 10® is obtained, corre-
sponding to a gain—bandwidth product of 6 GHz. The intrinsic material parameters of ZnO
NWs are also estimated based on the experimental results. An intrinsic carrier concentra-
tion as low as ~10"*cm™ and high electron mobility of ~270cm?V"'s™" are achieved.
These material data obtained from the ZnO NW are much better than ZnO thin films,
indicating a low bulk defect density in the NW.

Surface functionalization and passivation are used to dramatically improve the photo-
responsitivity of ZnO nanostructures.!''*''5 It was found that a single ZnO nanobelt
coating with a thin layer (~20 nm) of plasma polymerized acrylonitrile (PP-AN) showed
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Figure 11.34 (a) Spectral response of an array of ZnO NWs in air (triangles) and in vacuum
(107 Torr) (circles), at an applied bias of 0.3V and a modulation frequency of 160 Hz. (b) Plot
of photoconductive gain vs photon absorption rate. Reprinted from C. Soci, et al., ZnO
Nanowire UV Photodetectors with High Internal Gain, Nano Lett 7, 1003. Copyright (2007)
with permission from American Chemical Society

up to 750 times higher UV photoresponse (4=2365nm) than that of a bare ZnO
nanobelt.'''*! The mechanism for this giant photoconductivity is attributed to the efficient
exciton dissociation under UV excitation, which is caused by enhanced electron hopping
transfer from the ZnO VB to the PP-AN then transit to the ZnO CB. In addition, various
schemes of surface passivation were conducted with SisN4/Si0,,!'""! polymide,!''* poly
(methyl methacrylate) (PMMA)!"*! and polyacrylonitrile coating.'"'* To remove surface
contamination, oxygen plasma cleaning is typically applied to the sample prior to the spin
coating of polymers or CVD deposition of SiO,.

11.4.2 Noise Characteristics of ZnO NW UV Photodetector

Noise equivalent power (NEP) and normalized detectivity (D) are the main parameters to
characterize the signal-to-noise performance of a photodetector. NEP is the optical input
power for which the signal-to-noise ratio is equal to one. D is the reciprocal of the NEP,
which is normalized for bandwidth and the photodetector area.

Noise characteristics of vertically well-aligned ZnO NW UV photodetectors were
reported."'®! To fabricate the vertical-structured device, undoped ZnO NWs were first
grown on a ZnO:Ga/glass template by a self-catalyzed vapor-liquid—solid method at
600 °C. To prevent the metal particles from falling onto the bottom and shorting the device,
a thin spin-on-glass (SOG) film was spin coated onto the top of ZnO NWs followed by
thermal annealing. Au was used as the top electrode, with a diameter of 200 pum.
Figure 11.35(a) shows the FESEM image of as-grown ZnO NWs on a ZnO:Ga/glass
template, and Figure 11.35(b) is a top view of ZnO NWs coated with SOG.

Figure 11.36(a) shows the spectral response of a vertical ZnO NW photodetector. The
peak photoresponse occurs at ~365 nm, with a UV to visible rejection ratio of more than
three orders of magnitude (R 365 nm/R 425nm). The ZnO NW photodetector has a
maximum quantum efficiency of 12.6%. Figure 11.36(b) shows the measured low-
frequency noise power spectra under various applied biases. In a ZnO NW photodetector,
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Figure 11.35 FESEM images of (a) the cross-sectional view of as-grown ZnO NWs on a ZnO:
Ga/glass template and (b) the top view of ZnO NWs coated with SOGC. Reprinted from C. Lu, S.

Chang, S. Chang, Y. Chiou, C. Kuo, H. Chang, C. Hsu, and I. Chen, IEEE sensors J. 7, 1020.
Copyright (2007) IEEE

at low frequency (<100 Hz), the noise power spectra are dominated by 1/f noise. Above

100 Hz, the noise decreases as ~1/f*, possibly due to interfacial traps in the SOG film.
The total noise current power is estimated by:

1

(in)? = jsn<f>df - jsn<1>df+ js,m — So[In(B) + 1] (1136)
0 1

0

where S,,(f) is the spectral density of the noise power and B is the photodetector bandwidth.
We assume that S,(f) = S,(1 Hz) when f < 1 Hz. NEP and D are then given by:

NEP =

= (11.37)

-1

—
©

R

=]

Responsivity (A/W-1)
s B8 S
S % s

—_
S,

1 1 102 L
275 300 325 350 375 400 425 450

10 100 1000

‘Wavelength (nm) Frequency (Hz)

Figure 11.36 (a) Spectral response of ZnO NW photodetector at an applied bias of 1V. (b)
Measured low-frequency noise power spectra under various applied biases. Reprinted from C.

Lu, S. Chang, S. Chang, Y. Chiou, C. Kuo, H. Chang, C. Hsu, and I. Chen, IEEE sensors J. 7,
1020. Copyright (2007) IEEE
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. VAVB
D' =ep (11.38)

where R is the responsivity of the photodetector, A is the area of the photodetector and B is
the bandwidth. For a given bandwidth of 100 Hz at 1V bias, the NEP and D of the NW
photodetector are 5.73 x 107" W and 6.17 x 10°cm Hz"> W™, respectively. The NEP of
the NW photodetector is more than one order of magnitude larger than that of the planar-
structured ZnO MSM UV photodetectors (see Table 11.2). This is presumably attributed to
the much larger surface area and larger carrier trapping and detrapping effects of the NWs.

11.5 Conclusions

This chapter reviews the progress of ZnO UV photodetectors. ZnO-based materials and
nanostructures possess great promise for UV detection technologies. Various types of
ZnO-based UV photodetectors have been demonstrated. The ZnO photoconductive MSM
photodetectors show a large photoresponsivity and fast photoresponse time due to the
excellent material quality of the ZnO epitaxial films. The ZnO epitaxial film-based
Schottky barrier photodetector has been demonstrated, showing a faster photoresponse
component of tens of nanoseconds. Through band gap engineering, Mg,Zn; ,O photo-
detectors extend the cut-off wavelength to the deep UV region, which is important for
solar-blind applications. ZnO can be made multifunctional through proper doping. The
semiconducting ZnO has been integrated with piezoelectric ZnO to form a multilayer
structure where the acousto-optic interaction is used for the novel UV detection technolo-
gy, such as UV-SAW detectors. Unlike the traditional photodetectors which have the
output in current or voltage, the ZnO UV-SAW photodetector has its output in the
frequency domain, suitable for a wireless sensor and low power operation. Recently, ZnO
nanostructures have been emerging as one of most widely used functional nanomaterials.
The single crystalline 1D ZnO nanostructures can be grown on various substrates,
including glass, GaN, Si, metals, and flexible substrates at low temperature. ZnO NW-
based photodetectors demonstrate the very large internal gain, which is promising for
unique applications such as single-photon detection.

Currently, the development of ZnO p-n junction- based UV detectors is still in the early
stage due to the constraints of lack of high quality and reliable p-doping technology. With
successful development of ZnO p-type materials and multiple quantum well technology,
ZnO-based devices will become one of the major UV detection technologies and find
broad applications.
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12.1 Introduction

Recent demonstration of zinc oxide (ZnO) heterostructures opens up significant opportu-
nities for fabrication of electronic and photonic nanodevices. In particular, semiconductor
quantum structures with well-defined interfaces are the main components for nanoscale
resonant tunneling devices, field effect transistors, and light-emitting devices (LEDs). There
have been many studies recently on the properties of wide-gap semiconductors due to the
industrial demand for short-wavelength LEDs or laser diodes. ZnO is a wide-gap semicon-
ductor with a direct gap around 3.4 eV (i.e. in the near UV in the electromagnetic spectrum)
and crystallizes preferentially in the hexagonal wurtzite-type structures.
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However, ZnO has some advantages over gallium nitrides!"?' among which are the
availability of fairly high-quality bulk single crystals and a large exciton binding energy
(60meV). It has also much simpler crystal growth technology, resulting in a potentially lower
cost for the devices. High quality ZnO films can be grown at relatively low temperatures. The
large exciton binding energy of 60 meV allows us to observe an intense near-band-edge
emission at room and higher temperatures, because this value is 2.4 times greater than that of
the room temperature (RT) thermal energy (approximately 25 meV). One crucial problem
should be overcome for the real application of devices, that is, the growth of p-type conductivity
ZnO layers. Despite all the progress that has been made, it remains the most extensive topic in
current research, and most of the efforts are directed just to solving this problem.

In all commercially available semiconductor lasers including GaN lasers, a recombi-
nation of electrons and holes is used as the mechanism of laser action. In such cases, the
threshold carrier density required to accomplish the inversion distribution of a population
for an electron-hole system is one or two orders of magnitude higher than the Mott
transition density. If an exciton-related recombination is used as the mechanism of laser
action, the resultant threshold value is expected to be two or three orders of magnitude
lower with higher quantum efficiency. Thus, the advantage of ZnO is that excitons can
exist stably even at RT and even under a high-density condition.

In this chapter, we present a review of optical properties of ZnO multiple quantum
well (MQW) structures grown on lattice-matched substrates based on the studies of
the luminescence of quantum wells (QWs) both under weak and strong excitation. We
also compare the properties of the QW deposited on sapphire. Studies on sapphire
substrates revealed that the ZnO epilayers are adapted for optoelectronic applications
in several aspects including an optically pumped laser oscillation of excitonic origin
even at RT*! and a band gap engineering tunable by preparing the (Zn,Mg)O and
(Zn,Cd)O solid solutions.'>™”! In addition, growth of ZnO/(Mg,Zn)O (MQWs) were
successfully performed.® '

However, the abovementioned studies also revealed unsatisfactory properties of ZnO
epilayers and superlattices. These cannot be avoided as long as lattice-mismatched
sapphire substrates are used. In addition, the fact that neither luminescence (photolumi-
nescence) nor a stimulated emission could be observed at RT in quantum wells grown on
sapphire substrates is also a problem. These problems have been completely resolved by
using lattice-matched substrates. We have adopted hexagonal ScAlMgO, (0001) with
lattice constants of @ =3.246 A and ¢ =25.195 A.'"* This crystal has an in-plane lattice
mismatch as small as 0.09%. ScAIMgO, can be regarded as a natural superlattice
composed of alternating stacking layers of wurtzite-type MgAlO, and rocksalt (111)-
ScO, layers. The structure of a crystal grown by this method and a possible hetero-
interface with ZnO are schematically shown in Figure 1 of Ohtomo et al.!*

Although there is now a fairly good understanding of the basic properties of ZnO
epilayers, it is only recently that the basic properties of its QW' have been studied in detail.
The combination of ZnO and (Zn,Mg)O has been employed in a study by another research
group.!"*2!1'We also conducted studies on this interesting and unexplored material, part of
which are introduced in this chapter. In this chapter, we describe the optical properties of
Zn0/(Zn,Mg)O MQWs grown on lattice-matched ScAIMgO, (SCAM) substrates.

Not only linear properties but also nonlinear optical properties are presented. The
properties of the strongly excited electron—hole system in direct band gap material have
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been investigated for several decades. We studied the luminescence of ZnO MQW:s under
strong excitation. The bulk or thin film forms of this material have been studied previously
by a variety of spectroscopic techniques. Compared with these, strong excitation effects
have been only recently performed for the ZnO QW systems.

This chapter is organized as follows. The experimental procedures are briefly described
in Section 12.2. In Sections 12.3-12.7, quantum confinement effects of excitons, the well-
width dependence of the exciton—phonon coupling constants, and possible mechanism of a
stimulated emission of ZnO MQWs are described. The summarizing remarks are given in
Section 12.8.

12.2 Experimental Details

Samples of MQWs (10 periods) were grown by the method of laser molecular beam
epitaxy (MBE). A QW is defined as stacks alternately deposited by using two kinds of very
thin semiconductor layers (wells and barriers) that have different band gap energies. ZnO
was used as a well layer material and a ZnMgO solid solution, the band gap of which is
larger than that of ZnO, was used as a barrier layer. The magnesium concentration
dependence of the band gap energy is given elsewhere.'**! It should be noted that the in-
plane lattice mismatch between ZnO and these alloys is very small. The Mg concentration
was set to 0.12 or 0.27, because the barrier height could be changed by a change in its
concentration. Eighteen samples with different Mg concentrations and well widths (L),
6.9-46.5 A, were prepared in order to estimate the L,, dependence of their optical
properties. Barrier layer thickness was fixed at 50 A. The samples were grown by the
“combinatorial” method, the concept of which has been explained elsewhere.>~>"]
The study has been performed using time-resolved luminescence spectroscopy at 5 K.
Detection was achieved using a Hamamatsu streak camera with a time resolution of
approximately 20 ps. The third harmonics (266 nm in wavelength) from a titan—sapphire
picosecond pulsed laser was used for excitation.

12.3 Quantum Confinement Effect of Excitons in QWs

As mentioned in Section 12.1, the MQWSs grown on sapphire substrates have several
drawbacks due to the formation of rough interfaces caused by the use of lattice-mismatched
substrates. One of these drawbacks is that a controllability of layer thickness is not sufficient
for the quantum confinement effect to be elicited especially in the case of Ly, < 15 A.

Moreover, we could not observe an exciton emission at RT. In other words, the efficiency of
luminescence is not sufficiently high enough to enable observation of the exciton emission at
RT." ) From a viewpoint of an optoelectrical device to be operable at RT, problems must be
overcome. The use of lattice-matched substrates opens up the possibility of a solution to these
drawbacks. We descibe how the properties can be improved by using SCAM substrates.!*®!
Bragg diffraction peaks and clear intensity oscillations due to Laue patterns corresponding to
the layer thickness have been observed in the X-ray diffraction (XRD) patterns of the MQWSs
studied. This suggests a high crystallinity and a high degree of thickness homogeneity.
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Figure 12.1 PL and absorption spectra obtained from ZnO/Mgy.122n9.gs0 MQWs measured
at 5K for Ly of 17.5 and 6.9 A. The absorption energy of the barrier layers is shown by a
horizontal arrow. Spectra obtained from a 500-A-thick ZnO film are also shown. “B+ LO,
B+ 2LO, and B+ 3LO” correspond to exciton-phonon complex transitions, “n = 1” shows the
lowest excitonic absorption of the well layers, and “n > 2” means the excited states of the
exciton or higher interband transitions. Reprinted from Makino, T., et al., Room-temperature
luminescence of excitons in ZnO/(Mg,Zn) Omulti-quantum wells on lattice-matched substrates,
App. Phys. Lett., 77,975. Copyright (2000) with permission from American Institute of Physics

Furthermore, observation of the atomic force microscopy (AFM) images revealed that the
surface of an MQW is composed of well-defined atomically flat terraces and steps
corresponding to the charge neutral unit of ZnO. In other words, the interface roughness
in the heterostructure cannot be larger than 0.26 nm. It can be said that ZnO and MgZnO alloy
layers grow in a two-dimensional growth mode on this substrate, resulting in the formation of
a sharp hetero-interface between them.

We show, in Figure 12.1, luminescence (PL) and absorption spectra in ZnO/
Mg 12Znp 330 MQWs on SCAM substrates measured at 5K with well widths (L) of
17.5 and 6.9 A. Also shown for comparison in the bottom panel of the figure is PL and
absorption spectra in a 500-A-thick ZnO epilayer on the lattice-matched SCAM substrate.
Both the PL and absorption peaks shifted towards the higher energy side as L, decreased.
This shift resulted from a quantum confinement effect. For reference, we note that the
exciton Bohr radius is ~18 A.**! The absorption peaks (n = 1) arise from the lowest
excitonic states of well layers. The peak energies of PL were constantly located on the
lower energy side of those of absorption peaks.

The well width dependences of the peak energies of PL (closed circles) and absorption
(open squares) are shown in Figure 12.2(b) and (c), respectively.”?®! The lowest transition
energy of excitons (open triangles) formed with confined electrons and holes was
calculated using a model of one-dimensional, finite periodic square-well potential
proposed by Gol’dman and Krivchnokov.*”! The exciton binding energy (60 meV)2!!
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Figure 12.2 (a) Diagram of conduction and valence bands between barrier and well layers in
a ZnO/Mgo.12Zn¢.5s0 MQW.PI The upward arrow shows the lowest interband transition. (b)
Peak energies of PL (circles) and absorption (squares) are plotted against L,, in [ZnO/
Mgo.27Zn¢.730]10 on SCAM substrates. Results of calculation (triangles) of the interband
transition energy that include the excitonic effect are also shown. (c) Similar except that the
Mg content was ~12%. (d) Similar except that the substrate was sapphire. The Mg content was
~15%. Energies of PL excitation spectra (squares) are plotted instead of those of absorption
spectra, due to the presence of 100-nm-thick ZnO buffer layers. Note that the peak energies of
PL excitation spectra coincide with those of the absorption spectra. The curve is a visual
guide.[28] Reprinted from Makino, T., et al., Room-temperature luminescence of excitons in
ZnO/(Mg,Zn)Omulti-quantum wells on lattice-matched substrates, App. Phys. Lett., 77,975.
Copyright (2000) with permission from American Institute of Physics
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is assumed to be independent of L, here. The optical transition process on a ZnO/
Mg 12721 gsO MQW is shown in Figure 12.2(a). This tendency of the L,, dependence of
the exciton transition energy was consistent with the calculation results. As reported by
Coli and Bajaj,”* incorporation of the effects of exciton—phonon interaction and the
quantum confinement in calculation, leads to values of the excitonic transitions that are in
good agreement with our experimental data. Figure 12.2(d) shows the corresponding peak
energy plot for MQWSs grown on sapphire substrates. As shown in Figure 12.2(d), both
peak energies have a maximum at Ly, of 15 A when sapphire substrates were employed.
This indicates a critical thickness that prevents quantum confinement with respect to the
exciton energy. It is speculated that the existence of the critical thickness corresponds to
the poor controllability of layer thickness due to the lattice mismatching.

12.4 Exciton—Phonon Interaction in QWs

Despite the viable technological applications and remarkable achievements of ZnO, the
fundamental properties, such as electron—phonon interaction are less understood. The
intrinsic properties cannot be controlled but must be understood since they play an
essential role in the device operations. The coupling constant between excitons and
phonons in ZnO QWs (MQWs) has not been evaluated quantitatively so far. We quantify
the coupling constant by estimating the temperature dependence of the absorption spectra.
Figure 12.3 shows the temperature dependence of the full width at half-maximum
(FWHM) of the excitonic absorption peaks for a ZnO epilayer [Figure 12.3(a)] and for
a typical MQW sample with a QW width of 17.5A [Figure 12.3(b)]. The solid line
represents the fitted results based on Equation (12.1). The temperature dependence of the

FWHM can be approximately described by:"*

[(T) = To + v T + o/ [exp(fiwLo /ksT)—1] (12.1)

where T, fiwo (72meV), vy, T'Lo and kg are the inhomogeneous linewidth at
temperature (7) of 0K, longitudinal optical (LO)-phonon energy, strengths of the
exciton-acoustic-phonon and the exciton-LO-phonon couplings and the Bolzmann con-
stant, respectively. It was experimentally found that /iw; o of the MQWs is not different
from the bulk value.

Figure 12.4 (closed circles, left axis) shows the values of I'; o obtained for the epilayer
and its well width (L) dependence obtained for ZnO/Mgg 1,Zny gsO MQWSs. The values
of I'Lp of the MQWs are smaller than those for the epilayers and monotonically decrease
with decrease in L. Here we try to explain this result by the enhancement of exciton
binding energy induced by the quantum confinement effect. Figure 12.4 (open circles,
right axis) shows the L,, dependence of exciton binding energy. This dependence was
determined by studying spectra of stimulated emission. As is well known, the major
process that contributes to broadening of the exciton linewidth is scattering of 1S excitons
into the free-electron—hole continuum or into excited excitonic states by absorbing LO
phonons. If exciton binding energy exceeds fiwr o (72 meV), dissociation efficiency into
the continuum states is greatly suppressed compared with the case of exciton binding
energy smaller than 7w o. In such case, I' g is reduced. Indeed, exciton binding energy
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Figure 12.3 (a) Width (full width at half-maximum, FWHM, circles) of A- and B-exciton
absorption bands plotted as a function of temperature. Open circles are data of the A-excitons
and the closed circles are data of the B-excitons. The solid curves represent the fitting results.
(b) Similar plot for the MQW with Mg concentration of 0.12 and Ly, of 46.5 A.?*?% Reprinted
from Sun, H. D., et al., Temperature dependence of the exciton linewidth in ZnO/(Mg,Zn)O
multi-quantum wells grown on lattice matched substrates. Appl. Phys. Lett. 78, 2464. Copyright
(2001) with permission from American Institute of Physics

exceeds fiwy o in the case of MQWs. A similar effect has also been observed in other QW
systems.®”1 A schematic explanation is described in the literature.!*>-%!

12.5 The Localization Mechanism of the Exciton in a QW

It was found that the excitonic luminescence in the ZnO MQWs under investigation is
due to radiative recombination from excitons localized by the potentials formed by the
fluctuations of L, and barrier height. Our spectral assignments are based on (1) the well
width dependence of Stokes shift (difference between the energies of absorption and
luminescence bands), (2) the temperature dependence of PL spectra, and (3) the
spectral distribution (luminescence energy dependence) of decay time constants of
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Figure 12.4 Strengths of coupling between excitons and LO phonons I'Lo (closed circles) and
exciton binding energies (open circles) in bulk ZnO and MQWs with different Ly,s.%%! The solid
curve is a visual guide

luminescence.?%373%4% A typical example of the spectral distribution of decay time
constants is shown in Figure 12.5(b). Here, the temperature dependence of the PL
spectrum in a QW in the case of magnesium composition of 0.27 is described in detail.
Figure 12.5(a) shows the temperature dependence of PL (solid line) and that of
absorption (broken line) spectra in ZnO(17.5 A)/Mg0_27Zn0_730 MQWs over a temperature
range of 5-300 K. It should be noted that spectra obtained at temperatures between 95 K
and 200K had two peaks, both of which originated from a recombination of localized
excitons. The separation of these peaks was 12-20 meV. Figure 12.5(b) shows PL decay
time as a function of monitored photon energy at 5 K in the same MQW. The solid curve is
the results of theoretical calculation based on the model of the excitonic localization.!?*+!1
Figure 12.6(a) summarizes peak energies of the PL spectra (EEIE) (open circles and
triangles) and the excitonic absorption energy (open squares) as functions of temperatures.
It should be noted that the higher PL peak position does not coincide with that of
absorption spectra even at temperatures near room temperature. We also examined, for
comparison, the temperature dependence of PL peak energy in an MQW having a lower
barrier height: a ZnO/Mgq 1,Znggs0O MQW with a well width of 27.9 A. Figure 12.6(b)
shows the peak energies of PL (circles) and absorption (squares) spectra in this sample. In
this case, the energies of luminescence and absorption are the almost the same as each
other at temperatures near room temperature. Two kinds of MQW:s having different barrier
heights showed significantly different temperature dependences of PL spectra.
Following a temperature rise, the PL energy of ZnO(17.5 A)/Mg0A27Zn0.73O MQWs
exhibited low energy shifts between 5 K and 50K, blue-shifts between 50K and 200 K,
and again shifts to a low energy side at temperatures higher than 200 K. Furthermore, at
temperatures between 95 K and 200 K, the spectra had two peaks, both of which originated
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Figure 12.5 (a) PL (solid line) and absorption (broken line) spectra in a ZnO (17.5A)/
Mgo.27Zn¢. 730 MQW over the temperature range of 5-300 K. All of the spectra have been
normalized and shifted in the vertical direction for clarity. (b) PL decay times as a function of
monitored photon energy at 5 K in the same MQW. The solid curve is results of the theoretical
calculation based on the model of the excitonic localization. Reprinted from Makino, T., et al.,
Temperature dependence of near ultraviolet photoluminescence in ZnO/(Mg,Zn)O multi-
quantum wells, Appl. Phys. Lett. 78, 1979. Copyright (2001) with permission from American
Institute of Physics

from a recombination of localized excitons. The absorption peak energies both in ZnO
epilayers and in MQWs are monotonically decreasing functions of temperature as was
revealed in previous studies.****! This can be explained in terms of narrowing of the
fundamental energy gap induced by a temperature rise.

In general, when a dominant PL peak is assigned to a radiative recombination of localized
excitons, its peak energy blue-shifts with increase in temperature in a range of low
temperatures and red-shifts at higher temperatures. The E{i}i blue-shifts and continuously
connects to that of free excitons due to thermal activation of localized excitons. The E{i‘{ of the
free-excitonic emission is a monotonically decreasing function of temperature due to the
band gap shrinkage. The temperature dependence shown in Figure 12.5(a) is, however,
different from the abovementioned typical behavior. The temperature dependence of the
recombination mechanism for localized excitons is thought to be closely related to the
temperature variation in the decay time constant of their PL. Thus temperature dependence of
PL decay times (tpr) in an MQW with a Ly, of 27.9 A is shown in Figure 12.7(c). The tp,
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values exhibit nonmonotonical behavior with respect to temperature; the value increased in a
low temperature range and decreased above a certain critical temperature.

The temperature dependence of the recombination mechanism for localized excitons
can be explained™?! as follows: (i) For 5K < T < 50K, the relatively long relaxation time
of excitons gives the excitons more opportunity to relax down into lower energy tail states
caused by the inhomogeneous potential fluctuations before recombining. This is because
radiative recombination processes dominate in this temperature range. This behavior
produces a red-shift in the peak energy position with increasing temperature. (ii) For
50K < T < 95K, the exciton lifetimes decrease with increasing temperature. Thus, these
excitons recombine before reaching the lower energy tail states. This behavior enhances a
broadening of the higher-energy side emission and leads to a blue-shift in the peak energy.
(iii) For 95K < T < 200K, further enhancement of high-energy emission components
produces a new peak, as seen in Figure 12.6(a) (triangles). (iv) At temperatures above
200 K, since the excitons are less affected by the temperature-induced rapid change in their
lifetimes and since the relaxation rate of the excitons increased due to an increase in the
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Figure 12.6 PL (open circles and triangles) and absorption (open squares) peak positions as a
function of temperature in ZnO(17. 5A)/Mg0 2720730 (a) and ZnO(27. 9A)//\/Ig0 12Zn0.880 (b)
MQWs. (c) Temperature dependence of PL decay times, tpr, in ZnO(27. 9A)/Mg0_ 272N, 730
MQW:s at temperatures of 5-120 K128 Reprinted from Makino, T., et al., Temperature depen-
dence of near ultraviolet photoluminescence in ZnO/(Mg,Zn)O multi-quantum wells, Appl.
Phys. Lett. 78, 1979. Copyright (2001) with permission from American Institute of Physics
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phonon population, blue-shift behavior becomes less pronounced. Since the energy of
blue-shift is less than the temperature-induced band gap shrinkage, the peak position
again exhibits a red-shift behavior. As mentioned above, the features of excitonic
spontaneous emission in the well layers are sensitively affected by the dynamics of
recombination of localized exciton states, which significantly vary with temperature.
Readers should refer to the literature for details."*”!

12.6 Time-Resolved Luminescence in ZnO QWs

Time-resolved PL (TRPL) is a nondestructive and powerful technique that has been
commonly used for the optical characterization of direct-gap semiconductors. One can
measure by this time-domain spectroscopy the exciton recombination time, an important
parameter related to material quality and device performance. The exciton lifetimes will
vary with crystal quality, becoming longer as the quality improves or localization of the
excitons become deeper.

Reynolds et al.'**! measured the recombination lifetime of the free excitons at 2K in a
single-crystal ZnO grown by the hydrothermal method.

In addition to the time-integrated luminescence, time-resolved luminescence of ZnO
MQW were measured in order to investigate the exciton dynamics in this hetero-structure.
Chia et al"** presented results of TRPL measurements for the ZnO QWs. Figure 12.7 shows
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Figure 12.7 Well-width dependences of localization depth (Ey, closed triangles) and recom-
bination times, tp.. (closed circles), t.,a (open circles), and tyona (Open squares). The solid
curves are drawn as a guide to the eye. Reprinted from Makino, T., et al., Temperature
dependence of near ultraviolet photoluminescence in ZnO/(Mg,Zn)O multi-quantum wells,
Appl. Phys. Lett. 78, 1979. Copyright (2001) with permission from American Institute of Physics
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the TRPL data for the QWs as a function of well layer thickness. The time-resolved
luminescence data fitted well with a single exponential decay curve function with a several
hundreds of picoseconds decay component. Evaluated PL decay time is a monotonically
decreasing function of the emission energy. In other words, decay time constants in the low
energy side are longer than those in the higher counnterparts. This suggests that not only
radiative recombination but also the transfer process to the tail state should contribute to the
decay of the localized excitons in the QW system. Figure 12.7 shows the decay time constant
of localized excitons (tpr, closed circles) and Ey (closed triangles) as a function of the well
width. When the well width becomes thin, it is found that both the tp, and Ey become longer.
The dependence of the radiative (7;,q) and nonradiative (Tponrag) recombination times on the
well layer thickness was deduced. Combined analysis of temperature dependences of PL
decay times and of spectrally integrated PL intensity was carried out. Because the radiative
recombination process is relatively dominant at a low temperature, the values of the
nonradiative process have relatively large error bars. Nevertheless, it can be said that, as
a general trend, the nonradiative recombination time is independent of the well width. The
well width dependence of radiative recombination time can be explained as being due to the
thermal release effect from the localized to delocalized states of excitons. It could be noticed
that the width dependences of the localization depth of excitons and the radiative recombi-
nation times are similar with respect to each other. If the localization effect is absent in QWs,
radiative recombination time is a linearly increasing function of temperature in the entire
temperature range. Because of the localization effect, radiative recombination time becomes
stagnant at low temperatures. It is necessary to systematically estimate the dependence of
radiative recombination time on temprature for QWs having various well width in order to
clarify the radiative recombination mechanism in ZnO MQWs.!*"!

On the other hand, we discuss here the well width dependence of nonradiative
recombination time. Normally, the nonradiative recombination becomes shorter in the
MQWs in the case of thinner wells because of the degraded film qualities and carrier
leakage outside the well region. However, we have not observed this tendency in this work.
This may suggest that an efficient carrier confinement inside the well region could be
realized in the QWs studied here. Some dispersion in the data is related to certain
inaccuracy in the determination of the well width and magnesium concentration in the
barrier layer, which is not taken into account.

12.7 Stimulated Emission in MQWs

This section is devoted to high excitation effects, stimulated emission and lasing, covering
the range over QWs. As shown in Figure 12.8, the energies of spontaneous PL and
absorption peaks are almost the same at RT.*® The spontaneous emission spectrum was
obtained under the condition of excitation using a 5 mW helium cadmium laser operated in
the continuous-wave mode, while the stimulated emission spectrum was obtained under
the condition of high-power excitation using a frequency-tripled mode-locked Nd:YAG
laser (355nm, 10Hz, 15 ps) operated in the pulsed mode. The power of excitation was
varied, as is described later. The agreement between the spontaneous emission and
absorption peaks is an indication of the well-regulated hetero-interfaces as well as the
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Figure 12.8 Excitation intensity (I.x) dependence of the stimulated emission spectra obtained
from a ZnO/Mgy 12Zn¢ 50 SL (L, = 1.8 nm) under the condition of pulsed excitation at RT.
Spontaneous PL (dotted line) under the condition of continuous-wave excitation and absorp-
tion (broken line) spectra are also shown. Inset shows the integrated intensity of the stimulated
emission peak as a function of I.x. Threshold intensity (Iy,) is 17 kW em 2.1 Ohtomo, A., et al.,
Room-temperature stimulated emission of excitons in ZnO/(Mg,Zn)O superlattices, Appl. Phys.
Lett, 77, 2004. Copyright (2000) with permission from American Institute of Physics

small compositional fluctuations in the barrier layers (well-depth fluctuations). Such RT
PL in the MQWSs grown on the sapphire substrates was not found.

We performed high-power excitation experiments to determine the characteristics of
stimulated emission in ZnO MQWs in the optical pumping mode. Figure 12.8 shows
stimulated emission spectra of MQWs with x =0.12 and Ly, = 17.5 A that were
obtained at RT. Strong and sharp emission peaks were observed at 3.24eV above a
very low threshold (I, = 17 kW cm ), and their integrated intensities rapidly increased
as the excitation intensity (Iex) increased, as can be seen in the inset. Although such
stimulated emission was not observed even at 4.2K in the case using a sapphire
substrate, RT stimulated emission in MQWs studied here was observed. This is one of
the significant improvements achieved by applying lattice-matching conditions to a
substrate.

The Ly, dependences of peak energies of the absorption and stimulated emissions are
summarized in Figure 12.9. Similar dependence of the threshold is also shown in
Figure 12.9(c). The stimulated emission energy is 100 meV lower than that of the
absorption peak. The lowest threshold value was 11kW cm 2 in the case of Ly, of 47 A.

We tested the high-temperature operation of the stimulated emission from the view-
point of possible applications to devices. Figure 12.10 shows the temperature dependence
of the Iyim—Iex curves of a MQW with x = 0.26 and L, = 4.2 nm in the temperature range
of 294-377 K. Here, I, is the intensity of the stimulated emission and /I is the excitation
intensity. The threshold of the stimulated emission (/i) increased gradually with
increasing temperature. The inset shows the temperature dependence of Iy, on a logarith-
mic scale. Characteristic temperature, which is an index of stability of threshold
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Figure 12.9 Optical transition energies of sub-band absorption (open circles) and stimulated
emission (closed squares) as a function of well layer thickness (L,,) for ZnO/Mg, Zn;, O MQWs
withx=0.12 (a) and x = 0.26 (b). Band gap energy of the barrier layers (E3) is also shown. (c) L,
dependence of the stimulated emission threshold (Iy,) in MQWs with x = 0.12 (closed circles) and
x=0.26 (open circles). Stimulated emission did not occur for the x=0.26 films with Ly, below
1 nm since the excitation energy is lower than the absorption energy.'*” Ohtomo, A., etal., Room-
temperature stimulated emission of excitons in ZnO/(Mg,Zn)O superlattices, Appl. Phys. Lett, 77,
2004. Copyright (2000) with permission from American Institute of Physics

characteristics with respect to temperature rise, was estimated to be 87 K.1** This was
significantly higher than that of a 55-nm-thick ZnO/sapphire (67 K),"*®! which showed
excitonic laser action with a threshold of 24 kW cm 2. We speculate that this kind of
improvement can be explained by the enhanced binding energy of excitons due to the
quantum confinement effect.*®!

In order to clarify the mechanism of stimulated emission of these MQWs, the
temperature dependence of the stimulated emission spectrum in the temperature range
from low temperature to RT was estimated. Figure 12.11 shows the temperature depen-
dence of the peak energy of the stimulated emission band in the QWs (Mg concentration of
0.12, Lys of 37.0 A and 17.5 A). For comparison, the same plot for thin films of ZnO grown
on sapphire substrates is shown in Figure 12.11(a). It is already clear that the RT
stimulated emission band in these thin films is what is called the P-line, which one of
the typical phenomena of high-density exciton effects. Inelastic scattering between
excitons (Auger-like process) gives rise to the appearance of this stimulated emission
band. One of the two excitons participating in the collisional events is ionized, whereas the
other is recombined radiatively after collision. At sufficiently low temperatures, peak
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energy of the relevant stimulated emission band is lower than the resonance energy of an
exciton, the energy difference of which is equal to the exciton binding energy. The
temperature dependence of the peak energy difference in QWs shows the same behavior as
that of ZnO, as can be clearly seen in Figure 12.11. Thus, as a result of careful comparison
with that of a ZnO thin film, it became clear that the mechanism of this stimulated
emission is inelastic scattering processes between the excitons. Therefore, the Ly
dependence of exciton binding energies can be experimentally determined from analysis
of the energy position of the Py line. As shown in Figure 12.4 (right axis), when L,
decreased, the exciton binding energy increased up to about 90 meV and exceeded /iw; o
(72meV). This enhancing effect is due to the quantum confinement effect. It has been
revealed that these estimated exciton binding energies approximately agree with the
theoretical values.”***! If QW structures were used, the phonon scattering process and
thermo-broadening effect of excitonic linewidth can be controlled. These are favorable
from the viewpoint of application.

Combinatorial concept-aided techniques adopted in the growth of our samples sup-
pressed the variations in crystal growth conditions and hence the undesired uncertainty in
the deduced spectroscopic results. In a related review article, the benefit of the combina-
torial technique is described in detail.”** For example, the well width dependence of the
radiative and nonradiative recombination times of localized excitons was estimated by
TRPL spectroscopy.'****! Well width dependence of hiexciton binding energy was also
estimated."*”! In addition, optical properties of (Cd,Zn)0/(Mg,Zn)O MQWs have not been
explored so far except in our work."”! These structures are advantageous from the
viewpoint of almost perfect in-plane lattice-matching.[**4"]
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12.8 Summary

We present, in this chapter, a review of optical properties of ZnO MQWs grown using laser
mocular beam epitaxy on the lattice-matched SCAM substrate. Compared with the cases
of ZnO films and crystals, it is only recently that the basic optical properties of QWs have
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begun to be actively investigated. The strong stimulated emission was observed in ZnO/
ZnMgO MQWs. The stimulated emission induced by exciton—exciton scattering occurred
throughout the range of temperatures from 5K to RT. At a certain excitation density,
radiative recombination processes induced by both exciton—exciton scattering (P band)
and electron-hole plasma (EHP) contribute to the stimulated emission at higher tem-
peratures, but the excitation threshold of the P band is much lower than that of EHP
emission. The demonstration of stimulated emission with excitonic origin at RT con-
tributes to the possible of realization of a low-threshold UV or violet diode laser composed
of ZnO-based MQWs. The exciton binding energies of the samples were also deduced as a
function of the well layer thickness. The enhancement of exciton binding energy is due
to the quantum confinement effect. This is desirable from the viewpoint of the stability
of excitons at higher temperatures. ZnO is very favorable as compared with other wide-
band-gap semiconductors in that this material lends itself nicely to the production of
nanostructures from which functional devices have already been fabricated.

Moreover, a p-n junction is essential for the production of a current injection laser. A ZnO
crystal usually shows n-type conductivity and it has not been possible to produce a p-type
layer with low resistance. Such a feature of wide-band-gap semiconductors is called
unipolarity in carrier doping. In this chapter, we have not discussed this problem.

Such high-quality ZnO QWs deposited on lattice-matched substrates are expected to have
many applications for UV optoelectronics devices. Various applications of ZnO, such as its
use in transparent electric-conduction films or a surface acoustic-wave device, are well-
known. New functions of this substance have been found through research on high-quality
single-crystalline thin films grown by the use of laser-assisted molecular beam epitaxy.
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2DHG see two-dimensional hole gas

a-plane SCVT ZnO substrates 185
AAM see anodic alumina membranes
ab initio theory 14-15, 21-2
AB, see antibonding
absorption spectroscopy 275
acceptor impurities 129-31
acoustic mode deformation potential
scattering 64
acoustoelectric properties 306-8
AFM see atomic force microscopy
aluminum doping
GaN/ZnO heteroepitaxy 226-7, 232, 2534
hydrothermal growth methods 210
impurities and native defects 125, 138
room temperature stimulated emission 332,
333-5, 346-7

ultraviolet-range devices 302-3
aluminum nitride 222
aluminum/platinum contacts 18-19
aluminum/zinc oxide diodes 103-7

ambient gas effects 289
ammonium doping
GaN/ZnO heteroepitaxy 227
hydrothermal growth methods 204
impurities and native defects 147
amorphous GaN films 223, 232-3
anisotropies
fundamental properties 11

impurities and native defects 154, 165-6
annealing temperatures

electrical properties 69-70

impurities and native defects 138-40, 146

optical properties 39-40, 43-5, 55

Schottky contacts 91

vapor growth methods 177-8

anodic alumina membranes (AAM) 295-6
antibonding (AB) sites 126
antimony doping 73-4, 130, 153
antisites 113, 120-1
arsenic doping
electrical properties 73-4
impurities and native defects
145-53
room temperature stimulated emission 281
atomic force microscopy (AFM)
GaN/ZnO heteroepitaxy 2267, 229-30,
235, 237-8
hydrothermal growth methods 208
room temperature stimulated emission 334
Schottky contacts 91, 100-1
ultraviolet-range devices 296
vapor growth methods 183-5
autoclaves 194-7

130, 135,

B3LYP hybrid functional 116-17
back-etching 227
band bending 89-90, 109
band gap engineering
fundamental properties 19-20, 25
heterovalent heterostructures 22
homovalent heterostructures 20-2
band gap renormalization
GaN/ZnO heteroepitaxy 258
optical properties 51-6
room temperature stimulated emission 266
band structure 2-5, 7-8
BC see bond-center
beryllium doping 281, 286
Bohr radius 51
Boltzmann transport equation 624
bond-center (BC) sites 126
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Bose-Einstein condensation 261, 282
bound excitons 5-6
closely spaced donor—acceptor pairs in
ZnO 55-7
free-carrier screening and band gap
renormalization 51-6

impurities and native defects 136-45, 154,
158, 165-6

magnetic resonance spectroscopy 154, 158,
165-6

optical properties 38-58

optical spectroscopy 13645

photoluminescence mechanisms of ZnO and

GaN 46-50

polarization effects

rotator states 44-6

two-electron transitions 424
bound magnetic polarons 24
breakdown strength 1-2
Brillouin zone 3
Brook—Herring formula 64

40-1

C-V see capacitance—voltage
cadmium doping 272-3
cadmium sulfide 39
cadmium telluride 39, 131
cadmium-zinc oxide alloys 20-2
capacitance—voltage (C-V) characteristics
90, 96, 257
carbon nanotubes (CNT) 295-6
carrier concentration 211-12
carrier lifetime 320-1
carrier mobility 320
cathodoluminescence (CL)
depth-resolved 92, 98-101, 105, 108, 179
GaN/ZnO heteroepitaxy 239-43, 261
temperature-dependent 151, 178-9
CBE see charge-balance equation
CBM ssee conduction-band minimum
CCD see charge-coupled devices
charge transport 108-10
charge-balance equation (CBE) 64-6
charge-coupled devices (CCD) 274
chemical potentials 114-15
chemical vapor deposition (CVD)
impurities and native defects 150-1, 163
ultraviolet-range devices 296, 318, 322-3
see also metal organic chemical vapor
deposition
chemical vapor transport and condensation
(CVTC) 318

171-86
297, 302

chemical vapor transport (CVT)
circular MSM photoconductors
CL see cathodoluminescence
CNT see carbon nanotubes
co-doping
electrical properties 15-16, 75
native point defects 130-1
combinatorial techniques 345
conductance bands (CB)
structure  2-5, 7-8
ultraviolet-range devices
323
conducting surface layers 66
conduction-band minimum (CBM)
127
copper doping 129
crevice flaws 205
crystal-field parameters
crystal growth methods
crystallinity
GaN/ZnO heteroepitaxy 233
hydrothermal growth methods
212-13, 217
vapor growth methods
Curie temperature 2
Curie-Weiss law 23
current—voltage (/-V) characteristics
fundamental properties 17-19, 22
GaN/ZnO heteroepitaxy 253-5, 257
Schottky contacts 90-1, 93-7,
105, 108
ultraviolet-range devices 290, 296,
299-300, 302-3, 316, 322
CVD see chemical vapor deposition
CVT see chemical vapor transport
CVTC see chemical vapor transport and
condensation

294-5,

117-20,

334
194-9

190, 200-5,

175-6

DAP see donor—acceptor pair

DBR see distributed Bragg reflectors

Debye length 51

deep level (DL) emission intensity 92-3

deep level transient spectroscopy (DLTS)

102-3, 291

defect localized state (DLS) 293

defect pair spectra
bound excitons
free electrons

defects
extended imperfections 205-8
GaN/ZnO heteroepitaxy 221-2, 241-3

38-46
34-5



hydrothermal growth methods 190,
205-8, 211
migration 121-5
optical properties
Schottky contacts
ultraviolet-range devices
300
see also native defects; native point defects
density functional theory (DFT)
electrical properties 68, 69
native point defects 114, 115-18
optical properties 54
depth-resolved cathodoluminescence
(DRCL) 92, 98-101, 105, 108, 179
DFT see density functional theory
diamond films 61
differential insertion losses 311-12
differential reflectivity spectra 245-6
dilute magnetic semiconductors (DMS) 224
diode lasers see laser diodes
dipole—dipole interactions
dislocations 205
distributed Bragg reflectors (DBR) 259-60
DL see deep level
DLS see defect localized state
DLTS see deep level transient spectroscopy
DMS see dilute magnetic semiconductors
donor impurities  125-29
donor—acceptor pair (DAP) transitions
GaN/ZnO heteroepitaxy 240-1, 245-7
impurities and native defects 136-7, 145-8,
151-3, 1634
optical properties
doping
acceptor states 70-5
donor states 66—69
electrical properties 6675
fundamental properties 2
hydrothermal growth methods 204

49-50
92-3, 97-101, 110
2934,

154, 159

48-9, 55-7

impurities and native defects 113, 125-31,
135, 145-53, 164

optical properties 47

ultraviolet-range devices 291, 300

vapor growth methods 180-1
see also n-type semiconductors; p-type
semiconductors
DRCL see depth-resolved cathodoluminescence
drift velocity 11, 13

ECR see electron cyclotron resonance
EELS see electron energy loss spectroscopy
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effective mass approach (EMA) 137

EHP see electron-hole plasmas

EL see electroluminescence

electrical properties 10-19, 61-86
acceptor states and p-type doping 70-5
annealing temperatures 69-70
conducting surface layers 66
donor states and n-type doping 66—69
GaN/ZnO heteroepitaxy 249-2, 253-5, 257
Hall effect analysis 62-6, 69-1, 75-7
historical development of ZnO

semiconductors 61-2

hydrogen diffusion 69-70

hydrothermal growth methods 210-13

impurities and native defects 68, 71,
143-5

intrinsic electronic transport 10-11

n-type doping and donor levels 11-13

p-type doping and dopability 13-17, 22

photoconductivity 76-78
Schottky barriers and ohmic
contacts 17-19, 25
single-band conduction 62-5
substitutional acceptors 72-5
substitutional donors 69
two-band mixed conduction 65-6
two-layer model 66-7
vapor growth methods
electroluminescence (EL)
GaN/ZnO heteroepitaxy 253, 255, 258
heterovalent heterostructures 22
electron cyclotron resonance (ECR) 15
electron drift velocity 11, 13
electron energy loss spectroscopy (EELS) 278
electron-hole plasmas (EHP) 265, 267,
269-70, 272, 347
electron nuclear double resonance
(ENDOR) 128, 137-38, 154, 158, 164
electron paramagnetic resonance (EPR)
electrical properties 68, 72
hydrothermal growth methods 214
impurities and native defects 117-19,
1224, 128, 138, 153-7, 162, 164-6
electron-trap centers 291
EMA see effective mass approach
emission spectra
bound excitons 40
free electrons 30-2, 36
room temperature stimulated emission
277-9, 281
ENDOR see electron nuclear double resonance

177-8
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EPD see etch pit density
EPR see electron paramagnetic resonance
etch channels 205
etch pit density (EPD) 208
etching methods 215-17
exciton—electron scattering 265, 266
exciton—exciton scattering 265, 266, 268-70,
272, 281
exciton—phonon interactions 336-7
excitonic localization 337-41
extended imperfections 205-8
extended metal/zinc oxide diodes 108-10
external magnetic field effects 6-8
Fabry—Perot modes 265, 274, 276, 281
Fermi level
native point defects
pinning 107
FESEM see field emission scanning electron
microscopy
field effect transistors (FET)
fundamental properties 2
room temperature stimulated emission 331
ultraviolet-range devices 286, 314-15
field emission scanning electron microscopy
(FESEM) 3224
fine structure 155-7, 159
fluid dynamics 196-7
fluorine doping 125
formation energy 114
Fourier transform infrared photocurrent
(FTIR-PC) spectroscopy 291
free-carrier screening 51-5
free excitons 5-6
free-carrier screening and band gap
renormalization 51-2
optical properties 29-36, 38, 46-8,
51-2, 57
photoluminescence mechanisms of ZnO
and GaN 47-8
rotator states 34-5
strain splitting 35-6
FTIR-PC see Fourier transform infrared
photocurrent
full width at half maximum (FWHM)
GaN/ZnO heteroepitaxy 175-6, 226-8,
232, 243-5, 247-8
hydrothermal growth methods 207
room temperature stimulated
emission 336-7

115-16, 118, 120, 127

g-shifts 161-2, 165
gallium arsenide
impurities and native defects 151
optical properties 39-45
ultraviolet-range devices
gallium doping
hydrothermal growth methods 210
native point defects 125
room temperature stimulated emission 281
gallium nitride
compositional analysis 230-1
electrical properties 61, 75, 249-52,
253-5, 257
free-carrier screening and band gap
renormalization 51-6
fundamental properties 4, 13-14, 25
growth of GaN/ZnO 222-30
heteroepitaxy 221-64
heterojunction LEDs 253-8
hybrid devices 252-61
hydrothermal growth methods 214
microcavities 259-1
native point defects
optical properties 46-55, 58, 23749, 253
optical spectroscopy 138, 142, 149-50
room temperature stimulated emission 273,
282, 332
structural analysis
surface properties 226-31, 235-7
ultraviolet-range devices 286-7, 294, 306
vapor growth methods 185
yellow PL band 47-50
GDMS see glow discharge mass spectrometry
generalized gradient approximation
(GGA) 115-16
glow discharge mass spectrometry
(GDMS) 176, 209
gold/nickel contacts 19
gold/zinc oxide diodes
100, 102-7, 110

2867

130-1

232-6

87-89, 91, 94-5, 97,

Hall effect analysis 62-6
conducting surface layers 66
GaN/ZnO heteroepitaxy 249-52, 258
hydrogen diffusion 69-71

hydrothermal growth methods 211-12
impurities and native defects 143-5
n-type doping and donor levels 11-13

photoconductivity  75-7
single-band conduction 62-5



two-band mixed conduction 65-6
two-layer model 66-7
vapor growth methods 177-8
Hedin-Lundquist parameterization 54
Heisenberg Spin Hamiltonian 22
heteroepitaxy 221-64
band gap engineering 20, 25
compositional analysis 230-1
electrical properties 249-52, 253-5, 257
growth of GaN/ZnO 222-30
heterojunction LEDs 253-58
hybrid devices 252-61
microcavities 259-61
optical properties 237-49, 253
structural analysis 232-6
surface properties 226-30, 235-7
heterojunction LEDs  253-58
heterovalent heterostructures 22
high-resolution transmission electron
microscopy (HR-TEM) 298
hole-capture model 288
homoepitaxial ZnO films
a-plane SCVT ZnO substrates 185
impurities and native defects 140-2
substrate preparation 182-3
vapor growth methods 181-5
homovalent heterostructures 20-2
hopping transport 109
HR-TEM see high-resolution transmission
electron microscopy
HSE hybrid functional 116-17
HVPE see hydride vapor phase epitaxy
hybrid devices
GaN/ZnO heteroepitaxy 252-61
heterojunction LEDs  253-8
microcavities 259-61
ZnO/LiNbO;5 photodetectors 311-14
hydride vapor phase epitaxy (HVPE)
gallium nitride 47
GaN/ZnO heteroepitaxy 222, 224-5, 228,
239, 250-1, 253, 261
hydrogen diffusion

electrical properties 69-70, 75

impurities and native defects 125-29, 150

optical properties 57

Schottky contacts 88-90, 99
hydrothermal growth methods 189-220

advantages and disadvantages 190
characterization 190, 200-5
crystallinity 190, 200-5, 212-13, 217
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electrical properties 210-13
etching and polishing 215-17
extended imperfections and surface

studies 205-8
growth rates 200-5, 208
impurities 190, 199, 204-5, 208-10
industrial scale ZnO crystal growth 197-9
kinetics of growth 200-5
microcrystalline ZnO powder 194
optical properties 200-1, 213-15
phase stability 191-3
properties of bulk ZnO 205-17
single ZnO crystal growth 194-7
solubility of ZnO in aqueous media 190-2
surface cleaning 215-17
techniques 194-9
thermodynamics of growth 190-3
ultraviolet-range devices 291-3
hyperfine interactions 153-7, 165-6
I-V see current—voltage
ICP see inductively-coupled plasma
IDT see interdigital
impurities
bound excitons with shallow
donors 13645, 154, 158-9
deep level effects 158-61, 164-5
extrinsic acceptors 161-6
GaN/ZnO heteroepitaxy 241-3
hydrothermal growth methods 190, 199,

204-5, 208-10
intrinsic acceptors 166
magnetic resonance spectroscopy 135,
153-66
morphological effects
native point defects
nitrogen and arsenic doping
optical spectroscopy 135-53
Schottky contacts 92-3, 98
ultraviolet-range devices 300
vapor growth methods 176
see also doping
index of refraction 9
indium doping
GaN/ZnO heteroepitaxy 226-7, 2324,
247-48, 255-7
hydrothermal growth methods
native point defects 125
vapor growth methods 180-1
indium phosphide 34, 40, 107, 209

204-5
114-15, 121, 125-31
135, 145-53

210, 212
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inductively-coupled plasma mass spectrometry
(ICP-MS) 209, 227
inductively-coupled plasma reactive ion etching
(ICP-RIE) 289
industrial scale crystal growth 197-9
inelastic exciton—exciton scattering 345-6
infrared (IR) spectroscopy 69, 128
infrared (IR) transmission
spectroscopy 215-16
infrared quantum cascade lasers 282
integrated surface acoustic wave (SAW)
detectors 286, 305-14, 325
hybrid ZnO/LiNbO;
photodetectors  311-14
multilayer ZnO photodetectors
principles 305-8
interdigital (IDT) MSM photoconductors
302-6, 311
interface charge transfer 89
internal photoemission spectroscopy (IPS) 90
intrinsic electronic transport 10-11
IPS see internal photoemission spectroscopy
IR see infrared
isoelectronic dopants
native point defects 131
ultraviolet-range devices 291
ITO see tin-doped indium oxide

308-11

297,

Jahn-Teller distortions 166

Kelvin force probe microscopy (KFLM)
100-1
killer defects 15

LAC see level anticrossing
laser diodes (LD)
GaN/ZnO heteroepitaxy 221
historical development 61-2
room temperature stimulated
emission 280-1, 331
vapor growth methods 180-1
laser-assisted molecular beam epitaxy
(laser-MBE)
room temperature stimulated emission 267,
271-2, 346-7
ultraviolet-range devices 293
lasers
cavity formation 274-5, 277
microstructural lasers 275-8
nanowire lasers 279-80, 281

powder lasers 276-7, 278-9
room temperature stimulated
emission 265-6, 274-82
LCAO see linear combination of atomic orbitals
LD see laser diodes
LDA see local density approximation
LED see light-emitting diodes
level anticrossing (LAC) 159-60
light-emitting diodes (LED)
fundamental properties 22
GaN/ZnO heteroepitaxy 221-2, 228-9,
252-8
historical development 61-2
room temperature stimulated emission 331
Schottky contacts 87
ultraviolet-range devices 286
vapor growth methods 180-2
light field distributions 313-14
linear combination of atomic orbitals
(LCAO) 1612
lithium doping

electrical properties 74-5

hydrothermal growth methods 196, 204,
210-11, 215

impurities and native defects 129, 142, 145,
147, 161-6

lithium niobate 311-14
LO see longitudinal optical

local density approximation (LDA) 115-17,
293
local vibrational modes (LVM) 149-50
localization energy 138-41, 143
localization mechanism of excitons 33741
longitudinal optical (LO) phonons 136-7,
163-4, 336-7
Love wave mode 308
luminescence spectroscopy
hydrothermal growth methods 214-15
impurities and native defects 135, 138-40,

146-7, 1624
vapor growth methods 178-80
see also cathodoluminescence;
photoluminescence
LVM see local vibrational modes

magnesium doping
band gap engineering 20-2
electrical properties 75
gallium nitride 48
GaN/ZnO heteroepitaxy 253-5



optical properties 48
room temperature stimulated
emission 270-2, 282, 334-6, 33841
ultraviolet-range devices 286, 308, 315-18
magnetic circular polarized emission
(MCPE) 159-60
magnetic field effects 6-8
magnetic resonance spectroscopy
bound excitons with shallow donors 154,
158-59, 165-6
deep level effects 158-61, 164-5
extrinsic acceptors 161-6
hyperfine interactions 153-7, 165-6
impurities and native defects 135, 153-66
intrinsic acceptors 166
spin-Hamiltonian formalism 153-7, 166
manganese doping 204
MBE see molecular beam epitaxy
MCPE see magnetic circular polarized emission
metal-insulator-metal (MIS) structures 286
metal organic chemical vapor deposition
(MOCVD)
band gap engineering 21
electrical properties 75
gallium nitride 47
GaN/ZnO heteroepitaxy 227, 255-59
native point defects 126-28
ultraviolet-range devices 297, 301-2,
306, 318
vapor growth methods 174, 182, 184-5
metal organic vapor phase epitaxy
(MOVPE) 222-3, 226-7
metal-semiconductor—metal (MSM)
photoconductors 289, 297-306, 317, 325
Mg, Zn,_,O photodetectors 286, 308, 315-18
micro-capping 206
microcavities 259-61
microcrystalline ZnO powder 194
microstructural lasers 275-8
MIS see metal-insulator—metal
MOCVD see metal organic chemical vapor
deposition
mode spacing 275-6
molecular beam epitaxy (MBE)
band gap engineering 20-1
gallium nitride 47-8
GaN/ZnO heteroepitaxy 226-28, 249,
253, 259
room temperature stimulated emission 267,
269-2, 274, 333, 346-7
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ultraviolet-range devices 293-4,
317, 318
vapor growth methods 182, 184
morphological effects 203, 204-5
Mott density 265

MOVPE see metal organic vapor phase epitaxy

MQW see multiple quantum wells

MSM see metal-semiconductor—metal

multiple quantum wells (MQW)
excitation intensity 342-4, 345
exciton—phonon interactions 336-7
experimental details 333
GaN/ZnO heteroepitaxy 255-58

localization mechanism of excitons 33741

optical properties 332-3
quantum confinement 333-6
room temperature stimulated
emission 271-2, 281, 331-49
time-resolved photoluminescence 341-2

N bands 266, 267, 270
n-type semiconductors
acceptor states 73—4
band gap engineering 22
donor levels 11-13
donor states 66—69
electrical properties 61-2, 64—69
fundamental properties 2, 11-13, 18-19
GaN/ZnO heteroepitaxy 255
historical development 61-2
impurities and native defects 113, 124,
129, 145
ohmic contacts 18-19
photoconductivity  77-78
room temperature stimulated emission
281, 347
Schottky contacts 89, 97
ultraviolet-range devices 291, 294-5,
300, 302-3
vapor growth methods 177, 185
nanocrystals 278-79
nanoscale resonant tunneling devices 331
nanowire (NW) lasers 279-80, 281
nanowire (NW) photodetectors
experimental results 321-3
noise characteristics 323-5
photoconductive gain 318-23
theoretical background 318-21
ultraviolet-range devices 293, 295-6,
318-15
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native defects
bound excitons with shallow
donors 136-45, 154, 158-9, 165-6
deep level effects 158-61, 164-5
extrinsic acceptors 161-6
fundamental properties 15
hydrothermal growth methods 211
intrinsic acceptors 166
magnetic resonance spectroscopy 135,
153-66
nitrogen and arsenic doping 135, 145-53
optical spectroscopy 135-53
native point defects 113-34
acceptor impurities 129-31
acceptor states 71
antisites 113, 120-21
co-doping 130-1
defect migration 121-5
definitions 113-14
density functional theory 114, 115-18
donor impurities 125-9
donor states 68
doping 113, 125-31
electrical properties 68, 71
electron paramagnetic resonance 117-19,
122-4, 128
green luminescence 124-5
isoelectronic impurities 131
optical properties 49-50
self-interstitials 113, 119-20, 122
theoretical framework 114-15
vacancies 113, 117-19, 121
natively p-type ZnO 14
near band edge (NBE) emission intensity
GaN/ZnO heteroepitaxy 240-41
hydrothermal growth methods 213-16
Schottky contacts 92-3, 98, 101-2
vapor growth methods 179
negative photoconductivity 295-6
NEP see noise equivalent power
neutral donor defect pair spectra 40-1
nickel doping 204
nitrogen doping
electrical properties 72
impurities and native defects 129-30, 135,
145-53, 161-6
ultraviolet-range devices 291
noise equivalent power (NEP) 323-5
normal solubility 191-2
NW see nanowires

ODEPR see optically detected electron
paramagnetic resonance
ODMR see optically detected magnetic
resonance
ohmic contacts 17-19, 25
optical microscopy 316
optical properties 5-10, 29-61
annealing temperatures 39-40, 43-5, 55
band gap renormalization 51-5
bound excitons 38, 39-58
closely spaced donor—acceptor pairs in
ZnO 55-8
defect pair spectra 33, 38, 40-41
external magnetic field effects 6-8
free and bound excitons 5-6
free-carrier screening 51-5
free excitons 29-36, 38, 46-8, 51-2, 58
gallium nitride 46-57, 58
GaN/ZnO heteroepitaxy 237-49, 253
green PL band in ZnO 50, 58
hydrothermal growth methods 200-1,
213-15

photoluminescence mechanisms of ZnO and

GaN 46-50
polarization effects 41-2

room temperature stimulated emission 265,

271-2, 275-7, 332-3
rotator states 34, 44-6
spatial resonance dispersion 9-10
strain field 8-9
strain splitting of free excitons 35-6
two polar faces of ZnO 36-8
two-electron transitions 41-3
vapor growth methods 178-80
yellow PL band in GaN 48-50, 58
optical spectroscopy
bound excitons with shallow
donors 13645
impurities and native defects 135-53
nitrogen and arsenic doping 135, 145-53
optically detected electron paramagnetic
resonance (ODEPR) 119, 124
optically detected magnetic resonance
(ODMR) 158, 160-3, 166
oxygen plasma treatments 289-90
oxygen vacancies 117-19

P bands 266, 267, 269-70, 344-7
p-i-n heterojunctions
GaN/ZnO heteroepitaxy 255, 257



ultraviolet-range devices 286
P-MBE see plasma-assisted molecular beam
epitaxy
p-n junctions
electrical properties 61
fundamental properties 22
GaN/ZnO heteroepitaxy 253-5, 257
native point defects 129-30
ultraviolet-range devices 286, 325
p-type semiconductors
acceptor states 70-5
band gap engineering
dopability 13-17, 22
electrical properties 61-2, 64—6
fundamental properties 2, 13-19
GaN/ZnO heteroepitaxy 252, 256-58
historical development 61-2
impurities and native defects 113, 118,
120-21, 129-31, 145, 150-3, 164
photoconductivity 77-8
room temperature stimulated
emission 265-6, 281-2, 347
Schottky barriers and ohmic
contacts 17-19, 25
Schottky contacts 89
ultraviolet-range devices 286, 325
palladium/zinc oxide diodes 89, 94, 96-8,
102-3, 105, 110
PAS see positron annihilation spectroscopy
Paschen—Back limit 8
PC see photoconductivity
persistent photoconductivity (PPC) 767,
293-5
phosphorus doping
electrical properties 73—4
impurities and native defects
ultraviolet-range devices 291
photo-Hall analysis 288
photoconductive detectors 286, 297-301
photoconductive wireless UV detectors
(UV-SAW) 286, 305-14, 325
hybrid ZnO/LiNbO;
photodetectors  311-14
multilayer ZnO photodetectors 308-11
principles 305-8
photoconductivity (PC) 76-78
gain in ZnO nanowires 318-3
negative 295-6
persistent  293-5
ultraviolet-range devices 288-96, 318-23

19, 22

130, 152
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photoluminescence (PL)
bound excitons 39, 44
free-carrier screening and band gap
renormalization 53-6
free excitons 29-31, 38
GaN/ZnO heteroepitaxy 242-9, 261-2
heterovalent heterostructures 22
hydrothermal growth methods 211, 213-16
impurities and native defects 136-7, 1404,
146-8, 151-3, 1602
mechanisms of ZnO and GaN 46-50
room temperature stimulated emission 275,
334-6, 338-42
two polar faces of ZnO 36-8
ultraviolet-range devices 294
vapor growth methods 178
physical vapor deposition 279-80
physical vapor transport (PVT) 171-4
piezoelectric surfaces 1, 306-9, 325
PL see photoluminescence
plasma-assisted molecular beam epitaxy
(plasma-MBE)
band gap engineering 20-1
room temperature stimulated
emission 269-270, 272, 274
ultraviolet-range devices 317
platinum/zinc oxide diodes 87-89, 94,
105, 110
PLD see pulsed laser vapor deposition
polar-optical mode scattering 64
polariton lasers 259, 261, 282
polarity of ZnO 102-3
polarization effects 39-40
polishing methods 215-17
polycrystalline GaN films 223, 232-3
polycrystalline ZnO films
fundamental properties 1, 25
hydrothermal growth methods 191
room temperature stimulated
emission 276-7, 278-9
ultraviolet-range devices 288, 290-91,
297, 301
positron annihilation spectroscopy (PAS) 68,
71, 105
powder lasers 276-7, 278-9
PPC see persistent photoconductivity
pulsed laser vapor deposition (PLD)
GalN/ZnO heteroepitaxy 222-4, 228-9,
233-4, 250, 255-8
room temperature stimulated emission 277
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pulsed laser vapor deposition
(PLD) (Continued)
ultraviolet-range devices
purity see impurities
PVT see physical vapor transport

291, 316

quantum confinement 333-6
quantum wells (QW)
GaN/ZnO heteroepitaxy 255-8
room temperature stimulated emission 270,
271-3, 281
see also multiple quantum wells
Quasi-cubic model 3-5, 33

QW see quantum wells

radio frequency plasma-enhanced chemical
vapor deposition (RF-PECVD) 227

radio frequency plasma-enhanced molecular
beam epitaxy (RF-PEMBE) 253

radio frequency (RF) magnetron
sputtering 289, 312, 314

radio frequency (RF) sources 15-16

Raman spectroscopy 148-9, 248-9

Rayleigh wave mode 308-10

RBS see Rutherford backscattering
spectroscopy

reactive ion etching (RIE) 289

reflection high energy electron diffraction
(RHEED) 224, 229, 2324

reflection spectra 30-3

reflectivity spectra 245-7

relaxation time approximation (RTA) 62—4

remote oxygen plasma (ROP) 91-3, 97-100,
102-3, 108

remote plasma-enhanced laser-induced
chemical vapor deposition
(RPE-LICVD) 228

remote plasma-enhanced metal organic
chemical vapor deposition
(RPE-MOCVD) 21

resistivity 212

resonant tunneling devices 331

retrograde solubility 191-2

RF see radio frequency

RF-PECVD see radio frequency plasma-
enhanced chemical vapor deposition

RF-PEMBE see radio frequency plasma-
enhanced molecular beam epitaxy

RHEED see reflection high energy electron
diffraction

RIE see reactive ion etching
rocking curves 175-6, 183-5, 207, 21617,
226, 234-5
I point see rotator states
room temperature stimulated
emission 265-84
bulk ZnO 267
emission mechanisms 2667
epitaxial layers 267-70
excitation intensity 342-3, 345

exciton—phonon interactions 336-7
experimental details 333
historical development 266-73

laser diodes 280-1
localization mechanism of excitons
microstructural lasers 275-8
nanowire lasers 279-80
optical properties 265, 271-2, 275-7,
332-3
powder lasers 276-7, 278-9
quantum confinement 333-6
quantum wells 270, 271-3, 281, 33149
superlattices 270, 343
time-resolved photoluminescence
ZnCdO/ZnO structures 272-3
ZnMgO/ZnO structures 270-2
ZnO lasers 265-6, 274-82
ROP see remote oxygen plasma
rotator states
bound excitons 44-6
free electrons 34-5
valence and conductor bands 34, 5-6
RPE-LICVD see remote plasma-enhanced
laser-induced chemical vapor deposition
RPE-MOCVD see remote plasma-enhanced
metal organic chemical vapor deposition
RTA see relaxation time approximation
Rutherford backscattering spectroscopy
(RBS) 230-1

337-41

341-2

SAW see surface acoustic wave
scandium doping 332, 333-5, 346-7
scanning electron microscopy (SEM) 151
GaN/ZnO heteroepitaxy 237, 241-2, 260
room temperature stimulated emission 280
ultraviolet-range devices 298, 303, 3224
Schottky contacts 17-19, 25, 87-112
charge transport 108-10
chemical influences 103-8
early Schottky barrier studies 90



extended metal/zinc oxide diodes 108-10

historical development 87-90

impurities and native defects 92-3,
97-101, 110

polarity of ZnO 102-3

recent studies 91-2

surface cleaning 91-3

surface preparations 93-7, 109

ultraviolet-range devices 286, 301-5

ZnO surface effects 88-90
Schottky—Mott model 17-18
SCVT see seeded chemical vapor transport
secondary ion mass spectrometry (SIMS)
GaN/ZnO heteroepitaxy 230
hydrothermal growth methods
impurities and native defects
148-50
seed veils 205
seeded chemical vapor transport
(SCVT) 172-86
seeded physical vapor transport (SPVT) 172
seeded vapor phase transport (SVPT) 12-13
self-compensation 113
self-diffusion 121-2
self-interstitials 113, 119-20, 122
self-seeding 172
SEM see scanning electron microscopy
semi-insulating behavior 211
Sezawa wave mode 308-12
SFIT see slanted finger interdigital transducers
silver doping 3034
silver/zinc oxide diodes 95-7
SIMS see secondary ion mass spectrometry
single crystal growth methods 194-9,
291-3
single-band conduction 62-5
slanted finger interdigital transducers
(SFIT) 312-14
sodium doping 145, 161-6
SOG see spin-on-glass

209-10
138, 145,

solubility of ZnO in aqueous media 190-2
spatial resonance dispersion 9-10
spatially directed emission 265
spin-Hamiltonian formalism 153-7, 166

spin-on-glass (SOG) films 323-7
spin-orbit interactions

free electrons 32

fundamental properties 4-5, 8

impurities and native defects 162
spintronics 22-4

Index 361

SPVT see seeded physical vapor transport

Stark effect 8

stimulated emission see room temperature
stimulated emission

strain field 8-9

strain splitting of free excitons 35-6

substitutional acceptors 72-5, 129-30

substitutional donors 69, 126-9

superlattices 270, 343

supersaturation 202

surface acoustic wave (SAW) detectors 286,
305-14, 325
hybrid ZnO/LiNbO; photodetectors
311-14
multilayer ZnO photodetectors 308-11
principles  305-8
surface functionalization 322-3
surface modified carrier lifetime 320-1
surface modified carrier mobility 320
surface passivation 289-90, 322-3
surface preparations
hydrothermal growth methods 215-17

Schottky contacts 91-7, 109
surface properties
GaN/ZnO heteroepitaxy 226-31, 235-7
hydrothermal growth methods 205-8,
215-17
kinetics 202
polarity 291-3
Schottky contacts 88-90
surface trapping mechanism 321
SVPT see seeded vapor phase transport
synchrotron white-beam X-ray topography
(SWBXT) 206

tantalum/zinc oxide diodes
105-6
tellurium doping 291
TEM see transmission electron microscopy
temperature-dependent
cathodoluminescence 151, 178-9
TES see two-electron satellite
thin-film transistors (TFT) 286, 314-15
time-resolved photoluminescence
(TRPL) 294, 341-2, 345
tin-doped indium oxide (ITO) 62
titanium/gold contacts 19
TM see transition metal
transient photoconductivity 288
transition metal (TM) ions 2, 17, 224

87-88, 95, 97,
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transmission electron microscopy (TEM)
GaN/ZnO heteroepitaxy 229-1, 237, 252
impurities and native defects 151
room temperature stimulated emission 280
ultraviolet-range devices 298
transmission spectroscopy 237-39
transparent thin film transistors (TTFT)
electrical properties 62
Schottky contacts 87
trap level effects 290-1, 294
TRPL see time-resolved photoluminescence
TTFT see transparent thin film transistors
tunneling 99, 109
two-band mixed conduction 65-6
two-dimensional hole gas (2DHG) 16
two-electron satellite (TES)
recombinations 137, 140
two-electron transitions 42-3
two-layer model 66-7

ultrahigh vacuum remote plasma-enhanced
chemical vapor deposition
(UHV-RPECVD) 259-60
ultrahigh vacuum (UHV) 88, 91
ultraviolet (UV)-range devices 285-329
ambient gas effects 289
doping 291
field-effect phototransistors 286
fundamental properties 13-14, 19, 20-1, 25
GaN/ZnO heteroepitaxy 253, 255
historical development 285-6
hybrid ZnO/LiNbO; photodetectors
311-14
hydrothermal growth methods
material parameters 286-8
metal—insulator—metal structures 286

189-90, 215

Mg,Zn,_,O photodetectors 286, 308,
315-18

nanowire photodetectors 293, 295-6,
318-25

negative photoconductivity 295-6

noise characteristics 323-5

oxygen plasma treatments 289-90

p-n junctions and p-i-n photodiodes 286

persistent photoconductivity 293-5

photoconductive detectors 286, 297-301

photoconductivity in ZnO 288-97,
318-23

principles and mechanisms
305-8, 318-21

285, 288-9,

Schottky barrier photodetectors 286,
301-5
spectral response and device
parameters 304-5, 3234
surface acoustic wave detectors
305-14, 325
surface passivation 289-90,
3224
surface polarity 291-2
thin-film transistors 286, 314—15
trap level effects 290-1, 294
UV-SAW see photoconductive wireless UV
detectors

286,

vacancies 113, 117-19, 121
valence band maximum (VBM)
126-7, 130
valence bands (VB)
structure 2-5, 7-8
ultraviolet-range devices 294-5
vapor cooling condensation method 255-6
vapor growth methods 171-87
a-plane SCVT ZnO substrates 185

115-18,

characterization 175-80
chemical vapor transport 171-86
crystallinity 175-6

electrical properties 177-8
homoepitaxial ZnO films 181-5
in situ doping 180-1

optical properties 178-80
physical vapor transport 1714

purity characterization 176

substrate preparation 182-3
transport theory and growth data 172-5
vapor—liquid—solid (VLS) process 279-80

VBM see valence band maximum
Vegard’s law 315

vertical etch channels 205

VLS see vapor-liquid—solid

wide band gap semiconductors
electrical properties 61
fundamental properties 1, 14
GaN/ZnO heteroepitaxy 234
native point defects 115

ultraviolet-range devices 285-6
wurtzite
fundamental properties 1, 34,
11, 20

hydrothermal growth methods 200



optical properties 35, 41
room temperature stimulated emission 331

X-ray diffraction (XRD)
GaN/ZnO heteroepitaxy 225-9,
232-5
impurities and native defects 143
room temperature stimulated emission 333
ultraviolet-range devices 298
X-ray photoelectron spectroscopy (XPS)
electrical properties 72, 74
GaN/ZnO heteroepitaxy 225
Schottky contacts 91, 99
X-ray rocking curves 175-6, 183-5, 207,
216-17, 226, 234-5
X-ray topography 206-8
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XPS see X-ray photoelectron spectroscopy
XRD see X-ray diffraction

yttrium-stabilized zirconia (YSZ) 226

Zeeman interactions 30, 153

zero-phonon line (ZPL) 147,
1634

zinc antisites 113, 120-1

zinc blende 3-4

zinc-implanted ZnO  56-8

zinc interstitials 113,
119-20, 122

zinc selenide 39, 281-2

zinc vacancies 121

ZPL see zero-phonon line
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