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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 elec-
tronics 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 proper-
ties 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 there-
fore 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 characteriza-
tion 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 discover-
ies, 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

Liquid phase epitaxy (LPE) is a mature technology and has been used in the production
of III-V compound semiconductor optoelectronic devices for some 40 years. LPE has also
been applied to silicon, germanium, SiC, and II-VI and IV-VI compound semiconductors,
as well as magnetic garnets, superconductors, ferroelectrics, and other optical materials.
Many semiconductor devices including light-emitting diodes (LEDs), laser diodes, infrared
detectors, heterojunction bipolar transistors and heterointerface solar cells were pioneered
with LPE. Further, LPE can produce epitaxial semiconductor layers of superior material
quality with respect to minority carrier lifetime and luminescence efficiency. Nevertheless,
LPE has fallen into disfavor in recent years, especially for device applications requiring
large-area uniformity, critical layer thickness and composition control, and smooth and
abrupt surfaces and interfaces. For making superlattices, quantum wells, strained layer
structures, and heterostructures with large lattice mismatch or heterostructures comprised
of materials with substantial chemical dissimilarity (e.g. GaAs-on-silicon), LPE is often
dismissed out of hand in favor of other epitaxy technologies such as molecular beam
epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD). One might con-
clude that despite the long and venerable history of LPE, progress has stagnated with
few prospects for new applications. In particular, LPE suffers from widely held percep-
tions of poor reproducibility, and intrinsic difficulties in scale-up for large-area substrates
and high-throughput operation. Nevertheless, and as the chapters in this book describe
in detail, on-going efforts and new developments in LPE continue to widen its scope of
applications and circumvent its customary limitations. New modes of liquid phase epitax-
ial growth can provide novel device structures. Some of the traditional shortcomings of
LPE as mentioned above are addressed by new techniques and approaches based on novel
melt chemistries, alternative methods of inducing growth (e.g. through imposed temper-
ature gradients, electric currents, mixing, Peltier cooling, or solvent evaporation), hybrid
processes that combine LPE with other methods of epitaxy, and LPE on structured or
masked substrates. Further, unique attributes that distinguish LPE from competing semi-
conductor epitaxy technologies (MBE and MOCVD) enable it to serve important niches
in semiconductor device technology.

To underscore some of the relative or unique advantages of LPE for the growth of
semiconductor devices, a few of the more important features of LPE may be listed, and
include:

1. High growth rates. Growth rates in the range of 0.1–1 µm min−1 can be achieved
with LPE. This is 10 to 100 times faster than MBE or MOCVD, and thus thick device
structures are feasible with LPE.

2. The wide range of dopants available with LPE. Virtually any element added to the
melt will be incorporated into the epitaxial layer to some finite degree. Most of the
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periodic table can be utilized as dopants in LPE, and thus, LPE is an excellent tool
for fundamental doping studies.

3. The preferential segregation of deleterious impurities to the liquid phase that results
in low background impurities in the epitaxial layer. LPE can produce semiconductor
material of extremely high purity.

4. The low point defect densities due to near-equilibrium growth conditions and/or favor-
able chemical potentials of crystal components in the liquid phase.

5. The absence of highly toxic precursors or by-products.

6. Low capital equipment and operating costs.

7. The feasibility of selective epitaxy and epitaxial lateral overgrowth (ELO) with high
aspect ratios.

8. The ability to produce shaped or faceted crystals for novel device structures.

However, LPE is less forgiving of process variations than other methods and more sus-
ceptible to process fluctuations and the effects of uncontrolled variables, both of which
can lead to failed growth or poor material quality. In some cases, such as the LPE growth
of InGaAsSb quaternary alloys, the growth temperature must be controlled to within
1 ◦C in order to produce an epitaxial layer. As another example, LPE appears to be
much more sensitive to the crystallographic (mis)orientation of the substrate than other
epitaxy techniques. On the other hand, and on the positive side, when the LPE process
is operated within its optimum parameter window, the material quality is often superior
to that produced by other epitaxy techniques. Thus, the price for high material quality
associated with LPE is more stringent demands on process control and greater suscepti-
bility to process variations. Ultimately, this feature may be attributed in large part to the
near-equilibrium nature of LPE that distinguishes it from CVD and LPE. Practitioners
of epitaxy may regard this view as overly simplistic, but it offers some explanation to
both the historic role of LPE in prototyping new semiconductor materials and device
concepts, and to its ultimate disfavor for large-scale, high-throughput production of many
commercial semiconductor devices, especially those with tight tolerances for composition,
doping, and layer thicknesses.

The simplicity of the LPE process, and its basis on phase equilibria rather than com-
plex precursor chemistry, growth kinetics and mass transfer, provide a good platform
for exploring new semiconductor materials and developing and prototyping novel semi-
conductor devices. Based on chapters in this book, LPE can be advocated for several
important applications. The growth of virtual substrates with tunable lattice constants com-
prised of thick LPE-grown semiconductor alloy layers, possibly incorporating epitaxial
lateral overgrowth to reduce defect densities, and possibly enabled with electro-epitaxy,
temperature-gradient induced growth, and modifications of a double-crucible apparatus
adapted for LPE, would exploit many inherent and unique features of LPE. Such cus-
tomized virtual substrates would be more costly than current commercial substrate wafers
made by CZ, float zone, Bridgman, or vertical gradient freeze techniques. However, in
view of the prices obtained for SiC and bulk GaN substrates in the last decade, it is clear
that for at least some applications, the semiconductor industry is willing to pay a high
premium for substrates that enable improved material quality and/or new devices. LPE
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still figures prominently in low-bandgap III-V optoelectronics for mid-infrared applica-
tions. In many cases, the best reported results for LEDs and detectors are for devices
made by LPE. For these LPE-grown materials (InAsSb, InAsSbP, InGaAsSb, and related
alloys), the low defect densities and impurity levels, the latter achieved often with impu-
rity gettering by rare earths, are decisive. Some of the limiting features of LPE may yet be
circumvented by novel melt chemistries and new methods of inducing growth, including
imposed temperature gradients and/or electric currents, solvent evaporation, solute feed-
ing by mixing or capillary flow, and pre-cooling or pre-heating of the substrate prior to
contact with the melt. The ability of LPE to produce a wide range of shaped or facetted
crystals is unique among the epitaxy methods and this feature could be exploited in LED
designs to increase optical coupling.

While it is unlikely that LPE will continue to compete directly with MBE or MOCVD
for production of ‘mainstream’ microelectronics devices, lasers, space solar cells and
detector arrays, the foregoing suggests that some of the unique features of LPE can be
exploited for specialized semiconductor applications.

In Chapter 1 an introduction to all the aspects of LPE is given and it is noted that for a
given crystal or epilayer with a specified application and device performance requirement
there can only be one optimum growth technology if one considers all the factors of
thermodynamics, growth technology, economics, etc. It is also noted that LPE is the best
technique to use for the highest structural perfection, best stoichiometry and atomically
flat surfaces/interfaces.

Chapter 2 gives a summary of the work done on LPE in Russia prior to 1990, much of
which was not widely known in the West. Many device structures using multilayer III-V
heterostructures were grown by LPE. This work culminated in the award of the Nobel
Prize in Physics in 2000 to the head of the group, Academician Zh. I. Alferov. Although
much of the work is now done using MOCVD and MBE, LPE is still used for some
applications because of its near-equilibrium nature, its higher growth rates and its cost
advantages.

Phase diagrams and modeling are the topics in Chapter 3, and III-V ternary and qua-
ternary systems are used as examples. These are critical areas in establishing good control
over the LPE technologies used. The applications for these systems include optoelectronic
devices but also, more recently, TPV cells.

The field of equipment and instrumentation is covered in Chapter 4, where it is noted
that an LPE kit is typically a tenth of the price of a commercial MOCVD or MBE
apparatus. This makes LPE more suited to development of new systems or niche market
applications. The process is also conceptually simpler than other epitaxial techniques,
does not use vacuum, does not involve highly toxic substances, in general, and costs
of maintenance and operation are also lower. Disadvantages include the lack of in situ
monitoring during growth, the difficulty of scaleup in many cases, and layer homogeneity
and reproducibility.

In Chapter 5 the application of LPE to silicon and germanium is discussed. Ironically,
as the interest in LPE of compound semiconductors waned prior to 1990 the interest in this
area of LPE growth actually increased. The driving force was the need for an alternative
solar cell material to bulk silicon. The work included growth on silicon itself, metals
and ceramics. None of these is currently used in a production environment, although the
potential of high growth rates and the possibility of using metal solutions to both grow
and purify simultaneously are still being assessed.
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The wide-bandgap semiconductor SiC is the topic discussed in Chapter 6. This material
has properties that make it highly suitable for high-power, high-frequency and high-
temperature device types. LPE is the epitaxial technique of choice to grow this material
at relatively low temperatures and near to equilibrium. LED device characteristics are
improved using LPE-grown buffer layers and reducing micropipe defects leads to other
benefits, including better long-term stability.

Another material system used in LEDs and lasers, i.e. GaN-based compounds, is
described in Chapter 7. Here again, LPE could be used to produce lower dislocation
and pipe defect densities in base-layer materials, the latter by layer overgrowth tech-
niques. High structural perfection and flat surfaces have already been demonstrated in
this material grown by LPE.

The growth of ultrathin layers of semiconductors is described in Chapter 8. It is shown
to be possible to grow multilayer ternary and quaternary III-V structures that exhibit
quantum-size effects. Chemically sharp interfaces are also possible and quantum wells as
thin as 20 Å have been prepared. These layers are useful in mid-infrared optoelectronic
devices with potential applications as gas sensors.

In Chapter 9 the pre-eminent infrared material, mercury cadmium telluride, is the topic
under discussion. The higher structural quality of LPE-grown material makes this the pre-
ferred route for current production of second-generation focal plane arrays of photodiodes,
particularly in the long-wavelength region. The excellent short- and long-range uniformity
of crystal properties in LPE-grown material are additional benefits.

Chapter 10 provides a history of the growth of wide-bandgap II-VI compounds by
LPE. Low-resistivity layers of ZnSe have been produced and used to make LEDs that
were comparable with MOCVD and MBE material, but the difficulties of high melting
points and volatilization make LPE very difficult to perfect in these systems.

The LPE growth of garnet materials has a long history and this is detailed in Chapter 11.
These materials are used in microwave devices, bubble domain memories, magnetostatic
wave devices, optical isolators and magnetic sensors. Nonmagnetic garnet materials were
used as laser hosts, cathodoluminescence devices and substrates for epitaxial growth
of magnetic garnets. High-quality layers up to 10 cm in diameter have been grown for
commercial applications and research use.

Chapter 12 gives details of the numerous recent developments and specialized appli-
cations in the area of LPE. These include growth of five- and six-component II-V alloys,
growth of thick (50–500 µm) ‘virtual’ substrates with adjustable lattice constants, II-
V antimonide growth, rare-earth doping for impurity gettering, electro-epitaxy, selective
epitaxy and epitaxial overgrowth, hybrid heteroepitaxy (with CVD or MBE), novel melt
chemistries, and shaped growth for new device applications. A detailed comparison is
also given in this chapter of the various current epitaxial growth techniques.

The final chapter, Chapter 13, is concerned with the growth of III-V materials for
LEDs. This activity has a long history and it is generally recognized that LPE-grown
material produced superior device performance. However, as the field progressed into
use of materials containing aluminum, with which LPE has difficulties, CVD and MBE
techniques now dominate production. However, the use of LPE continues in niche appli-
cations and novel LPE designs are still being researched. It is also possible that LPE could
be used to provide improved substrate materials in this area. The economics of LPE for
LED production are also discussed.
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1.1 GENERAL ASPECTS OF LIQUID PHASE EPITAXY

Liquid phase epitaxy (LPE) has been applied to many compounds, but the main applica-
tions are compound semiconductors and magnetic rare-earth iron garnets. The electronic,
opto-electronic and magneto-optic technologies are based on thin layer- or multilayer
structures that are deposited by epitaxial processes onto flat, oriented and single-crystalline
substrates. The lifetime and the performance of microelectronic, photonic and magnetic
devices are determined by the purity, the structural perfection, the stoichiometry, and the
homogeneity of the epitaxial layers (epilayers) and by the surface flatness of layers and
interfaces. For example, traces of oxygen in GaAs devices reduce their performance, and
dislocations have a detrimental effect on threshold voltage of GaAs transistors (Miyazawa
et al., 1986) and on the efficiencies of light emitting diodes (LEDs) (Lester et al., 1995).

Liquid phase epitaxy is growth from high-temperature solutions, so that many prin-
ciples, choice of solvents, and technological experiences from growth of bulk crystals
(see Elwell and Scheel, 1975) can be transferred to LPE. The epitaxial deposition can
be done from diluted solutions at low temperature, from concentrated solutions at higher
temperature and even from melts near the high melting point (Nakajima et al., 2005). In
practice, LPE is done mostly from dilute solutions, because this allows firstly to apply
lower growth rates for improved thickness control, secondly to apply lower growth temper-
atures for improved structural perfection and stoichiometry and to reduce the detrimental
effects of thermal expansion differences of substrate and epilayer, and thirdly to reduce
the risk of unwanted spontaneously nucleated crystallites.

Liquid Phase Epitaxy of Electronic, Optical and Optoelectronic Materials Edited by P. Capper and M. Mauk
Ò 2007 John Wiley & Sons, Ltd



2 LIQUID PHASE EPITAXY

Here we should introduce the principle of the single optimum growth technol-
ogy (Scheel, 2003): For a given crystal or epilayer with specified application and desirable
device performance, there can be only one single optimum growth technology if one consid-
ers thermodynamics, features of growth technologies, economics, timeliness, ecology, etc.

In silicon and GaAs microelectronics, where submicrometer structures are fabricated in
integrated circuits, the epitaxial deposition from the vapor phase is generally applied. Due
to the high surface tension of the liquid metallic solutions of semiconductors, such small
structures of less than 1µm cannot yet be fabricated directly by LPE growth. However,
LPE has numerous advantages and therefore is the major production technique for LEDs
(two-thirds of the worldwide LED production) and for magneto-optic bulk layers. In
comparison with epitaxy from the vapor phase, the strengths of LPE are:

• due to near-equilibrium conditions during epitaxial layer deposition the structural per-
fection of the layers is superior and that quasi-atomically flat surfaces and interfaces
can be achieved;

• generally excellent stoichiometry of the layers is obtained;

• due to comparably high solute concentrations relatively high growth rates can be
applied;

• LPE in most cases is a very economic epitaxial deposition technique, especially when
up-scaled to mass production.

There is justified hope that LPE will become essential for production of quasi-perfect
layers of SiC, GaN, AlN, and of high-temperature superconductors, and even GaAs and
other substrates may provide LPE surface layers of improved perfection in competition
with complex substrate preparation and annealing procedures.

However, there are limitations for LPE with respect to miniaturized structure size
(which, however, could be achieved by lithography and etching perfect LPE layers), with
respect to immiscible compositions that can not be grown by an equilibrium technique, and
with respect to stringent substrate requirements (small misfit, similar thermal expansion
coefficient of substrate and layer, and very small misorientation) when atomically flat
surfaces and interfaces are to be achieved. Purity is not a problem when constituent
elements or compounds are utilized as solvents, for example Ga for LPE of GaAs, the
BaCuO2-CuO eutectic as solvent for the high-temperature superconductor YBa2Cu3O7–x

(YBCO). In other cases like LPE of magnetic garnets the solvent can be selected according
to the criteria discussed in Chapter 3 of Elwell and Scheel (Elwell and Scheel, 1975), or
solvent constituents are chosen that are useful for the application like Bi2O3 for bismuth
substitution in magnetic garnets.

In contrast to the widespread opinion that LPE is an easy, simple and old-fashioned
technology, it will be shown that the contrary is the case, when large-area extremely flat
layers or superlattices are to be grown. LPE has almost disappeared from universities so
that the know-how exists practically only in industries, and because the development of
a new layer or multilayer structure by LPE requires 1–3 years, in contrast to popular
molecular beam epitaxy (MBE) and metal-organic vapor-phase epitaxy (MOVPE). The
two latter methods allow, by using expensive computer-controlled machines, preparation
of new layers or superlattice structures within typically 3 months, so that the PhD student
can spend the majority of his thesis time on device fabrication and physical measurements.
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These facts explain why LPE publications have become scarce, so that this important
technology is widely forgotten, it is pushed aside by the ‘modern’ technologies.

In the following, the various epitaxial growth modes will be discussed and how they
appear as functions of interface thermodynamics, thermodynamic driving force (supersat-
uration), misfit between substrate and epilayer, and substrate misorientation. From this
discussion we shall recognize from a theoretical standpoint why atomically flat and thus
extremely homogeneous layers of oxides and of most semiconductor compounds can be
achieved only by a near-equilibrium technique, by LPE. This discussion will also clarify
the complexity and enormous difficulties when epilayers are grown by heteroepitaxy, that
is the substrate and layer have different composition. But even in homoepitaxy, when
substrate and layer have the same composition, except for a small dopant concentration,
the growth conditions have to be optimized in order to achieve the flat and perfect layers
mentioned above.

The technological realization of the theoretically derived parameters can be quite
demanding. LPE is growth from solution where step bunching, growth instability and
inclusions occur when misfit, substrate misorientation, supersaturation, and hydrodynam-
ics as the main growth parameters are not carefully optimized. Near-equilibrium growth
by LPE does not tolerate any deviation from the optimized conditions, a reason why
numerous LPE attempts of researchers have failed, why macrosteps, ripples and meniscus
lines are observed: detrimental defects that can be prevented by careful selection and
preparation of the substrate surface, by the purity of the gas atmosphere, and by the pre-
cise adjustment of the growth conditions. In contrast to LPE, epitaxy from the vapor phase
is not so critical regarding all these growth parameters. Besides the high-supersaturation
effects discussed below, the main problem in vapor phase epitaxy is stoichiometry con-
trol of complex compounds like high-temperature superconductors. In LPE, the control of
stoichiometry is in general not a problem, because the growth temperature is well below
the melting point and below the coexistence (solid solution) range of the compounds, so
that automatically layers of excellent stoichiometry are deposited.

1.2 EPITAXIAL GROWTH MODES, GROWTH MECHANISMS
AND LAYER THICKNESSES

The layer and surface perfection is determined by the epitaxial growth mode, by the mech-
anisms of surface nucleation and step propagation. In addition to the three well-known
growth modes (Volmer–Weber, Stranski–Krastanov, Frank–Van der Merwe) of Bauer
(Bauer, 1958) there are five other distinct growth modes and epitaxial growth mechanisms
(Scheel, 1997 and in this chapter) that have been individually described by numerous
authors: columnar growth, step flow mode, step bunching, and screw-island or spiral-
island growth, and the growth on kinked (rough) surfaces. These eight growth modes are
shown in three successive steps of development in Figure 1.1.

The three classical growth modes had been derived thermodynamically from the surface
and interfacial free energies with the Frank–Van der Merwe (Frank–Van der Merwe,
1949) mode for dominating the interfacial energy between substrate and epilayer, Volmer–
Weber (Volmer–Weber, 1926) for the weakest interfacial energy, and Stranski–Krastanov
(Stranski–Krastanov, 1938) as the intermediate case. These three well-known growth
modes (Bauer,) are shown in the upper part of Figure 1.1; and they are frequently observed
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Direction
of growth

Sequence

Three classical growth modes of Bauer 1958

FRANK–
VANDER MERWE
(LAYER-BY-LAYER)

STRANSKI–
KRASTANOV

y0 = 0.5 − 10 mm

y0 = 100 − 1000 Å

y0 = 100 − 1000 Å

with localized step flow

followed by coalescence and certain flattening

VOLMER–
WEBER

COLUMNAR
GROWTH

DISLOCATIONS AND
ANTI-PHASE BOUNDARIES

Misorientation steps

Kinematic wave theory 1958
F.C. Frank; Cabrera & Vermilyea

STEP-FLOW

STEP-
BUNCHING

Macrostep-induced
striations and growth
instability

For layer compounds
(HTSC)

SCREW-ISLAND

GROWTH ON
KINKED SURFACES
(garnets)

28.3 + 29.3. 1991

Figure 1.1 Eight epitaxial growth modes. Reprinted from H.J. Scheel, Chapter 28 Crystal Growth
Technology, editors H.J. Scheel and T. Fukuda, Copyright (2003), with permission from John
Wiley & Sons, Ltd

in epitaxial growth. However, different growth modes have been described for the same
substrate–epilayer system, thus indicating that growth methods and growth parameters
influence the growth modes. Furthermore, the epitaxial growth experience in the past
40 years has given clear evidence of specific growth features that may be described
by five distinct and different epitaxial growth modes that are shown in the lower part
of Figure 1.1. In the following, first the main experimental parameters determining the
appearance of the growth modes will be briefly described followed by the discussion of the
growth modes and their impact on layer properties. Other parameters with some influence
on the growth mode such as surface diffusion, stoichiometry of deposited compounds,
condensing impurities (surfactants), oxidation stage of surface species and partial pressure
of reactive species during growth, and surface liquid or surface melting due to impurities
(VLS mechanism) or due to partial decomposition, are not yet well understood and will
not be discussed here.

The concentration of the epilayer-forming species in the growth fluid is very different
for vapor phase epitaxy (VPE) and for LPE. For GaAs the solid density of 5.3 g cm−3
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is reduced to 0.0065 g cm−3 in the vapor, which corresponds to a concentration of
10−9 –10−6 in the vapor depending on working pressure and on dilution by the carrier
gas, thus depending on the growth method. In comparison the concentration in LPE is
much higher, at 10 % solubility 10−1. In growth from the vapor generally the material flux
(in number of species cm−2 s−1) is the rate-determining factor for growth. In LPE it is
the mass transport through the diffusion boundary layer δ that at a given supersaturation
limits the growth rate according to (Nernst, 1904):

v = (n − ne)D/ρδ

where D is the diffusion coefficient, n the effective concentration or vapor pressure, ne the
equilibrium concentration or vapor pressure, and ρ the density of the crystal. However,
with increasing supersaturation and growth rate we observe successively step bunching,
wavy macrosteps, formation of inclusions, edge nucleation and surface dendrites, hopper
growth and bulk dendrites in the transition from stable growth to growth instability.
There is a maximum stable growth rate vmax that is defined as the highest growth rate
without growth instability. This was derived from an empirical boundary-layer concept
of Carlson (Carlson, 1958) by Scheel and Elwell (Scheel and Elwell, 1972) as a function
of the solution flow rate u, the Schmidt number Sc = η/ρ1D with η the dynamic viscosity
and ρ1 the density of the liquid, σ the relative supersaturation (n − ne)/ne, and L the
crystal size or substrate diameter, as

vmax = {0.214 D uσ 2n2
e/Sc1/3ρ2L}1/2

see also Chapter 6 in Elwell and Scheel (Elwell and Scheel, 1975). This approach, in
combination with the faceting transition concept described further below, is essential to
achieve flat LPE epilayers. In VPE the supersaturation ratio α of the actual pressure
divided by the equilibrium pressure p/pe qualitatively describes the decreasing supersat-
uration with increasing substrate temperature, but can often not be used for quantitative
interpretation of growth phenomena. Stringfellow (Stringfellow, 1991) has derived the
thermodynamic driving forces of epitaxial processes from the free energy differences
between the reactants before growth and the crystalline product. For GaAs and growth
temperature 1000 K this comparison of the epitaxial driving forces is shown in Figure 1.2.

One can recognize that the supersaturations in epitaxy from the vapor phase are orders
of magnitude higher than in LPE where the supersaturation can be adjusted to a neg-
ative value for etching, exactly at zero for thermodynamic equilibrium, and at small
positive values suitable for stable and economic growth rates to achieve atomically
flat surfaces (Scheel, 1980; Chernov and Scheel, 1995). The free energy differences of
Figure 1.2 give only an order of magnitude estimate of the supersaturation. The effective
supersaturation during growth can be derived from the surface morphology of as-grown
surfaces (Scheel, 1994). The distances y0 between steps are related to the radius r∗

S of
the critical two-dimensional nucleus as elaborated by Cabrera and Levine (Cabrera and
Levine 1956):

y0 = 19 r∗
S = 19 γmVm/a2RT σ

with γm the energy per growth unit, Vm the molar volume, and a the size of the growth
unit.
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Figure 1.2 Gibbs free energy differences between reactants and products (layers, crystals). The
estimated thermodynamic driving forces for LPE (�T < 6 K), MOCVD (TMGa + arsine) and
MBE (Ga + As4) of GaAs at 1000 K. (After Stringfellow, 1991) Reprinted from J. Cryst. Growth,
115, Stringfellow, 1, Copyright (1991), with permission from Elsevier

Table 1.1 shows that from typically observed interstep distances for VPE and for LPE
for the examples GaAs and the high-temperature superconductor (HTSC) YBCO the
supersaturation is about 60 times lower in LPE of GaAs and 200 times lower in LPE of
YBCO. This explains the different growth modes for VPE and LPE as shown below.

For HTSCs the measured interstep distances increased with the substrate temperatures
as expected (Nishinaga and Scheel, 1996), but due to the thermodynamic stability limits
of HTSC compounds the temperature can not be raised sufficiently to achieve interstep
distances comparable with LPE.

In heteroepitaxy the lattice mismatch between substrate and epilayer at the growth tem-
perature has a significant effect on nucleation behavior and the epitaxial growth mode and
thus on the structural perfection of the layer, and the thermal expansion difference between
the substrate and film may further deteriorate the layer perfection or may cause cracking
upon cooling to room temperature. The lattice mismatch or misfit f is defined as the relative
difference of the lattice spacings of the substrate aS and of the film aF : f = (aS − aF)/aF.
During layer deposition the misfit is first accommodated by a homogeneous strain, and
after reaching a critical layer thickness, which depends on the degree of misfit, misfit
dislocations are formed that are characterized by a periodical elastic strain with a period
equal to the dislocation spacing (Van der Merwe, 1973). At small misfit, for instance

Table 1.1 Supersaturation ratios for VPE and LPE derived from interstep distances
y0 of GaAs and of the high-temperature superconductor YBa2Cu3O7−x (YBCO)

For GaAs For YBCO

MBE, MOVPE LPE VPE, MOVPE LPE

y0 20–100 nm 6µm 14–30 nm 6 µm (0.6–17µm)
r∗
S 1.1–5.5 nm 300 nm 0.8–1.6 nm 300 nm

σMBE,MOVPE ∼ 60 × σLPE σVPE,MOVPE ∼ 200 × σLPE
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by epitaxial growth of a doped layer onto an undoped substrate, the formation of misfit
dislocations is prevented, but the substrate–layer structure may become bent due to the
misfit strain. The curvature can be used, when only one side of the substrate is epitaxially
overgrown, to monitor the layer thickness during the growth process by laser reflection.

The misorientation of the substrate, i.e. the deviation angle from the ideal crystallo-
graphic plane, provides misorientation steps of which the distance is determined by the
misorientation angle and by the lattice constants. This interstep distance can be made so
small that the formation of nuclei and growth islands can be suppressed resulting in a
pure step-flow mode.

The growth on kinked or atomically rough surfaces and on stepped surfaces possible at
special crystal orientations, for example in growth of garnet layers, the non-equilibrium
surfaces provide kink sites on to which the species can be attached, practically with
negligible surface diffusion and without step propagation.

In the following, the seven epitaxial growth modes shown in Figure 1.1 will be
described along with features allowing clear distinction that is necessary due to the misuse
of layer-by-layer growth for step-flow mode, for example.

In the layer-by-layer or Frank–Van der Merwe (Frank and van der Merwe, 1949)
growth mode (F–VM mode) steps with large interstep distances, typically more than
1 µm, propagate over macroscopic distances. In the case of perfect crystal surfaces, the
supersaturation increases until surface nucleation occurs and the steps move to the edge
of the crystal until the formation of the monolayer is completed. Then the supersaturation
rises again for surface nucleation and the formation of the next monolayer. Normally,
however, there are continuous step sources like screw dislocations or other defects, so
that the layer-by-layer mechanism works continuously and spreads layers at large inter-
step distances over macroscopic distances. Screw dislocations may cause the spiral growth
mechanism (described by the BCF theory; Burton et al., 1951) that may lead to shallow
growth hillocks with very small slopes, depending on supersaturation these can be sec-
onds to minutes of arc. At the hillock boundaries the steps arriving from neighboring
hillocks are annihilated and thus may cause screw dislocations or other defects. Thus, the
hillock boundaries may cause local strain fields and variation of the incorporation rates of
impurities and dopants, or the local strain may getter or reject impurities during annealing
processes. This inhomogeneity may be suppressed by providing one single step source or
by using substrates of well-defined small misorientation that corresponds to the interstep
distance from the applied supersaturation. The F–VM growth mode and such perfect
and homogeneous layers can only be achieved by LPE or by VPE at very high growth
temperatures (e.g. in silicon epitaxy above 1100 ◦C interstep distances above 1 µm can
be observed). For compound semiconductors and most oxide compounds with thermody-
namic stability limits only LPE at low supersaturation can yield atomically flat surfaces.

The Volmer–Weber (Volmer and Weber, 1926) growth mode (V–W mode) is typical
of VPE where a large number of surface nuclei (typically 106 − 1011 cm−2) and growth
islands are formed due to the high supersaturation described above. This initial phase is
followed by spreading,1 that is by localized step flow and growth of three-dimensional
islands, and finally by coalescence to a compact layer. The supersaturation effect can
be dominating so that even in homoepitaxy the V–W mode is observed, for example in
HTSC oxide compounds (Konishi et al., 1994). Continued growth of a layer first initiated

1 Theorists like to call this the birth-and-spread mode.
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by the V–W mode often shows columnar growth unless there is a healing procedure to
enhance surface diffusion, for instance by growth interruption in MBE or by an annealing
phase. Columnar growth is a common feature in epitaxy of GaN, diamond, and HTSCs
due to their thermodynamic stability limits not allowing a sufficient high growth temper-
ature for reduced supersaturation and effective surface diffusivity and thus healing, see
for example the Akasaki–Amano group with columnar growth of GaN on AlN buffer
layers (Hiramatsu et al., 1991).

The Stranski–Krastanov (Stranski and Krastanov, 1938) mode (S–K mode) can be
regarded as intermediate between the F–VM and V–W modes. Due to relatively large
substrate–epilayer interface energy, first one or two compact monolayers are formed
onto which by surface nucleation, analogous to the V–W mode and due to misfit,
three-dimensional islands are formed that eventually coalesce to compact layers. As an
example, the S–K mode has been demonstrated by MBE growth of InAs onto GaAs
substrates (Nabetani et al., 1993).

The detrimental coalescence effects of V–W and S–K films can be suppressed by
using substrates of precisely adjusted misorientation (typically 0.8 − 2.5◦), so that from
the short interstep distances the formation of islands can be prevented and the pure step-
flow mode achieved. The advantage of this mode has been more and more recognized
and has improved structural perfection of vapor-grown layers and device performance.
In LPE the application of misoriented substrates limits the applicable supersaturation in
order to prevent step bunching and surface corrugations. Localized step flow is frequently
observed in films growing by the V–W or S–K mode with interstep distances of less
than 50 nm. These steps are frequently misinterpreted as layer-by-layer growth, a term
that should be reserved to interstep distances of more than 1 µm and step propagation
over macroscopic distances by the F–VM mode.

In LPE, frequently step bunching is observed when at high supersaturation a high
density of steps moves with large step velocities over the surface. By fluctuations, higher
steps catch up with lower steps and then move together as double, triple, or in gen-
eral as macrosteps. The theory of this traffic flow problem by Lighthill and Whitham
(Lighthill and Whitham, 1955) was applied in 1958 by Cabrera and Vermilyea (Cabr-
era and Vermilyea, 1958) and independently by Frank (Frank, 1958) to step bunch-
ing (kinematic wave theory). The macrostep-terrace (or thread-riser) morphology causes
different incorporation rates of impurities and dopants due to locally varying growth
velocities that lead to macrostep-induced striations (Scheel, 2003). These striations were
observed in cross-sections of LPE-grown layers by etching or by photoluminescence for
example by Kajimura et al. (Kajimura et al., 1977), Nishizawa et al. (Nishizawa et al.,
1986) (Figure 1.3) and by Nishinaga et al. (Nishinaga et al., 1989). The upper part of
Figure 1.3 shows the topview of a LPE-grown GaP layer with three macrosteps which
correspond to the surface steps shown in the cross section in the lower part of the Figure
One can follow the development and broadening of the macrosteps from smaller steps in
the etched layer. The opposite, the removal of macrosteps, can be seen with two examples
in Figure 1.4. A Nomarski photograph of an angle-lapped and etched 15-layer structure
of n- and p- GaAs grown by a slider-free LPE technology (Scheel 1977) is shown in
Figure 1.4a. The first 6 layers show macrosteps and their traces in the etched p-GaAs
layers until with layer 7 the transition to the facet starts on the left side. With layer 12
and total growth of about 25µm the faceting transition is complete in this case where
the substrate misorientation was 0.165 degrees. Figure 1.4b shows an example where the
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LPE of GaP
As-grown surface

Cleaved and etched
in HF + H2O2
+ 3H2O at 20°C

Increasing step bunching

Growth
direction

20 m

Figure 1.3 Macrostep-induced striations. Reprinted with permission from Proc. 2nd Int. School
on Semiconductor Optoelectronics, J. Nishizawa and Y. Okuno, Cetniewo, Poland, 1978

Misorientation a = 0.165 ± 0.005°
Lapping angle g = 2.381 ± 0.003°

a = 0.575 ± 0.012°
g = 1.908 ± 0.003°

20mm

10mm

10

0

Substrate
Macrostep

Striation

Stepped layers

Stepped layers
Layer no.

(a)

(b)

(111)

10′ per layer

5′ per layer

Initial
∆T = 1.7°
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∆T = 0.5°

0 1 2mm

85′
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Macrosteps Substrate Striations induced
by macrosteps
‘kinetic striations’

2
4

6
8
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14

(111)

2° h−1

3.5° h−1

Figure 1.4 Transition to faceting in LPE. Reprinted from Appl. Phys. Lett., Transition to faceting
in multilayer liquid phase epitaxy of GaAs, 37, Scheel, 70–73, Copyright (1980), with permission
from American Institute of Physics
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transition to the facet was only partially successful due to the large substrate misorienta-
tion angle of nearly 0.6 degrees.The facet started on the right side and covers after 15µm
growth nearly half of the photographed surface. The macrosteps and the correspond-
ing striations can be clearly recognized on the left facet-free side. These experimental
results (Scheel 1980) were analyzed theoretically by Chernov and Scheel (1995) who
showed that by applying a low supersaturation and substrates of small misorientation,
step bunching can be suppressed by the transition to faceting, to a growth surface with
mono- or double-steps propagating over macroscopic dimensions in the F–VM mode.
The resulting quasi-atomically flat surface was proven in the first investigation of an epi-
taxial surface by scanning-tunneling microscopy by Scheel, Binnig and Rohrer 1982 that
showed step heights of 0.65 nm (Figure 1.5), and interstep distances of 6µm were visible
by optical Nomarski interference contrast microscopy (Figure1.6).

LPE on the kinked {111 } surface of garnet, a nonequilibrium rough surface, has been
developed for the growth of garnet layers for magnetic bubble-domain devices based on

(a)

(b)

dT Y
dZ

a

Z
50

50

X
Y

0
Å

Figure 1.5 Step height by STM. Reprinted from J. Cryst. Growth, 60, Scheel et al., 199, Copyright
(1982), with permission from Elsevier

100µm

Growth steps y0 = 6µm

Figure 1.6 Differential interference contrast microscopy (Nomarski) of facet surface. Nomarski
step distances of 6 µm are visible. Reprinted from J. Cryst. Growth, 60, Scheel et al., 199, Copyright
(1982), with permission from Elsevier
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crystallization studies of garnet spheres by Tolksdorf et al. (Tolksdorf et al., 1972) and
later for bulk magneto-optical layers of millimeter thickness, whereby special care had
to be taken with substrate preparation, supersaturation and solvent composition (Hibiya
1983), and thermal symmetry/hydrodynamic growth conditions for the growth surface to
remain flat and to prevent the formation of {211} facets (Iino, 2005).

The screw-island mode was discovered in STM investigations of the HTSC YBCO
grown by sputter deposition and by MOVPE first by Hawley et al. (Hawley et al., 1991)
and then by Gerber et al. (Gerber et al., 1991), who found a high density of screw islands
(or spiral islands). The density of these islands corresponds to the density of initially
nucleated islands (108 –109 cm−2) and is dependent on the misorientation of the substrate,
so that Scheel (Scheel, 1994) suggested the coalescence of slightly misoriented islands
responsible for the formation of screw dislocations with large Burgers vector and thus
for the screw-island growth mode. The misorientation angle of the first-formed islands is
related to the misfit.

Continuous growth by the screw-island mode leads to coalescence and to columnar
growth whereby the number of islands may be reduced at low supersaturation and at high
growth temperatures.

For compounds of limited thermodynamic stability or with volatile constituents like
GaAs, GaN, SiC, and the HTSC compounds, the appearance of the growth modes is
largely predetermined by the choice of the growth method due to the inherent high super-
saturations in epitaxy from the vapor phase and the adjustable low supersaturation in LPE.
This is demonstrated in Figure 1.7 where the critical radius of the nuclei and the interstep
distances are shown as functions of the supersaturation along with typical regions of the
epitaxial methods. We can recognize that in LPE the desirable F–VM growth mode can be
achieved at low supersaturation and low substrate misfit, whereas a high thermodynamic
driving force leads to step bunching. Also misfit, requiring a higher supersaturation for
growth, will lead to step bunching and in extreme cases even to V–W or S–K mode that
are the typical growth modes for epitaxy from the vapor phase.

For the control of the growth mode, with the goal of achieving the best device perfor-
mance, the misfit plays an important role, and therefore the use of low-misfit substrates is
essential as will be discussed further below. The F–VM growth mode can only be obtained
at quasi-zero misfit as can be established from thermodynamic considerations (Van der
Merwe, 1979) and as was demonstrated by atomistic simulations using the Lennard–Jones
potential (Grabow and Gilmer, 1988). The combined effect of supersaturation and misfit
is shown in Figure 1.8, along with the epitaxial methods and the growth modes.

Only in the small corner at low supersaturation and nearly zero misfit can the layer-
by-layer growth mode be realized and used to produce low dislocation layers for ultimate
device performance, as was early demonstrated with the highest brilliance red LED, and
clear green LEDs and many other optoelectronic devices (Nishizawa and Suto, 1994)
grown by near-equilibrium LPE. For the example of LEDs the dependence of the effi-
ciency of light output on the structural perfection, i.e. on the dislocation density, was
demonstrated in a systematic study of Lester et al. (Lester et al., 1995 who collected
data of several III-V compound systems. Meanwhile, it has become clear that also
for LEDs based on GaN and its alloys, a low dislocation density is important for the
brightness.

Homoepitaxial LPE may become important when extremely perfect, quasi-dislocation-
free surfaces will be needed for ultimate performance of electronic, optoelectronic, optical
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Figure 1.7 Supersaturation versus step distance and epitaxy method. Reprinted from Crystal
Growth Technology, editors H.J. Scheel and T. Fukuda, Copyright (2003), with permission from
John Wiley & Sons, Ltd

and HTSC devices, and when the preparation of correspondingly perfect substrates can not
be achieved, or when the preparation of perfect substrate surfaces is too difficult. Besides
GaAs one should mention SiC and GaN substrates that when prepared from the vapor
phase contain of the order of 10 pipe defects and 1010 dislocations cm−2, respectively.
By LPE onto GaN (Klemenz and Scheel, 2000) and onto SiC (Ujihara et al., 2005) the
defects could be ‘overgrown’ and surfaces of improved perfection achieved.

The thickness of LPE grown layers depends on the growth method like dipping, tipping,
tilting and the kind of applied supersaturation (step-cooling, cooling rate or supersaturated
solution) and hydrodynamics as discussed by Tiller and Kang (Tiller and Kang, 1968),
Minden (Minden, 1970), Mitsuhata (Mitsuhata, 1970), Crossley and Small (Crossley and
Small, 1971), Ghez and Lew (Ghez and Lew, 1973), Hsieh (Hsieh, 1974), and Knight
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et al. (Knight et al., 1974). In LPE of semiconductors the slider technique has been most
widely applied, even up to production scale, although it has severe disadvantages as shown
in Figure 1.9.

The main disadvantages are scratching of the grown layers and the limitation of total
layer or multilayer thickness. A slider-free LPE growth system for semiconductor multi-
layers and superlattices has been developed (‘MultiLPE’; Scheel, 1977) that allowed the
transition to faceting and atomically flat surfaces, as discussed above to be achieved, and
that in a different topology can be used for large-scale production of epitaxial multilayers
(Scheel 1975) in a quasi-continuous process (Figure 1.10).

Here a batch of substrates held in an open frame is inserted into the solution that is
supersaturated by slow cooling, whereby oscillation about the axis leads to stirring and
improves the homogeneity of the melt. By combined rotation and translation of the central
axis the batch of substrates is introduced into the next solution, and so on. On both sides
of the furnace there are gloveboxes where the substrate batches are mounted and on the
other side of the furnace demounted. In the case of GaAs a low oxygen partial pressure,
as derived from thermodynamics of oxide formation/Ellingham diagram, is required for
the gas atmosphere in order to prevent surface oxidation (scum formation) of the Ga melt
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Figure 1.9 Problems with GaAs slider method in LPE. Reprinted from Crystal Growth Technol-
ogy, editors H.J. Scheel and T. Fukuda, Copyright (2003), with permission from John Wiley &
Sons, Ltd

Figure 1.10 LPE mass production by slider-free technology (Scheel 1975)

that causes wetting of the substrate and thus remaining melt fraction that mixes with the
next melt/solution.

For LPE of garnet layers the dipping of rotating substrates (Scheel and Schulz-Dubois,
1972) has become widely used. This has the advantage of an adjustable continuous flow
towards the rotating disc that was analyzed by Cochran (Cochran 1934) and then applied
to the segregation analysis of Czochralski growth by Burton et al. (Burton et al., 1953).
The resulting quasi-constant hydrodynamic and diffusion boundary layers facilitate the
theoretical analysis (Ghez and Giess, 1974), and the stirring action leads to homogeniza-
tion of the growth solution and an approach to thermodynamic equilibrium, in contrast
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to unstirred solutions where high supersaturations may hamper reproducibility and layer
homogeneity.

In LPE growth of bulk garnet layers from stirred solutions, steady state is reached
soon after inserting the substrates so that the growth rate is automatically given by the
volume of the solution and the total surface area of the substrate(s) that has to accept the
material that has to precipitate as a function of the solubility curve and the cooling rate.
This should allow high reproducibility to be achieved in bulk oxide layer thickness in the
case of rotating substrates, especially for oscillatory rotation.

1.3 THE SUBSTRATE PROBLEM

Successful LPE relies on uniform, clean and damage-free substrates with zero or very
low dislocation densities. The surfaces should be free from dust, grease, and pits or
scratches from the polishing process, and the structural damage from crystal sawing
(microcracks, strain) should be removed by a final etching stage. Even commercially
available ‘epi-ready’ substrates should be characterized before use. Normally, the final
substrate-preparation stages and the characterization of substrates for LPE are done in
clean rooms, depending on the application in class 1000 or class 100 atmosphere. In special
cases the meltback of the substrate followed by homoepitaxial regrowth, as proposed
by Robertson et al. (Robertson et al., 1973), may yield perfect surfaces for following
heteroepitaxial LPE growth of the functional layer.

As we have seen above, the orientation, and respectively, the misorientation, of the
substrate plays a decisive role in the control of the growth mode and thus in the layer
perfection. The required precision of the misorientation angle can be estimated theoreti-
cally and taken into account in the crystal sawing, lapping and polishing steps. For the
achievement of atomically flat LPE-grown surfaces the misorientation angle should be
less than 0.05◦ (Chernov and Scheel, 1995), which requires a corresponding precision in
the crystal-machining steps.

The largest challenge in LPE in the case of heteroepitaxy are the misfit between sub-
strate and epilayer at the growth temperature and the difference of the thermal expansion
coefficients.

This problem received much attention during the development of magnetic bubble-
domain devices based on garnets during the period 1969–1976, and was approached
from both sides, from solid-solution compositions of the layer fitting to the Gd3 Ga5O12

(GGG) substrates, and to solid solution substrates fitting to layers with optimum device
performance. Thereby the lattice parameters of the mixed garnets can be calculated from
published values (Geller, 1967; Winkler et al., 1972) of the end-member garnets using
Vegard’s rule. The different thermal expansion coefficients of GGG substrate (α = 9.18 ×
10−6 ◦C−1) and Y3Fe5O12 (YIG) magnetic garnet fim (α = 10.35 × 10−6 ◦C−1) measured
by Geller et al. (Geller et al., 1969) leads to tensile stress when films that fit a substrate
at growth temperature are cooled to room temperature. The stress in an epitaxial film is
given (Besser et al., 1972; Carruthers, 1972) by:

σF = E

1 − µ
(1 − η)

(
aS − aF

aF

)
+ η(αS − αF )�T
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where E is the Young’s modulus, µ is the Poisson’s ratio of the film, aS and aF are
the room temperature lattice parameters of substrate and film, respectively, αS and αF

their thermal expansion coefficients, �T the difference between growth and ambient
temperatures, and η the fractional stress relief.

The unstrained lattice mismatch �a = aS − aF should be within the limits +0.001 nm
(tension) and −0.002 nm (compression) according to Besser et al. (Besser et al., 1972),
Blank and Nielsen (Blank and Nielsen, 1972) and Tolksdorf et al. (Tolksdorf et al., 1972)
for VPE- and LPE-grown layers. The tensile stress limit of garnet films can be explained
in terms of Griffith’s (Griffith, 1920) crack theory that predicts an increasing stress limit
with decreasing film thickness (Matthews and Klokholm, 1972). The origin, magnitude
and configuration of heteroepitaxial stresses in thin oxide films has been reviewed by Car-
ruthers (Carruthers, 1972). The rapid growth direction of pulled gallium garnet substrate
crystals is [111], which is fortunately the preferred orientation of the magnetic garnet
layers. In GGG crystal pulling relatively high crystal rotation rates are applied in order
to achieve a planar growth interface and to prevent {211} facets. However, a compromise
has to be found between the core effect, a central strained region in Czochralski-grown
crystals, and the formation of striations.

In epitaxy of compound semiconductors there was for a long time the limitation to
simple compound substrates like GaAs, GaP, InP, GaSb, CdTe which narrowed the solid
solution ranges of layers and thus the bandgap and wavelength ranges for optoelectronic
devices.

Only recently has the commercial production of CdHgTe (Capper et al., 2005) and of
GaInSb (Dutta, 2005) been achieved by vertical Bridgman growth with the accelerated
crucible rotation technique (ACRT), and promising results have also been obtained for the
InGaAs (Nishijima et al., 2005) and SiGe (Nakajima et al., 2002) systems. For the Si-Ge
system an optical in situ monitoring system of the crystal-melt interface allowed the study
and optimization of the solidification of the solid solution crystal (Sazaki et al., 2002).

1.4 CONCLUSIONS

LPE is the most powerful epitaxial method to achieve layers and multilayers with the high-
est structural perfection, best stoichiometry, and with atomically flat surfaces and inter-
faces. Thus, LPE is most important when ultimate performance of optoelectronic, optical,
magnetic, magneto-optic and superconducting devices is envisaged. Future progress is
expected when solid-solution substrates become available and then allow the preparation
of layers that so far could only be grown by nonequilibrium VPE. However, epitaxy from
the vapor phase like MBE and MOVPE is and will remain essential for research when
novel layer structures are to be developed in a short time, and for fabrication of devices
and integrated structures that can not be made by LPE as the near-equilibrium growth
method. On the other hand, there is no fundamental problem to achieve extremely thin
layers, even monolayers and superlattices, by LPE, as this is a technological problem that
can and will be solved. LPE is the major fabrication method for LEDs and for magneto-
optic layers, and it is expected that it will become even more dominant, for instance for
the highest efficiency photovoltaic solar cells, when its potential is increasingly recog-
nized. This will be the case when education of epitaxy engineers and epitaxy scientists
is established who know thermodynamics and the principles of all epitaxial methods, but
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also spread-sheet process analysis, so that they can apply the single optimum economic
epitaxial process for their specific epitaxial layer and device requirement. Such multi-
disciplinary education is urgently needed in order to save resources that are spent when
nonoptimal or nonuseful methods are applied for example in HTSCs, where only by LPE
the surface flatness required for reliable Josephson/SQUID technology can be expected.
Such specialized education is necessary because of the complexity and multidisciplinary
nature of crystal and epitaxial growth technology where multiple growth parameters have
to be optimized and compromised, and where the substrate problem can be mastered.
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2.1 INTRODUCTION

It is well known that much progress toward the creation of ‘ideal’ heterojunctions and
devices on their base were achieved by means of liquid phase epitaxy (LPE) at the
Ioffe Physicotechnical Institute, Russian Academy of Sciences, in the last quarter of the
20th century. The growth of various multilayer heterostructures by the LPE technique
made it possible not only to improve the main parameters of the existing devices but
also to develop new ones, such as continuous-wave (cw) heterolasers, which can oper-
ate at room temperature. In addition to heterolasers, quite a number of devices with
heterojunctions, such as high-efficiency light emitting diodes (LEDs), solar cells, high
speed photodetectors, various transistors, switches, etc., were grown by LPE. All these
achievements, in their turn, served as a basis for the development of such areas of sci-
ence and technology as optoelectronics, integral optics, and fiber-optic communication
systems.

It is necessary to note that the superiority of Russian scientists and, in particular, the
specialists at the Ioffe Institute in the field of development of heterojunction devices was

Liquid Phase Epitaxy of Electronic, Optical and Optoelectronic Materials Edited by P. Capper and M. Mauk
Ò 2007 John Wiley & Sons, Ltd
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recognized around the world. Academician Zh.I. Alferov, who has been supervising the
heterojunction work since the 1960s, was awarded the Nobel Prize in Physics in 2000.
At the same time, the achievements of Russian researchers in the development of the
LPE technique, particularly those before 1990, are not known well enough to the global
scientific community. The former USSR was a closed country, and very frequently the
scientists could not publish their results in the foreign literature. This chapter attempts
to eliminate the knowledge gap concerning the Russian work during the later part of the
20th century.

Starting from the 1970s, the LPE technique became the main means of production of
various electronic devices. However, LPE is partially replaced nowadays with molecu-
lar beam epitaxy (MBE) and gas phase epitaxy, especially metal-organic chemical vapor
deposition (MOCVD), and the overwhelming majority of devices based on multilayer
structures are now produced using these techniques. This probably happened because it
was rather difficult to grow quantum-well (QW) epitaxial layers with controlled thickness
by means of LPE. The reproducibility of the main parameters of LPE-grown epitaxial
layers, both in a single structure and between different structures, is frequently unsat-
isfactory. In addition, it is very difficult to grow solid solutions if one of the system’s
components has a big segregation coefficient. For example, in Al-In systems of III-V
solid solutions, such as Al-In-P or Al-Ga-In-P, the segregation coefficient of Al may be
as high as 104. Naturally, this leads to a very large composition gradient and a gradient
of the lattice constant, across the small thickness of an epitaxial layer. Consequently, it is
difficult to grow single-crystal epitaxial layers. The LPE growth of such important mate-
rials as binary nitrides and various systems of solid solutions on their base is extremely
complicated as well.

Despite the advantages of MBE and MOCVD, the LPE technique is still an important
technological method for growth of various epitaxial films and multilayer structures. It
allows one to produce an excellent quality material. For example, the internal efficiency
of radiative recombination for a lightly doped direct-bandgap III-V binary compound and
solid solutions grown by LPE is close to 100 % [1, 2]. (This probably takes place because
the crystallization process in LPE is carried out at conditions not far from equilibrium).
The cost of the LPE equipment is considerably lower, in comparison with MBE and
MOCVD machines. As opposed to the MBE and MOCVD techniques (in which the
speed of crystallization is rather slow and growth of epitaxial structures with high layer
thickness is difficult), LPE has a high crystallization speed, and epitaxial layers with a
thickness of 50–100 µm can be readily grown from the liquid phase. Therefore, LPE
can be used, as before, to grow epitaxial structures for various devices, e.g. high-voltage
diodes or avalanche photodetectors.

The most important and interesting, in the author’s opinion, results that have been
achieved in Russia during the last part of the 20th century in the field of LPE are dis-
cussed in the present communication. This review is devoted to the growth technology of
AlGaAs and InGaAsP single quantum-well separate confinement (SQW SC) heterostruc-
tures and to some peculiarities of use of rare-earth elements in the LPE of III-V compounds
and solid solutions. It is clear that the main achievements of the Russian scientists in
the research, development, and improvement of the LPE technique are not confined to
these areas only, but it is difficult to discuss all these results in a comparatively brief
review.
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2.2 SPECIFIC FEATURES OF GROWTH OF QUANTUM-WELL
HETEROSTRUCTURES BY LPE

The thickness of an epitaxial layer primarily depends on the difference of solubilities
at the initial and final growth temperatures and, to a certain extent, on the cooling rate,
volume of the solvent used, and degree of supercooling. Therefore, QW epitaxial layers
with thicknesses of tens or hundreds of angstroms can be grown using the following
technological procedures:

1. Growth from a very thin layer of the liquid phase. This method can be used when the
liquid phase is located in the capillary between two substrates.

2. Use of lowered growth temperature. For example, the common LPE growth temper-
ature for the AlAs-GaAs system is within 600–800 ◦C. Originally, these temperatures
were used when fabricating cw heterolasers based on AlGaAs/GaAs double heterostruc-
tures [3–5]. The thickness of the active regions of these devices was near 0.1–0.2 µm.
However, lowering the growth temperature to 350–550 ◦C made it possible to success-
fully grow epitaxial layers with thickness of about 10–100 Å.

3. Making shorter the time of contact between the substrate and the liquid phase. This
was done by rapidly moving a substrate under the supersaturated liquid phase confined
within a narrow slit.

2.2.1 LPE growth from a capillary

LPE-grown QW heterostructures can be produced by sharply decreasing the thickness
of the liquid phase. The most convenient way to achieve a small thickness of the liquid
phase is to create a capillary between two substrates [6,7]. When epitaxial layers are grown
from such a capillary formed by different substrates, the processes of crystallization on
these materials are different. Let us consider the growth of a GaAs-epitaxial layer from
a capillary between GaAs and AlGaAs substrates. The growth on the GaAs substrate
occurs in accordance with the homoepitaxial growth model, and that on AlGaAs, with the
heteroepitaxial model. The homoepitaxial process is, as a rule, the result of a tangential
motion of steps on the substrate surface, i.e. without formation of seeds. There are many
steps on the real surface of a crystal, and, therefore, the homoepitaxy takes place at
a negligible supercooling. In contrast to the homoepitaxy, the heteroepitaxial process
begins with the formation of seeds on the substrate. These seeds, eventually, increase
in size and merge to form a continuous epitaxial layer, which can be called the ‘initial’
one. In the case of heteroepitaxy, i.e. in the formation of a continuous epitaxial layer,
a strong supercooling is, as a rule, required. Thus, the rate of the homoepitaxial growth
is substantially higher than that in the heteroepitaxial process at the same degree of
supercooling.

To make the initial AC (GaAs, in the case in question) epitaxial layer grown on an
ABC (AlGaAs) substrate as thin as possible, it is necessary, first of all, that the critical
radius of AC seeds on the substrate surface should be as small as possible. This can
be achieved by creating a high initial supercooling of the A-C liquid phase, because the
critical radius of a seed decreases as the supercooling becomes more pronounced. The
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heteroepitaxial growth of the AC layer on the ABC substrate occurs until a continuous
epitaxial layer is formed. Further growth of the layer is homoepitaxial. At the same time,
in order to prevent an increase in the thickness of the initial layer, it is necessary to
terminate the homoepitaxial growth of this layer after it is formed as a result of seed
merging. In this case, the final thickness of the layer does not differ significantly from
the initial thickness, or, to put it differently, from the critical seed radius. This can be
achieved by isolating the substrate and the liquid phase or by removing the supercool-
ing, after the initial layer is formed. The supercooling can be removed by raising the
temperature to a level at which the formation of the initial layer is complete. In another
method [7–9], the supercooling of the A-C liquid phase is removed (relaxation occurs)
during the growth of the AC epitaxial layer on the ABC substrate by transfer of C atoms
away from the ABC substrate (reverse of mass transport). The reversal of mass transport
is enabled by the substantially higher rate of homoepitaxial growth, compared with the
rate of the heteroepitaxial process. Therefore, an auxiliary AC (GaAs) substrate (invert-
ing substrate), on which the homoepitaxial growth takes place, is to be parallel to the
main ABC substrate to form a capillary with a thickness L. Before a continuous ini-
tial epitaxial layer is formed on the main ABC substrate, relaxation of supercooling will
occur, mainly due to the homoepitaxial growth on the AC substrate. Let us assume that
tho is the time necessary to form a continuous AC epitaxial layer on the ABC substrate.
If the supercooling is not removed during this time, further growth occurs on both the
substrates by the homoepitaxial mechanism. The time of supercooling relaxation (tr) is
determined by the time of diffusion of a C atom in the A-C liquid phase from ABC to
AC substrate. Naturally, this time depends on the distance L between the substrates. In
order to obtain an epitaxial layer with a thickness that does not differ substantially from
the thickness of the initial layer, i.e. the critical seed radius, it is necessary to satisfy the
requirement tho

∼= tr. This can be done by selecting the distance L between substrates
or the thickness of the capillary. If tr � tho, the flow toward the AC substrate is weak
and, therefore, the supercooling of the liquid phase remains strong after the initial AC
layer is formed on the ABC substrate. If tho � tr, the flow toward the AC substrate is
so strong that a solid epitaxial layer cannot be formed because of the fast relaxation of
supercooling.

The relaxation LPE technology with reversal of mass transport was analyzed theoret-
ically in [8,9]. The critical radius of GaAs seeds (shown in Figure 2.1), time in which a
continuous GaAs epitaxial layer grows, and thickness of layers on the main AlxGa1−xAs
and auxiliary GaAs substrates were calculated as a functions of the initial supercool-
ing. The distance between the substrates (L), necessary for crystallization of an epitaxial
layer with a thickness close to the critical seed radius, was determined. The dependence
of this distance on supercooling is shown in Figure 2.2. The potentialities of relaxation
LPE with reversal of mass transfer were demonstrated experimentally with the use of
a GaAs-AlxGa1−xAs capillary with x = 0.1, 0.2 and 0.4. The capillary was filled with
the liquid phase owing to the surface tension forces. The epitaxial process was carried
out at a constant temperature of about 900 ◦C, with the initial supercooling of 3–5 ◦C.
The distance L was 30 and 50µm. Both the theoretical and experimental studies of this
method show that the use of the LPE technology with reversal of mass transfer enables
successful growth of QW heterostructures with layer thicknesses of tens to hundreds of
angstroms [7–9].
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Figure 2.1 Theoretical dependence of the critical radius of the GaAs spherical seeds (rcr, Å)
on initial supercooling (�T , K) [7] (T = 1000 K). Reprinted from Sov. Phys. Tech. Phys., 33(8),
V. N. Bessolov et al., Relaxation liquid phase epitaxy based on reversal of the mass transport
and its potential for making ultrathin layers of III–V materials, 902–905, Copyright (1988) with
permission from V. N. Bessolov

2.2.2 Low-temperature LPE

One of the most important factors in the LPE growth technology is the design of the
boat used to grow epitaxial structures. First multi-layer heterostructures were grown by
LPE with the use of a sliding boat. This boat had two parts: a fixed body with openings
for the liquid phases and a slider on which one or more substrates are mounted. The
multi-layer epitaxial structures were grown by successive displacement of the substrate
from one liquid phase to another. The first AlGaAs/GaAs cw-double-heterojunction lasers
operating at room temperature were fabricated using this technique.

The boat design described above has some drawbacks. Usually, the weight of the
solvent is 3–5 g, and the surface area of the substrate about 1 cm2. Thus, the height of
the layer of the liquid phase reaches several millimeters. Analysis of the growth processes
from such liquid phases, which can be named semi-limited, shows that a considerable
portion of the dissolved material has not enough time to reach the substrate surface and
crystallizes in the volume of the liquid phase. For the Al-Ga-As system, experiments
conducted with a limited height of growth chamber [10] demonstrated that there is no
crystallization in the volume of the liquid phase if its thickness does not exceed 1 mm. In
this case, the crystallization efficiency is near 100 %, which means that virtually the whole
amount of the dissolved material crystallized on the substrate. If the growth processes
are performed from the semi-limited liquid phase, stable seeds appear at a distance of
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Figure 2.2 Theoretical dependence of the distance between substrates (capillary thickness L,µm),
necessary for crystallization on the Al0.2 Ga0.8As substrate an epitaxial layer with a thickness close
to the GaAs critical seed radius, as a function of initial supercooling (�T , K) [7] (T = 1000 K).
Reprinted from Sov. Phys. Tech. Phys., 33(8), V. N. Bessolov et al., Relaxation liquid phase epitaxy
based on reversal of the mass transport and its potential for making ultrathin layers of III–V
materials, 902–905, Copyright (1988) with permission from V. N. Bessolov

1 mm or more from the substrate. Therefore, some part of the dissolved material may be
washed off by these seeds. This effect may impair the planarity of the epitaxial layer, as
it is shown schematically in Figure 2.3. It is advisable to carry out the LPE growth with
a limited volume of the liquid phases, with the thickness of the liquid-phase layer not
exceeding 1 mm, at least for the Al-Ga-As system.

Another drawback of LPE with a sliding boat is associated with the possible additional
defects that appear on the surface of a growing structure during its transfer from one liquid
phase to another. These defects can be caused either by ordinary mechanical damage on
the substrate or on the surface of epitaxial layers. Moreover, the structure’s surface may be
oxidized through interaction with trace amounts of oxygen or water vapor in the hydrogen
atmosphere, to which this surface is exposed during the transfer from one liquid phase
to another. Moreover, oxide films are always present on the surface of the liquid phase,
and very frequently it is difficult to remove these films completely, especially Al2O3,
even by prolonged high-temperature baking. Oxide films of this kind make wetting of the
substrate or of a preceding epitaxial layer more difficult, and, naturally, this phenomenon
affects the quality of the structure produced.

It is possible to grow heterostructures with layer thicknesses of about 100 Å or less by
low-temperature LPE, as mentioned above. For the Al-Ga-As system, ‘low temperatures’
are in the range 350–550 ◦C, and it is very difficult to achieve an ideal substrate wetting
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Figure 2.3 Diagram showing the planarity impairment of the epitaxial layer, when semi-limited
liquid phase is used

at these temperatures because of the oxide films present on the surface of the liquid
phase (see above). To solve this problem for the case of low-temperature growth of
AlGaAs/GaAs heterostructures, a special boat design [11,12], shown in Figure 2.4, was
used. In this boat, the liquid phases of different compositions are placed in a container
1, which can move along the body 2. There is a piston chamber 3 with a reciprocating
piston 4. The growth chamber 5 is formed by two GaAs substrates 6 with a spacing of
0.5–1.0 mm in between, which are connected with the piston chamber through a narrow
slit 7. On the right-hand side, the growth chamber 5 is connected with the container 8
for the liquid phases used by means of a winding slit. This prevents mixing of the liquid
phases used with that in the growth chamber.

In the beginning of the process, the piston is in the right-hand position. Then the
container 1 is moved to the right in such a way that it provides the exact match between
the position of the first liquid phase and the opening 9 in the body of the boat. When
the piston is moved to the left, the first liquid phase falls down through this opening
into the piston chamber 3. After that, the piston is returned back to the right-hand position,
with the result that the liquid phase is squeezed through slit 7 into the growth chamber.
This technique provides an effective mechanical cleaning of the melt to remove the
oxide films and guarantees an ideal contact of the Al-Ga-As melt with the substrate,
even at low temperatures and an Al content in the liquid exceeding 0.5 at. % [11,12].
After the first epitaxial layer is completely grown, container 1 is moved again to the
right. Then, as the piston moves back and forth, the second liquid is squeezed into
the growth chamber, with the first liquid being forced into container 8. The subsequent
replacement of liquid phases is performed in a similar manner. The last liquid phase can
be removed from the surface of the lower substrate by shifting the substrate holder (slider
10) outside the growth chamber. However, very frequently, the remaining liquid phase
cannot be removed completely from the surface of the structure grown, using this method.
Therefore, crystallization from the remainder continues during the cooling of the heater
to room temperature. Naturally, this causes a noticeable deterioration of the morphology
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Figure 2.4 Diagram of the ‘piston’ boat [11]. The inset shows the ‘piston’ boat construction with
a variable thickness of liquid phase [18]. 1, Container for the liquid phases; 2, body; 3, piston
chamber; 4, piston; 5, growth chamber; 6, substrates; 7, narrow slit; 8, container for the used
liquid phases; 9, opening; 10, slider; 11, mobile wedge-shaped inset; 12, wedge-shaped slider.
Reprinted from Kristall Technic, 10(2), Zh. I. Alferov et al., Investigation of a new LPE method
of obtaining Al-Ga-As heterostructures, 103–110, Copyright (1975) with permission from V. M.
Andreev. Inset: Reprinted from Sov. Phys. Tech. Phys., 23(2), Zh. I. Alferov et al., Fabrication
of AlAs-GaAs heterostructures by selective liquid-phase epitaxy, 209–214, Copyright (1978) with
permission from V. M. Andreev

or planarity of the last layer, which is extremely undesirable for the subsequent post-
growth processing, such as, e.g. photolithography or high-precision etching. However, it
is possible to remove the remainder of the liquid phase much more reliably by means of the
following procedure [11,12]. The Al-Ga-As liquid phase with composition corresponding
to AlxGa1−xAs with x ≥ 0.8 is squeezed into the growth chamber immediately after the
growth of the last layer. After that the furnace is switched off. The AlxGa1−xAs solid
solution with high content of AlAs crystallizes on the surface of the structure during
the cooling of the furnace. As it is known, the AlxGa1−xAs solid solutions with x ≥ 0.8
are corrosion-unstable and can be easily removed with some selective etchant that is
inert toward the working layers of the structure. For example, such etchant as a weak
aqueous solution of HCl or H3PO4 can be used successfully for this purpose. This method
guarantees a good planarity and smoothness of the surface of the epitaxial structure. It
has been used not only for AlGaAs/GaAs, but also for the AlGaP/GaP system to produce
optical modulators and waveguides [13–16]. In the latter case, after the growth of the
last epitaxial layer of the AlGaP/GaP heterostructure is completed, the growth chamber
is filled with an Al-Ga-P liquid phase, which provides crystallization of an AlxGa1−xP
solid solution with x ≥ 0.8. This solution, as in the preceding case of AlGaAs, can be
removed from the surface of the structure with any etchant or even warm water.

Therefore, the LPE boat design described above has a number of advantages over the
‘sliding’ boat type. These advantages are associated with the use of a growth chamber of
limited height and squeezing of the liquid phases across a narrow channel, which allows
mechanical removal of oxide films from the liquid phases and guarantees a good wetting
of the substrate or the preceding epitaxial layer. The planarity and morphology of epitaxial
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layers grown with the ‘piston’ boat and the reproducibility of their main parameters are
much better in comparison with layers produced using the ‘sliding’ boat.

In the Al-Ga-As system, the solubility of As in the Ga-Al melt varies nonlinearly, and
the liquidus lines are convex downwards. Thus, mixing of two Al-Ga-As liquid phases
with different compositions causes supersaturation of the liquid obtained. That is why, in
the boat with forced exchange of one liquid phase for another, the transition layers between
different parts of the structure always occur because of the isothermal mixing of the melts
with different compositions. Sometimes, this phenomenon is undesirable in fabrication of
various devices, e.g. those with structures with a two-dimensional (2D) electron gas. The
thickness of the transition layers can be reduced by lowering the temperature and the Al
concentration difference in the melts before their mixing. The results obtained in studies
of the relationship between the thickness of the transition layers and the specific features
of the technological procedures employed were reported in [12,17].

The boat design described may have different modifications. For example, the growth
chamber may have no upper substrate. The thickness of the liquid-phase layer or the
height of the growth chamber may also vary during the crystallization process, when a
wedge-shaped slider is moving horizontally, as shown in the inset in Figure 2.4. [18].
This modification is very useful in growth of, e.g. heterolasers with QW active layers. In
this case, these layers can be grown from a chamber with small height h (∼ 0.1 mm), but
all other layers of the structure, such as wide-gap emitters and the GaAs contact layer,
from a chamber with h ∼ 1 mm.

Boats of various designs with forced replacement of one liquid phase by another have
been used successfully at the Ioffe Institute for many years to fabricate such heterojunction
devices as heterolasers [17,19], LEDs [20–23], solar cells [24–29], and transistors [30].
These boats are quite practical if used in growth of various structures by the selective epi-
taxy method, when the crystallization processes take place in windows within a dielectric
film [18,31]. If a ‘slider’ type boat is used, the problem of wetting of a substrate par-
tially covered with an insulator becomes complicated. The squeezing of the liquid phases
through a narrow channel by the piston permits an improved wetting of the substrate even
when the width of the ‘windows’ is less than 20µm.

Theoretical and experimental studies of low-temperature LPE have shown [17,32] that
at temperatures of 400–500 ◦C, the rates of crystallization and layer thickness of GaAs
are of the same order of magnitude (10−1 –1 nm s−1) as in the case of MBE and MOCVD
(Figure 2.5) [32]. Therefore, an epitaxial layer grown at low temperatures during 10–30 s
can be as thin as several nanometers. More detailed information about the phase diagram,
behavior of impurities, and specific features of the low-temperature LPE of GaAs and
AlGaAs can be found in [33].

AlGaAs/GaAs heterolaser grown by low-temperature LPE has a typical SQW SC struc-
ture. Structures of this kind demonstrated a 200–300 A cm−2 threshold current density
at room temperature [17,34]. The lowest absolute threshold current of 1.3 mA (300 K)
was obtained for buried laser diodes with a stripe width of ∼ 1µm and cavity length of
125 µm [35].

2.2.3 LPE growth of InGaAsP quantum well heterostructures

In all III-V multicomponent systems, except AlGaAs and AlGaP, the lattice constant
changes with composition. Therefore, one cannot use boats with forced exchange of the
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Figure 2.5 Dependence of the thickness of (a) epitaxial layers and (b) crystallization rates on
growth time of GaAs [32]. A, 600 ◦C; B, 550 ◦C; C, 500 ◦C; D, 450 ◦C. Solid lines, theoretical
predictions; points and dashed lines, experiments at 530 and 450 ◦C. Reprinted from Sov. Tech.
Phys. Lett., 12(9), Zh. I. Alferov et al., AlGaAs heterostructures with quantum-well layers, fabri-
cated by low-temperature liquid-phase epitaxy, 450–451, Copyright (1986) with permission from
V. M. Andreev

one liquid phase for another in the growth technology for these materials. This is due to
the formation of transition layers with an uncontrolled variation of the composition and the
lattice constant, which would crystallize spontaneously during the mixing of two different
liquid phases. Very frequently, these transition layers have a polycrystalline structure
because of the lattice mismatch with the substrate or a preceding epitaxial layer and
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hinder growth of the succeeding epitaxial layers in the single-crystal state. That is why,
in order to grow any heterostructure on the basis of such materials as InGaP, InGaAsP,
InGaAsSb, AlGaAsSb, InPAsSb etc., it is necessary to use another technique that would
rule out the mixing of liquid phases with different compositions. The most suitable boat
design for these cases (which, however, has the disadvantages mentioned above) is the
‘sliding’ boat, with which the substrates are moved successively from one liquid phase
to another.

As already mentioned, one of the most important drawbacks of the LPE technique is
its rather poor control over the basic parameters of epitaxial layers and the resulting poor
reproducibility of the main properties of various heterostructures. Among the reasons for
such a bad reproducibility are different temperature gradients within the reactor and the
boat. During the epitaxial growth by the LPE method, it is necessary to measure precisely
the real temperature at the interface between the substrate and the liquid phase. In addition,
when growing multi-layer structures, e.g. SQW SC heterolasers containing seven, eight,
or even more layers, the substrate is moved, if the ‘sliding’ boat is used, over rather large
distances of about 15–20 cm. In this case, it is necessary to measure the temperature
distribution over this distance. It is impossible to conduct these measurements with high
precision by means of a thermocouple, which is usually placed at some distance from the
substrate–liquid interface. Therefore, the data furnished by the thermocouple may differ
from the real temperature at this interface, because of the unknown temperature gradients
always present in any growth system. Note that this problem is not so important for the
‘piston’ boat design, in which the substrate is not moved during the entire growth process.

Occasionally, in some solid solutions used to grow heterostructures, it is not very
important to know the exact growth temperature of epitaxial layers. For example, changes
in the composition of AlGaAs or AlGaP, caused by small temperature gradients, do not
actually influence the lattice constant. However, as mentioned above, the lattice constant
of the majority of multi-component solid solutions depends directly on the composition
determined by their growth temperature. For example, in the case of InGaAsP, AlGaAsSb,
InGaAsSb and other multi-component systems, a temperature gradient within the growth
reactor can lead to changes in the composition of epitaxial layers and to a lattice mismatch
between layers in the structure.

A possible way to determine precisely the temperature at the interface between the
liquid phase and the substrate is to measure the solubility [36]. In other words, the tem-
perature at the interface between the liquid phase and the substrate can be determined
by the reversal of the procedure used to study the phase diagrams. Usually, this sol-
ubility is determined in LPE by the weight loss from the substrate brought in contact
with an unsaturated liquid phase. Note that the solubility can be measured with a very
high accuracy, which is limited only by the accuracy of the microbalance used. From
the thus determined solubility, the sought after temperature can be deduced using the
known phase diagram. It is possible to find the temperature distribution in the growth
area of the reactor equipped with a boat having several cells for substrates and liquid
phases [36]. For this kind of temperature measurements, it is natural to employ the same
material as that of the substrate on which device structures are grown. In the case of III-V
binary compounds, which are widely used as substrates for various devices, the corre-
sponding phase diagrams are known very well and can be conveniently used to measure
the temperature. Obviously, various factors will influence the accuracy with which the
solubility is determined from the substrate weight loss. In particular, if the thickness of
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the dissolved layer of the substrate exceeds 20–30 µm, which is the case at rather high
temperatures, the liquid phase very frequently cannot be removed completely from the
substrate. A crystallization process will take place from these liquid phase remainders
during the system cool-down. This will raise the error in determining the solubility. To
minimize this error, it is advisable to reduce the thickness of the dissolved layer by pre-
liminary sub-saturation of the liquid phase to 60–80 % of the full saturation. In addition,
it is possible to take into account the error in determining the substrate weight loss caused
by material crystallization when cooling to room temperature. For this purpose, it is nec-
essary to weigh the substrate twice, after the dissolution process and after the removal
of the solution remainder by any suitable selective etchant. This makes it possible to find
the total amount of liquid phase that remained on the substrate surface and to calculate
the thickness or weight of the epitaxial layer grown from these remainders.

A method that successfully removes the remainder of the liquid solution from the
substrate surface exists in that, immediately after the dissolution process, a layer with
composition strongly different from that of the substrate is grown, as mentioned above.
This layer can be removed, along with the undesired remainders of the liquid solution,
by a suitable selective etchant. The method has been used successfully for the AlGaP and
AlGaAs systems.

There is another simple method to raise the probability of the complete removal of
the liquid solution from the substrate surface after the dissolution experiments [37]. In
this method, after the substrate is removed to break its contact with the liquid phase; it is
passed underneath an ensemble of very closely spaced vertical plates made of the same
material as the substrate. The liquid remainders are pulled up into the space between
these plates by capillary forces, leaving a clean surface. This method is very useful in
growth of multilayer heterostructures because it prevents mixing of any liquid remaining
on the substrate with the solution used in the next stage and precludes any uncontrollable
changes in the composition of this solution, which, otherwise, could make the lattice match
impossible. Another factor that can influence the accuracy of solubility determination and
has to be taken into account is the possible evaporation of any volatile component, both
from the solid and from the liquid phases [36].

The first lasers based on InGaAsP/InP double heterostructures [38] were grown in
Russia using the common ‘sliding’ boat. The typical thickness of the active layers of
these structures was 0.7–2 µm, and threshold current densities were in the range from
2.5 to 16 kA cm−2 (300 K) [39]. Later, to grow active layers of SQW SC structures with
lower thickness and to reduce the threshold current densities of the lasers fabricated, a
special modified ‘sliding’ boat was developed. In this design, the liquid phase used for
growth of the active layer is placed in a container or a growth chamber with a closed
bottom and a narrow slit in it. As a rule, the slit width in different boat designs was
about 1–2 mm. The fast movement of the slider along the body of the boat makes it
possible to decrease the time of contact between the liquid phase and the substrate or
with the preceding epitaxial layer and, thus, to provide the crystallization of layers with
thickness of 100–400 Å [40]. To improve the reproducibility of the thicknesses of the
growing layers, it is very important to keep the motion speed of the slider invariable.
For this purpose, it is convenient to use a linear electric motor, which moves the rod
that controls the position of the slider within the body of the boat. This system makes it
possible to move the substrate under the liquid phases at a speed of 0.01 to 1.5 m s−1 and
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to set the instant of time when the substrate is stopped in the neutral position by means
of a computer-controlled linear electric motor [41].

The lattice constant of InGaAsP solid solutions can be adjusted to match InP and
GaAs binary compounds, used as a substrate to grow various heterostructures. In addi-
tion, it is possible to find for any composition of GaAsP ternary solid solutions the
corresponding compositions of InGaAsP for which these two materials have the same lat-
tice constant. Naturally, GaAsP substrates can be used to fabricate various optoelectronic
devices intended for shorter wavelengths, in comparison with GaAs substrates. SQW
SC heterolasers have been grown successfully using the modified ‘sliding’ boat, both on
binary InP [42–48] and GaAs [49–57] substrates and on GaAsP [58–60] ternary solid
solutions. In the latter case, a GaAsP layer was grown preliminarily on the GaAs substrate
by means of gas phase epitaxy. The cw laser generation at wavelength 0.65–0.68 µm
(300 K) has been obtained on the base of SQW SC GaAsP/InGaAsP structures grown
by means of developed LPE growth technology [58–60]. Table 2.1 lists some parameters
of InGaAsP/InP and InGaAsP/GaAs SQW SC heterolasers. It can be seen that the main
characteristics of these lasers do not differ significantly from those of analogous devices
grown by MBE or MOCVD.

The developed LPE growth technology based on a modified ‘sliding’ boat can be used
to grow not only SQW heterolasers, but also multilayer periodic structures. As it was
shown in [41], the use of two growth chambers with narrow slits makes it possible to
produce such structures by means of repeated reciprocating movements of the slider of
the boat, with the substrate situated underneath these slits. A computer-controlled linear
electric motor sets the slider in motion and stops this motion when necessary. Some of
these structures are shown in Figure 2.6.

Another variant of an LPE boat [61], which is a combination of the ‘sliding’ and
‘piston’ designs, is shown in Figure 2.7. In this boat, the liquid phases are in chambers 1
with vertical pistons 2. The pistons can be moved down by a wedge-shaped piston-pusher

Table 2.1 Some parameters of InGaAsP/InP and InGaAsP/GaAs SQW SC heterolasers

Structure Threshold current
density

(A cm−2, 300 K)

Active region
thickness

(Å)

Generation
wavelength

(µm)

Resonator Reference

InGaAsP/InP 280 360 1.31 Four cleaved facet
samples (broad-
contact, 10−3 −
5 × 10−3 cm2)

[47]
450 280 1.30
220 410 1.29
580 400 1.56
600 400 1.56

InGaAsP/GaAs 90 ≈ 100 0.86 Four cleaved facet
samples (broad
contact, 10−3 −
5 × 10−3 cm2)

[53, 55, 57]
250 ≈ 200 0.79
92 0.80

165 0.86 Two sawed, two
cleaved facet
(cavity length
1150µm)
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Figure 2.6 Photographs of some of the InGaAsP multilayer periodical structures grown by
LPE [41]. (a) In0.7 Ga0.3As0.66P0.34/InP (substrate InP < 111 >); (b) In02 Ga08As06P04/In0.49 Ga0.51P
(substrate GaAs < 111 >); (c) In0.7 Ga0.3As0.66P0.34/In0.8 Ga0.2As0.42P0.58 (substrate InP < 100 >).
The periodical structures (a) and (c) are located between InP substrate and InP epitaxial layer; (b)
between two In0.49 Ga0.51P epitaxial layers. The white bar sizes are: (a) and (b) 0.5µm; (c) 0.25µm.
Reprinted from Sov. Tech. Phys. Lett., 14 (4), I.N. Arsent’ev et al., Periodic multilayer In-Ga-As-P
structures fabricated by liquid-phase epitaxy, 264–266, Copyright (1988) with permission from
I. N. Arsent’ev

3 to inject the liquid phase into 1-mm-thick growth chambers through small openings 4
at the bottom of the chamber 1. The excess of liquid phase in the growth chamber can be
expelled through a special vertical channel 5 and returned to the upper part of the piston-
chamber. As a rule, the liquid phase is to be injected into the growth chamber when the
temperature is exactly equal to, or several degrees higher than the liquidus temperature.
After the first epitaxial layer is grown, the slider 6 with the substrate 7 are moved to a
position under the second growth chamber.

It is known that such solvents, as Sn, In, Bi, Pb, Sb, etc., can be used to grow epitaxial
layers on the basis of various solid solution systems. For example, the transition from
the Ga- to Sb-reach liquid phases is effective in the growth technology of III-V Sb-based
materials [61, 62]. The growth of GaSb and its solid solutions from ‘neutral’ solvents
could be useful to improve the characteristics of these materials. Pb can be used as such
‘neutral’ solvent [63]. All solvents, mentioned above, have melting points higher than
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Figure 2.7 Combination of the ‘sliding’ and ‘piston’ boat designs. 1, Liquid phase; 2, piston;
3, wedge-shaped piston-pusher; 4, small openings; 5, channel for the liquid phase; 6, slider;
7, substrate; 8, container for the used liquid phases; 9, opening

that of Ga and are solid at room temperature. Therefore, the described boat cannot be
taken apart after the completion of the LPE-growth process because of the solidification
of the liquid phases. That is why it is absolutely necessary to remove the liquid phase
from the growth chamber and channel 5, in the case of crystallization processes with the
use of a solvent other than Ga. It can be seen in Figure 2.7 that, when the substrate is
moving from the first to the second growth chamber, the liquid phase used, and also its
remainder in the channel 5, simultaneously fall down into the container 8 through the
opening 9. The best composition, lattice matching, reproducibility of layer thickness, and
quality of the surface morphology of epitaxial layers, in comparison with those in the
case of the ordinary sliding boat, can be achieved with this boat design. It has been used
successfully to grow InGaAsSb, AlGaAsAs and various multilayer structures on the basis
of these materials. Note, that a similar boat was suggested by Horikoshi [64]. Nevertheless
it can be applied only to growth of AlGaAs/GaAs multilayer heterostructures, while the
construction described above has been used for different systems of solid solutions.

2.3 RARE-EARTH ELEMENTS IN LPE TECHNOLOGY
OF SOME III-V BINARY COMPOUNDS AND SOLID
SOLUTIONS

Rare-earth elements (REEs) have been used in Russia’s semiconductor technology since
the last quarter of the 20th century. In the first articles [65–68], the influence of these
elements on various electrical properties of silicon, germanium, and some III-V binary
compounds was studied. Later, thorough purification of InP and InGaAsP to remove
uncontrolled and undesirable impurities by adding different REEs to the liquid phase was
demonstrated [69, 70]. By means of this technological method, the electron concentration
was made in these materials as low as ∼ 1013 cm−3. The carrier mobility at 77 K reached
about 6.5 × 104 cm2 V−1 s−1 for InP, and about 105 cm2 V−1 s−1 for InGaAs.

In all LPE experiments, the REE concentration in the liquid phases (Nl
REE) was varied

in the range 0.001–0.1 at. %. When studying the specific features of the behavior of
REE in the liquid phases of the systems In-P and In-Ga-As-P, it was found that the
solubility of P increases when these phases are doped with such REEs as Ho, Yb, Gd
and Dy. This fact can be accounted for by the formation of high-melting compounds of
REEs with P within the liquid, and their subsequent conversion to slag [71, 72]. As to
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solid phase, InP epitaxial layers are homogeneous when the Nl
REE is in the range 0–0.005

at. %. If Nl
REE > 0.005 at. %, inclusions of a second phase can be detected in the epitaxial

films. These inclusions consist of compounds of phosphorus (P), oxygen (O) and Group
I elements with the REE. The sharp rise in the inclusion density (up to 104 cm−3) was
observed at Nl

REE > 0.01 at. %. The inclusion sizes amount to 5–200 µm and depend on
Nl

REE. Secondary ion mass spectroscopy [71, 72], X-ray diffraction analysis [71, 72] and
Raman spectroscopy [73] show that the concentration of REE atoms in the solid phase is
insignificant (∼ 1013 cm−3) when Nl

REE = 0–0.015 at. %.
Simultaneous doping of the In-P liquid phase with REE and various donors and

acceptors was carried out to elucidate the mechanism of interaction between REE and
background impurities [71, 72, 74]. It was shown that the material is purified mainly
through interaction of REE with Group VI donors. As a result, high-melting REE chalco-
genides are formed in the liquid phase and settle to form a slag without being incorporated
into the epitaxial layer, which reduces the background donor concentration by several
orders of magnitude. Studies of the Hall mobility [74], drift velocity [75, 76], minority-
carrier lifetime [77], and low-temperature luminescence (2 K) [71, 72] indicate that a high
perfection of the material and its thorough purification are achieved by means of liquid
phase doping with REE.

The described technology of epitaxial layer growth from REE-doped liquid phases
was used to fabricate various device structures. InGaAs/InP structures with a 2D elec-
tron gas were grown by LPE for the first time [78]. For these devices, semi-insulating
InP:Fe was used as a substrate. The concentration of electrons in the layers of the struc-
ture was reduced to < 1015 cm−3 by doping the liquid phase with REE. A study of the
temperature dependence of the concentration and mobility of electrons and magneto-
transport measurements confirmed the existence of a 2D electron gas [79, 80]. The
electron mobility in such structures was found to be 1.23 × 104 cm2 V−1 s−1 (300 K)
and 7.3 × 104 cm2 V−1 s−1 (4.2 K), which is, probably, the optimal result for the LPE
grown structures.

The creation of devices with ‘purely green luminescence’ was one of the most impor-
tant tasks in production of LEDs. With its band gap of 2.26 eV at room temperature,
GaP is a suitable material for this purpose. Unfortunately, it is difficult to fabricate
green GaP LEDs by conventional technology because, in addition to the inter-band
emission, there are other lower-energy spectral bands in the luminescence spectra of
this material. These spectral bands result from recombination of donor–acceptor pairs
associated with Groups II and VI background impurities. It is possible to reduce the
concentration of these undesirable impurities by doping of the GaP liquid phase with
Y during the growth of LED structures. As it was shown in [72], the use of REE
in the LPE makes it possible to fabricate CaP LEDs with purely green luminescence,
when the spectrum consists of virtually a single band with hνmax = 2.234 eV
(300 K).

REE have been successfully used in the LPE growth of various photodetectors, such as:

• InGaAs and InP planar photoresistors for the spectral range 200–1600 nm [80, 81];

• mesa- and planar-types of p-i-n photodiodes with sensitivity of 0.7 A W−1, response
time ∼ 50 ps and dark current of 5 × 10−8 A cm−3 for the spectral range 1000–
1600 nm [82, 83];
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• N-p-N phototransistors with a maximum current gain of 1000 at a speed of 100 ns and
incident light power of 10−4 W [71, 72];

• vertical photo field effect transistors (FETs) with a static gain of ∼ 100 [71, 72].

In the technology of microelectronic devices, REEs have been used to fabricate Schot-
tky barriers with a small current leakage, Schottky FETs [85] and metal–insulator–
semiconductor structures [71, 72].

All these results confirm the importance and potentialities of application of REEs in
the LPE technology of various optoelectronic and microelectronic devices.

2.4 CONCLUSIONS

As already mentioned, this paper does not cover all the major achievements of Russian
scientists for various aspects of LPE. In particular, a noticeable contribution was made by
them to theoretical analysis of phase diagrams, without knowledge of which it is impos-
sible to carry out LPE processes. Models that take into account various mechanisms of
atomic interactions in liquid and solid phases and make it possible to calculate phase
equilibrium in many III-V solid solutions have been suggested and developed. Fragments
of phase diagrams in the composition and temperature ranges commonly used in LPE
have been studied experimentally for most of the solid solutions grown by LPE. The
following heterostructure devices have been fabricated with the use of LPE: high-voltage
diodes, photodetectors and LEDs of various designs, ‘buried’ heterolasers, transistors
and switches of various types, a wide variety of active and passive elements for inte-
grated optics, etc. First heterojunction solar cells have also been fabricated in Russia
at the Ioffe Institute by means of LPE. The efficiency of solar cells was markedly
improved by using low-temperature LPE to grow ultra-thin wide-bandgap windows in
these devices. Remarkable results have been obtained in fabrication by LPE of multi-
component solid solutions and device structures based on III-V antimonide systems. The
practical importance and topicality of the solution of this technological problem is widely
known nowadays.
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3.1 INTRODUCTION

Liquid phase epitaxy (LPE) has been used mainly for growth of IV semiconductors, and
III-V and II-VI binary, ternary and quaternary semiconductor compounds, because high-
quality epitaxial layers can be easily grown using simple experimental apparatus, and
because complicated structures such as buried-stripe lasers can be easily prepared. The
important IV, III-V and II-VI semiconductors grown by LPE are Si, GaP, AlxGa1−xAs,
In1−xGaxAs, In1−xGaxAs1−yPy , In1−xGaxAsySb1−y and HgxCd1−xTe which are of poten-
tial use for light emitting diodes (LEDs), lasers and photodiode applications. In order
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to support thermodynamically the determination of the LPE growth conditions, such as
solution composition, solid composition, growth temperature, lattice-matching to sub-
strate, equilibrium phase diagrams have been theoretically and experimentally investi-
gated. Numerous studies about the LPE growth of these compounds have been done to
understand fully the growth and characteristics, such as the growth kinetics, purity, mis-
fit dislocations, surface morphology and ease of growth of heterostructure. These results
have been sufficiently developed to prepare devices. In this chapter, the LPE growth is
described mainly focusing on III-V compound semiconductors such as In1−xGaxAs and
In1−xGaxAs1−yPy on InP as model systems. LPE layers grow on the basis of the ther-
modynamic driving force which consists of deviation from thermodynamic equilibrium,
driving diffusion transport across the boundary layer and driving epitaxial growth on the
substrate surface. So, LPE growth conditions depend critically on the combination and
competition of these driving forces.

3.2 EQUILIBRIUM PHASE DIAGRAMS

In order to grow epitaxial layers by the LPE method, accurate binary, ternary and qua-
ternary phase diagrams are required, because LPE growth conditions such as solution
composition for the growth, starting growth temperature and degree of supercooling can
be effectively known by the phase diagrams which show the relationship between the
liquidus, solidus and temperature. These phase diagrams must cover the temperature and
composition range permitting LPE growth under reasonable conditions and must supply
sufficient information for the growth of lattice-matched layers. The phase diagrams are
determined by calculation and experiments near equilibrium conditions.

3.2.1 Binary, ternary and quaternary phase diagrams

The binary phase diagrams of the III-V system have accurately been determined, and they
can be effectively used to know the LPE growth conditions. As shown in Figure. 3.1, most
of the III-V binary phase diagrams involve an AB stoichiometric binary compound such
as GaAs, and have a wide region in which the liquid and solid phases coexist. The III-V
ternary phase diagram with an AxB1−xC ternary compound is expressed as shown in
Figure. 3.2. It consists of two A-C and B-C binary phase diagrams with AC and BC
compounds, respectively, and a A-B binary phase diagram with complete miscibility in
the solid state. The ternary phase diagram is simply expressed using the liquidus and
solidus isotherms as shown in Figure. 3.3. Some III-V ternary phase diagrams such as
the Al-Ga-As and In-Ga-As systems have been accurately determined, and then accu-
rate effective liquidus and solidus data for the LPE growth are known. Pseudobinary
phase diagrams have been reported for most of the III-V ternary systems. Some of them
such as the Al-Ga-As and In-Ga-As systems have solid solutions all over the compo-
sition and some of them such as the In-P-Sb and In-As-Sb systems have miscibility
gaps.

The III-V quaternary phase diagram with an AxB1−xCyD1−y quaternary compound is
expressed as shown in Figure. 3.4. It consists of four A-C-D, A-B-C, A-B-D and B-C-D
ternary phase diagrams with ACyD1−y , AxB1−xC, AxB1−xD and BCyD1−y ternary com-
pounds, respectively, and a square-type AC-BC-BD-AD pseudoquaternary phase diagram
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with an AxB1−xCyD1−y quaternary compound. Very few phase diagrams of the III-V qua-
ternary system have been reported. The In-Ga-As-P quaternary phase diagram was accu-
rately determined to facilitate the preparation of closely lattice-matched InxGa1−xAsyP1−y /
InP heterostructures at 600 and 650 ◦C by Nakajima et al. [1]. Temperatures between
600 ◦C and 650 ◦C are commonly used for the growth of InxGa1−xAsyP1−y on InP.
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The In-Ga-As-Sb and Al-Ga-In-As quaternary phase diagrams were also determined
by Nakajima et al. [2, 3]. These quaternary phase diagrams are only partly determined,
because of the enormous number of experiments that is necessary to determine the whole
phase diagram.

3.2.2 Calculation of binary, ternary and quaternary phase diagrams

The phase diagrams can be calculated by thermodynamically expressing the properties
of the liquid and solid phases under equilibrium condition. For the calculation of phase
diagrams, the phase diagrams of III-V compound semiconductors are good targets because
of their simplicity. The thermodynamic basis for the calculation of binary III-V and II-VI
phase diagrams involving a compound was established by Vieland [4]. He derived the free
energy of the compound to calculate the binary phase diagrams. The Gibbs free energy
per mole of an A-B binary solution is given by:

Gl = µl
Axl

A + µl
Bxl

B (3.1)

where µl
A and µl

B are the chemical potentials (in this equation, the partial molar free
energies) of the A and B components in the A-B binary solution, respectively, and x l

A

and x l
B are the molar fractions of A and B components in the A-B binary solution,

respectively. The chemical potential of A component is given by:

µl
A = (∂Gl/∂xl

A)T,P,x l
B

(3.2)

µl
B = (∂Gl/∂xl

B)T,P,x l
A

(3.3)

When the A-B binary solution is in equilibrium with the binary compound AB, we
obtain:

2Gl − µc
AB = 2(µl

A/2 + µl
B/2) − µc

AB

= µl
A + µl

B − µc
AB

= 0 (3.4)

where µc
AB is the chemical potential of the AB binary compound (crystal). Then, the

liquid–solid equilibrium which is the basis of calculation of the A-B binary equilibrium
phase diagram can be expressed as:

µl
A + µl

B = µc
AB (3.5)

The difference of the free energies to generate the compound AB from the stoichiometric
binary solution (xl

A = 0.5, xl
B = 0.5) is:

2Gl
0.5 − µc

AB = 2(µs,l
A/2 + µs,l

B/2) − µc
AB

= µs,l
A + µs,l

B − µc
AB (3.6)
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where µs,l
A and µs,l

B are the chemical potentials of the A and B components in the
solution with the stoichiometric composition (xl

A = 0.5, xl
B = 0.5), respectively. They

are

µs,l
A = µ•l

A + RT ln xs,l
Aγ s,l

A

= µ•l
A + RT ln 0.5γ s,l

A (3.7)

µs,l
B = µ•l

B + RT ln xs,l
Bγ s,l

B

= µ•l
B + RT ln 0.5γ s,l

B (3.8)

where xs,l
A and xs,l

B are the composition (fraction) of the A and B components in the
solution with the stoichiometric composition, respectively, and they are 0.5. µ•l

A and µ•l
B

are the chemical potentials of the pure A and B elements, respectively. γ s,l
A and γ s,l

B
are the activity coefficients of the A and B components in the binary solution with the
stoichiometric composition, respectively. R and T are the gas constant and the absolute
temperature, respectively. If the difference between the specific heat of the solution and
that of the solid is neglected, Equation (3.6) can be written as:

2Gl
0.5 − µc

AB = �SF
AB(T F

AB − T ) (3.9)

where �SF
AB is the entropy of fusion of the compound AB, and T F

AB is the melting
point of the compound AB [1]. From Equations (3.6), (3.7), (3.8) and (3.9), we obtain:

µc
AB = µ•l

A + RT ln 0.5γ s,l
A + µ•l

B + RT ln 0.5γ s,l
B − �SF

AB(T F
AB − T ) (3.10)

The equation to calculate the A-B binary phase diagram is given from Equations (3.5)
and (3.10) as:

RT ln(γ l
Aγ l

B/γ s,l
Aγ s,l

B) + RT ln 4xl
Axl

B = −�SF
AB(T F

AB − T ) (3.11)

where γ l
A and γ l

B are the activity coefficients of the A and B components in the binary
solution, respectively. When we derive Equation (3.11), the following relation is used:

µl
i = µ•l

i + RT ln xl
iγ

l
i (3.12)

The activity coefficients of the A and B components can be expressed by the regular
solution approximation as:

RT ln γ l
A = (xl

B)2Ωl
AB = (1 − xl

A)2 Ωl
AB

RT ln γ l
B = (xl

A)2 Ωl
AB = (1 − xl

B)2 Ωl
AB

RT ln γ s,l
A = RT ln γ s,l

B = (1/2)2 Ωl
AB (3.13)

where Ωl
AB is the interaction parameter of A-B pairs in the binary solu-

tion. Equation (3.13) can be obtained as shown in the Appendix. Combining
Equations (3.11) and (3.13) gives:

(2xl
A − 1)2 Ωl

AB + 2RT ln 4xl
A(1 − xl

A) = −4�SF
AB(T F

AB − T ) (3.14)

Using Equation (3.14), we can obtain the liquidus line of the A-B binary system.
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Ilegems and Pearson [5] extended this to the ternary III-V system and derived a very
useful thermodynamic model. In this treatment, the solid solution of composition AxB1−xC
is treated as a mixture of AC and BC. The liquid–solid equilibrium which is the basis of
calculation of the A-B-C ternary equilibrium phase diagram can be expressed as:

µl
A + µl

C = µc
AC

µl
B + µl

C = µc
BC (3.15)

where µl
A, µl

B and µl
C are the chemical potentials of the A, B and C components in the

A-B-C ternary solution, respectively, and µc
AC and µc

BC are the chemical potentials of the
AC and BC components (chemical units) in the AxB1−xC ternary solid solution, respec-
tively. On the basis of the Vieland expression [1] and the regular solution approximation,
the following equations are derived from Equation (15):

RT ln γAC + RT ln x = RT ln(γ l
Aγ l

C/γ s,l
Aγ s,l

C) + RT ln 4xl
Axl

C

+ �SF
AC(T F

AC − T )

RT ln γBC + RT ln(1 − x) = RT ln(γ l
Bγ l

C/γ s,l
Bγ s,l

C) + RT ln 4xl
Bxl

C

+ �SF
BC(T F

BC − T )

xl
A + xl

B + xl
C = 1 (3.16)

where γAC and γBC are the activity coefficients of the AC and BC components in the
AxB1−xC ternary solid solution, respectively. γ l

A, γ l
B and γ l

C are the activity coefficients
of the A, B and C components in the ternary solution, respectively. γ s,l

A, γ s,l
B and γ s,l

C
are the activity coefficients of the A, B and C components in the ternary solution with
the stoichiometric composition, respectively. x is the mole fraction of the AC component
in the AxB1−xC ternary solid solution. xl

A, xl
B and x l

C are the molar fractions of A, B
and C components in the A-B-C ternary solution, respectively. �SF

AC and �SF
BC are the

entropy of fusion of the AC and BC pure compounds, respectively. T F
AC and T F

BC are the
temperatures of fusion (melting points) of the AC and BC pure compounds, respectively.
The activity coefficients of the A, B and C components can be expressed by the regular
solution approximation as:

RT ln γ l
A = (xl

B)2Ωl
AB + (xl

C)2 Ωl
AC + xl

Bxl
C(Ωl

AB−Ωl
BC + Ωl

AC)

RT ln γ l
B = (xl

C)2Ωl
BC + (xl

A)2 Ωl
AB + xl

Cxl
A(Ωl

BC − Ωl
AC+Ωl

AB)

RT ln γ l
C = (xl

A)2 Ωl
AC + (xl

B)2 Ωl
BC + xl

Axl
B(Ωl

AC − Ωl
AB + Ωl

BC) (3.17)

where Ωl
AB, Ωl

AC and Ωl
BC are the interaction parameters of A-B, A-C and B-C pairs

in the ternary solution. The activity coefficients of the A, B and C components in the
ternary solution with the stoichiometric composition can be expressed by the regular
solution approximation as:

RT ln γ s,l
A = RT ln γ s,l

C = Ωl
AC/4

RT ln γ s,l
B = RT ln γ s,l

C = Ωl
BC/4 (3.18)
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The activity coefficients of the AC and BC components in the AxB1−xC ternary solid
solution can be expressed by the regular solution approximation as:

RT ln γAC = Ωs
AC−BC(1 − x)2

RT ln γBC = Ωs
AC−BCx2 (3.19)

where Ωs
AC−BC is the interaction parameter between AC and BC components. Using

Equation (3.16) with Equations (3.17), (3.18) and (3.19), we can obtain the liquidus and
solidus lines of the A-B-C ternary system.

The basic equations given by Huber [6] express the chemical equilibrium between
the pseudoternary solid of the type AxByC1−x−yD and the quaternary liquid, and they
are useful for the calculation of the Al-Ga-In-As phase diagram [3]. Calculation of this
type of quaternary phase diagram is analogous to that of the ternary phase diagram
because the mixing of elements is restricted to one sublattice. However, calculation of the
AxB1−xCyD1−y-type phase diagram is more complex because the mixing of elements on
both sublattices must be considered for thermodynamic treatment of the quaternary solid
solution. Jordan and Ilegems [7] considered a more rigorous thermodynamic treatment
of solid–liquid equilibrium in this type of quaternary system. They computed the free
energy of mixing of the quaternary solid solution by considering the detail of chemical
bond energies. The natural components of the quaternary solid solution are considered
to be the two kinds of group III atoms mixed on one sublattice and the two kinds of
group V atoms mixed on the other sublattice, from an atomistic viewpoint, but not to be
binary compounds. In this treatment, the liquid–solid equilibrium which is the basis of
calculation of the A-B-C-D quaternary equilibrium phase diagram can be expressed as:

µl
A + µl

C = µc
AC

µl
A + µl

D = µc
AD

µl
B + µl

C = µc
BC

µl
B + µl

D = µc
BD (3.20)

where µl
A, µl

B, µl
C and µl

D are the chemical potentials of the A, B, C and D components
in the A-B-C-D quaternary solution, respectively. The chemical potentials of the AC, AD,
BC and BD components in the AxB1−xCyD1−y quaternary solid solution, µc

AC, µc
AD,

µc
BC, µc

BD, have the following relation:

µc
AC + µc

AD = µc
BC + µc

BD (3.21)

For the AC, AD, BC and BD pure compound elements:

µ0c
AC + µ0c

AD 	= µ0c
BC + µ0c

BD (3.22)

where µ0c
AC, µ0c

AD, µ0c
BC and µ0c

BD are the chemical potentials of the AC, AD, BC and
BD pure compound elements in the AxB1−xCyD1−y quaternary solid solution, respectively,
because they are independent of each other.
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On the basis of the Vieland expression [4] and the regular solution approximation, the
following equations to express the solid–liquid equilibria for the A-B-C-D quaternary
system are derived from Equations (3.20) and (3.21):

�H F
AC − T �SF

AC + RT ln 4xl
Axl

C = M l
AC + RT ln aAC

�H F
AD − T �SF

AD + RT ln 4xl
Axl

D = M l
AD + RT ln aAD

�H F
BC − T �SF

BC + RT ln 4xl
Bxl

C = M l
BC + RT ln aBC

�H F
BD − T �SF

BD + RT ln 4xl
Bxl

D = M l
BD + RT ln aBD (3.23)

where

M l
ij = Ωl

ij[0.5 − x l
i(1 − xl

j) − xl
j(1 − xl

i)] + (Ωl
ikx

l
k + Ωl

imxl
m)(2xl

i − 1)

+ (Ωl
ikx

l
k + Ωl

imxl
m)(2xl

j − 1) + 2Ωl
kmxl

kx
l
m (3.24)

where i, j, k and m = A, B, C, D; i 	= j 	= k 	= m; �H F
ij (cal mol−1) and �SF

ij (cal mol−1

deg−1) are the enthalpy and entropy of fusion of the compound ij at the melting point,
respectively, and Ωl

ij is the interaction parameter between elements i and j, respectively,
in the quaternary liquid. In these equations, aij represents the activity of the compound
component ij in the quaternary solid solution. Applying the regular solution approach [8,
9] to the quaternary solid solution mixed on both of its sublattices, the activities of the
compound components are given by:

RT ln aAC = RT ln(1 − x)(1 − y) + Ωs
ABx2 + Ωs

CDy2 − αcxy

RT ln aAD = RT ln(1 − x)y + Ωs
ABx2 + Ωs

CD(1 − y)2 + αc(1 − y)x

RT ln aBC = RT ln x(1 − y) + Ωs
AB(1 − x)2 + Ωs

CDy2 + αc(1 − x)y

RT ln aBD = RT ln xy + Ωs
AB(1 − x)2 + Ωs

CD(1 − y)2 − αc(1 − x)(1 − y) (3.25)

where

Ωs
AB = (Ωs

AC−BC+Ωs
AD−BD)/2

Ωs
CD = (Ωs

AC−AD+Ωs
BC−BD)/2 (3.26)

αc = �H F
BC − T �SF

BC + �H F
AD − T �SF

AD − (�H F
BD − T �SF

BD)

−(�H F
AC − T �SF

AC) + (Ωl
AC + Ωl

BD − Ωl
AD − Ωl

BC)/2 (3.27)

and where Ωs
ik−jk represents the interaction parameter between ik and jk in the quaternary

solid solution. The set of equations from (3.23) to (3.27) gives complete expressions for
the A-B-C-D quaternary phase diagram. The solid–liquid equilibria [5, 7] were calculated
using the regular solution approximation for the solid phase and the simple solution
approximation for the liquid phase [8]. In order to calculate precise phase diagrams, it is
important to use the precise interaction parameters which represent the thermodynamic
properties of the liquid and solid solutions.
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3.2.3 Calculation of phase diagrams considering the surface, interface
and strain energies

The equilibrium phase diagram which is useful as a guide to grow crystals by the LPE
method is determined on the basis of the equilibrium between the liquid and solid phases.
However, the solid composition of epitaxial layers is not precisely consistent with that
determined by the equilibrium phase diagram because the solid composition of the epitax-
ial layers grown on a substrate is affected by the strain, surface and interfacial energies.

In the growth of InGaP on GaAs, Stringfellow [10] observed that over a certain range
of solution compositions, all the LPE layers had the same solid composition rather than a
varied composition, consistent with the bulk equilibrium phase diagram. This phenomenon
was also reported in the LPE growth of InGaAs on InP (111) substrates and was called
the composition-latching phenomenon [11, 12]. In order to understand this phenomenon,
it was suggested that the excess strain energy due to lattice mismatch must be added to the
chemical free energy of the solid phase [10, 13–15]. de Cremoux [15] studied the elastic
strain energy term in the Gibbs free energy of a strained epitaxial layer and showed that III-
V ternary compounds could be stabilized by the effect of strain when epitaxially attached
to a substrate. Nakajima et al. found that the effect of substrate orientation on the solid
composition of InxGa1−xAs epitaxial layer on InP substrate could not be ignored [16].
Nakajima and Okazaki [17] calculated the In-Ga-As phase diagram by adding the surface
energy to the chemical free energy of the InGaAs solid phase to know the substrate
orientation dependence of the growth conditions to obtain lattice-matched InGaAs on
InP. Therefore, in order to understand the actual relationship between the liquid and solid
phases in the LPE growth, the phase diagram must be determined by considering the strain,
surface and interfacial energies for the epitaxial layer/substrate structure, and the energy of
adhesion of the layer onto the substrate must be added to the chemical free energy of the
solid phase which is used for the calculation of the chemical-equilibrium phase diagram.

Nakajima et al. [18] calculated the In-Ga-As ternary phase diagram useful for the
epitaxial growth of InGaAs on (111) InP by precisely considering the effects of these
energies. The calculated phase diagram was compared with the experimental liquidus and
solidus data which were obtained by the LPE growth of InGaAs on (111) InP [19], and
the effects of the layer thickness and the surface reconstruction ratio of dangling bonds
on the phase diagram were determined. These results are put to some use for explanation
of the extraordinary behavior of the liquid–solid equilibrium near the lattice-matched
composition of InGaAs to InP.

The surface and interface area per mole depends on the layer thickness because the
total volume per mole is constant. The maximum surface and interfacial energies per mole
are obtained when all atoms per mole cover the entire surface area to make a monolayer
and the maximum surface and interface area is generated. So, the surface and interfacial
energies per mole must be determined by using the layer thickness as a parameter. The
layer thickness is also a parameter of the strain energy per mole. The surface, interfacial
and strain energies per mole were obtained using the following parameter α:

α = 1/L (3.28)
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where L is the layer thickness which can be expressed by the number of lattice layers.
When L is equal to one and α is one, the surface area per mole is maximum because the
entire surface area is covered by one-lattice-layer-thick bonding pairs such as GaAs or
InAs.

On the surface between the liquid and solid phases, the surface free energy γs can be
given approximately by:

γs = (1 − w/u) �HdNo
2/3 (3.29)

where u is the number of nearest neighbors of an atom in the bulk of the solid and w is the
number of neighbors in the solid of an atom on the face in question, �Hd is the enthalpy
of dissolution of the material, and N0 is the number of atoms per unit volume [17]. The
argument used is that the surface energy is the energy to break all of the nearest neighbor
bonds across a given plane. The number of atoms per unit area Ns can be related to N0

as follows:
Ns = N0

2/3 (3.30)

For III-V zinc-blende-type compound, Ns for the (111) face can be given by:

Ns = 4√
3a2

(3.31)

where a is the lattice constant [20]. For growth from liquid, �Hd is given by the enthalpy
of dissolution �H per mole as follows:

�Hd = �H

NA
(3.32)

where NA is the Avogadro number (NA = 6.023 × 1023). For III-V systems, the total
number of atoms per mole is equal to the sum of the III and V atoms, not to the sum of
the III-V bonding species per mole. Therefore, from Equations (3.28)–(3.32), the surface
energy Gsu can be written as follows:

Gsu = αAs(1 − β)γs = αAs(1 − β)�H√
3a2NA

(3.33)

for the (111) face, where As is the surface area when all atoms per half mole are arranged
in a monolayer on the surface, β is the reconstruction ratio of dangling bonds on the
surface, which is used as a parameter to vary the effect of the surface energy. As is given
by:

As = 1

2
·
√

3NAa2

4
(3.34)

for the (111) face. The 1
2 means that half of the total III and V atoms per mole or only

III or V atoms per half mole are arranged in a monolayer on the (111) surface.
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When the lattice constant of the epitaxial layer a is larger than that of the substrate
asub(a ≥ asub), a is given by:

a = kasub (3.35)

k = �a/a + 1

= (a − asub)/asub + 1 (k ≥ 1) (3.36)

where �a/a means the lattice misfit between the layer and the substrate. It can be assumed
that at the interface all dangling bonds on the layer side are bonding with dangling bonds
on the substrate side [21, 22]. At the interface, the bonding ratio δ1 on the layer side is
given by:

δ1 = 1 (3.37)

and the bonding ratio δ2 on the substrate side can be expressed by:

δ2 = 1/k (3.38)

where this means that the fraction 1/k of the dangling bonds are satisfied. The interface
energy per unit area γi can be given by:

γi = (1 − δ1)γs + (1 − δ2)γsub

=
(

1 − 1

�a/a + 1

)
γsub (3.39)

where γsub is the surface energy per unit area of the substrate. γsub is given by:

γsub = �Hsub√
3a2

subNA

(3.40)

for the (111) face, where �Hsub is the enthalpy of evaporation per mole of the substrate.
Therefore, from Equations (3.28), (3.35)–(3.40), the interfacial energy Gif can be written
as follows:

Gif = αAi(sub)γi = αAi(sub)

(
1 − 1

�a/a + 1

)
�Hsub√
3a2

subNA

(3.41)

for the (111) face, where Ai(sub) is the interface area on the substrate side given by:

Ai(sub) = 1

2
·
√

3NAa2
sub

4
(3.42)

When the lattice constant of the epitaxial layer a is smaller than that of the substrate
asub(a < asub), Gif can be written as follows:

Gif = αAi(epi)

(
−�a

a

)
�H√
3a2NA

(3.43)
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where

Ai(epi) = 1

2
·
√

3NAa2

4
(3.44)

For the calculation of the strain energy, the method on the basis of the elastic model
by Nakajima and Furuya [23, 24] was used. In this method, each component layer is
divided into many imaginary thin layers [23–26], and the face force and strain balance
is considered over all these thin layers with coherent interfaces. The strain energy Gst is
given by:

Gst =
m∑

i=1

Ui

=
m∑

i=1

αAidiσ
2
i

2Ei

(3.45)

where Ui is the elastic strain energy in the ith imaginary thin layer, m is the total number
of imaginary thin layers, σi, Ei, Ai and di are the stress, Young modulus, surface area
and thickness of the ith imaginary thin layer. When the thickness of the imaginary thin
layer is one lattice-layer, Ai and di can be written as follows:

Ai = 1

2
·
√

3NAa2
i

4
(3.46)

di =
√

3ai

4
+ 1

48
a2

i (3.47)

for the (111) face, where ai is the lattice constant of the ith imaginary thin layer.
For the AC-BC quasi-binary compound (AxB1−xC), the total excess free energy �Gxs

can be given as:
�Gxs = �Gxs

m + Gsu + Gif + Gst (3.48)

where �Gxs
m , Gsu,Gif and Gst are the excess free energy of mixing, the surface energy,

the interfacial energy and the strain energy, respectively. In the regular solution, �Gxs
m

is equal to the excess enthalpy of mixing of the ternary ABC solid �H xs
m (= �H s

m(ABC)).
Equation (16) is used to calculate the phase diagram of the A-B-C ternary system. The
In-Ga-As ternary phase diagram which is influenced by the surface, interfacial and strain
energies can be calculated by using Equations (3.16) and (3.48).

Figure 3.5 shows the surface, interfacial and strain energies per mole of the (111)
InGaAs/InP structure at 650 ◦C as a function of the Ga fraction Xl

Ga in the In-Ga-As ternary
solution. Around Xl

Ga = 0.03, the lattice-matched InGaAs layer on InP can be grown from
the solution with this composition. So, the interfacial and strain energies are minimum
around Xl

Ga = 0.03. The three kinds of energy per mole increases as the parameter α

increases. Figure 3.6 shows the solidus composition of GaAs x in In1−xGaxAs grown on
InP as a function of the Ga fraction Xl

Ga in the In-Ga-As ternary solution at 650 ◦C. The
open circles are experimental data determined from InGaAs epitaxial layers grown on InP
by the LPE method [16]. The experimental solidus curve of the GaAs composition almost
linearly increases as Xl

Ga increases, but the slope of the solidus curve becomes smaller
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Figure 3.5 Surface, interfacial and strain energies per mole of the (111) InGaAs/InP structure
at 650 ◦C as a function of the Ga fraction Xl

Ga in the In-Ga-As ternary solution. Reprinted from
J. Cryst. Growth, 220, Nakajima et al., 413, Copyright (2000), with permission from Elsevier

near the lattice-matched composition of x = 0.47 because of the latching effect [11, 12].
The dashed line is the solidus composition calculated by the regular solution model. The
solid lines are the solidus compositions calculated by considering the surface, interfacial
and strain energy effects. When the parameter α is equal to 0.005, the calculated solidus
composition corresponds more to the experimental data.

Strictly speaking, the strain energy and the interfacial energy have a strong relationship
between them. Depending on the lattice misfit, there are two regions such as the coherent
region in which the epitaxial/substrate interface has no misfit dislocations and the strain-
relaxed region in which the hetero-interface has misfit dislocations. In the latter region,
the strain energy should be calculated by considering the effect of introduction of misfit
dislocations [23, 24, 27]. The interfacial energy should be essentially estimated by con-
sidering two effects such as dangling bonds related to the large lattice misfit with misfit
dislocations and the abrupt transition of bonding species at the heterointerface [27]. The
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Figure 3.6 Solidus composition of GaAs x in In1−xGaxAs grown on InP as a function of the
Ga fraction Xl

Ga in the In-Ga-As ternary solution at 650 ◦C. Reprinted from J. Cryst. Growth, 220,
Nakajima et al., 413, Copyright (2000), with permission from Elsevier

interfacial energy related to the abrupt transition of bonding-species Gif
2 can be given as:

Gif
2 = Aiγi(2)

= Ai (1 − w/u) Ωs
GaAs−InASx

2
InAs

Nin

NA
(3.49)

where Ai is the interface area, γi(2) is the interfacial energy per unit area, Ωs
GaAs−InAs is

the interaction parameter of the InGaAs compound, x2
InAs is the mole fraction of InAs

in the InGaAs layer and Nin is the number of atoms per unit area at the interface. This
effect is smaller than the former effect of dangling bonds. Strictly speaking, the interfacial
energy related to dangling bonds is effective only in the strain-relaxed region with misfit
dislocations.

The compounds consisting of different atoms such as II-VI and III-V compounds show
ionicity and these liquids could be assumed to have a partially ionic property. Ionicity
gives a possibility of the presence of stable associated complexes in the liquid phase.
So, the phase diagram in the II-VI systems such as Zn-Te and Cd-Te, where strong
evidence for association exists should be calculated by considering the association in the
liquid phase. The liquidus curves of the Cd-Te, Zn-Te [28] and Al-Ga-Sb [29] systems
calculated by the associated solution approximation are in excellent agreement with the
experimental results.

3.2.4 Experimental determination of phase diagrams

Liquidus data are generally determined by the seed dissolution technique [30], the liquid
observation method [31] or differential thermal analysis (DTA). The liquidus data deter-
mined by DTA are not accurate enough to be used for LPE growth because both liquidus
temperatures observed during the cooling and heating processes are very different from
each other. The liquidus data determined by the liquid observation method are believed to
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be accurate to within ±2 ◦C. The seed dissolution technique was found to have the same
accuracy as the liquid observation method. Therefore, the seed dissolution technique is
commonly used in appreciation of its facility for guiding LPE growth.

Figure 3.7 shows schematic representations of LPE growth technologies. Figure 3.7(a)
is the Nelson method, which is the most initial LPE method, and Figure. 7(b) is the
dipping method, which has been used for preparation of simple structures such as GaP
LEDs. Generally, removing solution or melt on the surface of LPE layers after growth is
difficult for the LPE growth by these methods. Figure 3.7(c) shows experimental apparatus
for the sliding-boat method, which has been widely used for the LPE growth of many
kinds of heterostructures such as lasers, photodiodes and LEDs. The sliding-boat method
can be also used for the seed dissolution technique to determine the accurate liquidus.
Figure 3.7(d) is the rotating-crucible method, which was used to grow multiple thin-
layers.

The experimental determination of phase diagrams is explained by the In-Ga-As-P
quaternary system, because it is the most complicated system. To determine the In-Ga-
As-P liquidus isotherms, the InP seed dissolution technique can be used [1]. The number
of degrees of freedom is three in the quaternary system, according to the phase rule shown
the following relation:

f = n + 2 − p (3.50)

Thermocouple

Thermocouple

Thermocouple

(a) (b)

(c) (d)

Substrate

Substrate
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Substrate holder

Solution

Solution

Solution

Solution reservoir

Rotor shaft
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Wafer
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Chamber for residual
solution

Flow of H2
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Figure 3.7 LPE growth technologies: (a) Nelson method; (b) Dipping method; (c) sliding-boat
method; and (d) rotating-crucible method. Reprinted from Encyclopedia of Materials Science and
Technology, Liquid phase epitaxy, 4588–4597, Copyright (2001), with permission from Elsevier
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where f is the degree of freedom or the number of variables which can be freely selected,
n is the number of elements, and p is the number of phases. The 2 in Equation (3.50)
means temperature and pressure. Therefore, if a solution temperature T , and X l

As and
Xl

Ga are known in an In-Ga-As-P solution, Xl
P and Xl

In can be uniquely determined. A
ternary undersaturated In-Ga-As solution is put into a solution well in a graphite slider.
The composition of the solution is known beforehand. An InP crystal as a seed is placed
into a slot on a graphite boat. The solution is brought into contact with the InP seed at
the liquidus temperature by pushing the push rod. The ternary undersaturated In-Ga-As
solution is saturated with P. The P solubility into the ternary solution can be calculated
from the weight loss of the seed. The In-Ga-As-P liquidus isotherms can be obtained
by T ,Xl

As, X
l
Ga and determined Xl

P. Figure 3.8 shows the 650 ◦C liquidus isotherms at
various Xl

As that were determined by the seed dissolution technique. The liquidus data
include values from Nakajima et al. [1, 32], Antypas and Moon [33], and Hsieh [34]. The
dashed lines are the experimental liquidus isotherms at Xl

As = 0.050 and 0.055. The main
effect of the addition of Ga to the quaternary solutions is appreciably to decrease the
solubility of P in the solution, whereas the presence of As has a less pronounced effect
in this range.

The In-Ga-As ternary liquidus isotherm can be also determined accurately by the InP
seed dissolution technique [16]. An InP seed is used as a medium for determining As
solubility in the ternary In-Ga-As solution. The apparatus used in the experiments is the
same as shown in Figure. 3.7(c). An In-Ga-As ternary solution is brought into contact
with an InP seed at 650 ◦C and kept in contact at this temperature for 30 min. If the As
concentration in the ternary solution is below the solubility limit at 650 ◦C, the initially
undersaturated solution becomes saturated with P, and P solubility can be calculated from
the weight loss of the seed after removal of the solution. If the As concentration in the
solution is just at or above the solubility limit, P cannot be dissolved from the InP seed,
and no weight loss can be detected. Therefore, the accurate ternary solution compositions
just saturated at 650 ◦C can be known by measuring P solubility as a function of As
concentration. Figure 3.9 shows the P solubility in solutions at 650 ◦C as a function of
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Figure 3.8 The 650 ◦C liquidus isotherms at various Xl
As in the In-Ga-As-P system which were

determined by the seed dissolution technique. Data included from Antypas and Moon [33] and
Hsieh [34]. Reproduced from [32] by permission of the American Institute of Physics
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xl
As at several x l

Ga. At constant x l
Ga,x

l
P decreases with increasing x l

As; xl
P becomes zero

at a certain value of x l
As, and x l

P remains zero when x l
As is above that value. The value

of x l
As at which x l

P becomes zero is the As solubility in the ternary In-Ga-As solution just
saturated at 650 ◦C. From the value shown in Figure. 3.9, the In-Ga-As liquidus isotherm
at 650 ◦C is determined as shown by the solid curve in Figure. 3.10. The In-As binary
liquidus composition interpolated from the phase diagram reported by Liu and Peretti [35]
is also shown in Figure. 3.10.

The solidus isotherm can be determined by electron-probe microanalysis performed
on the surface of the epitaxial layer. The apparatus is the same as that used for the
seed dissolution technique shown in Figure. 3.7(c). A substrate is placed into the slot
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Figure 3.9 P solubility in In-Ga-As ternary solutions at 650 ◦C as a function of x l
As at several
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Ga. Reproduced from [16] by permission of the American Institute of Physics
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Figure 3.10 In-Ga-As liquidus isotherm at 650 ◦C which was determined by the value shown in
Figure. 3.9. Data included from Liu and Peretti [35]. Reproduced from [16] by permission of the
American Institute of Physics
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instead of the seed, and a growth solution is put into a solution well instead of the
undersaturated solution. The solution composition used for the growth can be determined
from the liquidus data. The solution is just saturated at the starting growth temperature.
The solution is brought into contact with the substrate, and the growth is started from the
just saturated temperature by cooling. The growth is finished by removing the solution
from the substrate.

For the case of the In-Ga-As-P system, InP was used as a substrate, and In1−xGax

As1−yPy epitaxial layers with various compositions are grown on it from In-Ga-As-P solu-
tions with various compositions. The starting growth temperature was 600 ◦C and 650 ◦C.
The relationship between the liquidus and solidus data at various temperatures was deter-
mined to generate the solidus isotherms. Figures 3.11 and 3.12 show the solid solubility
isotherms for Ga and P into In1−xGaxAs1−yPy alloys at 650 ◦C [1], respectively. The qua-
ternary epitaxial layers were grown on InP (111)B substrates under equilibrium conditions.
The compositions and temperatures shown in Figures 3.11 and 3.12 were selected to per-
mit LPE growth of InGaAsP lattice-matched layers on InP under reasonable conditions.
The distribution coefficient for Ga increases with decreasing x l

As, and the P concentration
in alloys decreases remarkably with increasing x l

Ga at constant xl
As.

InGaAs epitaxial layers were grown on InP (100) and (111)B substrates to determine
the solidus isotherms. The solution compositions used for the growth can be known from
the liquidus isotherm shown in Figure. 3.10. These solutions were just saturated at 650 ◦C.
Figure 3.13 shows the solid isotherms for the (111)B and (100) substrate faces at 650 ◦C
in the In-Ga-As ternary system [16]. The solidus data are strongly dependent on the
crystallographic orientation of substrates. There are two experimental solidus isotherms
corresponding to the compositions of epitaxial layers grown on the (100) and (111)B
substrates. The distribution coefficient of Ga in the growth of In1−xGaxAs is greater on
the InP (100) face than on the (111)B face by a factor of about 1.2.
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3.2.5 Miscibility gap

Some of the III-V ternary and quaternary phase diagrams have miscibility gaps. In these
systems, the interaction parameter between the AC and BC compounds in the solid solu-
tion, ΩS

AC−BC has a large positive value, such as ΩS
InP−InSb, Ω

S
InAs−InSb and ΩS

GaP−GaSb. The
temperature of the top of the miscibility gap of the AC–BC system is given by:

Tc = ΩS
AC−BC/(2R) (3.51)
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where R is the gas constant. When Tc is higher than the solidus line, the existence of
the miscibility gap affects the LPE growth, and the solid solution or epitaxial layers can
not be grown in the composition range where the solidus line and the miscibility gap
coexist.

Nakajima et al. [2] found experimentally that a miscibility gap existed over a wide
region in the In1−xGaxAsySb1−y quaternary system as shown in Figure 3.14. The mis-
cibility gap in the AlxGa1−xAsySb1−y system was also experimentally found by Nahory
et al. [14]. The strict miscibility gap of the In-Ga-As-P system was calculated by Stringfel-
low [36] as shown in Figure 3.15, who developed a thermodynamic formalism for the
calculation of the region of solid-phase immiscibility for the III-V quaternary system of
the type A1−xBxCyD1−y .

In the In-Ga-As-Sb system, no epitaxial layer can be grown by the LPE method in
the region of the miscibility gap [2]. In the In-Ga-As-P system, lattice-matched epitaxial
layers can be grown over the entire compositional range of quaternary solid solutions on
InP substrates without phase separation, although a miscibility gap exists in the quaternary
system [32, 37]. According to Stringfellow [36], the reason a second phase is not formed
is that lattice strain stabilizes the one-phase solid, similar to the latching effect observed
in In1−xGaxP [10]. Nahory et al. [14] have observed that this effect prevents the growth
of a highly lattice-mismatched phase in the Al-Ga-As-Sb system. At a relatively low
growth temperature of 590 ◦C, the growth rate of In1−xGaxAs1−yPy is extremely slow and
the surface of the quaternary layer becomes rough [38]. This phenomenon suggests the
existence of the miscibility gap below 600 ◦C. Quillec et al. [39] showed that by LPE, it
was possible to overcome instability by using the very efficient substrate strain-stabilizing
effect though the existence of the miscibility gap was experimentally confirmed over a
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wide range of composition. Therefore, lattice-matched In1−xGaxAs1−yPy LPE layers can
be grown on InP over an entire composition range. For the crystalline quality of these
LPE layers, a quasi-periodic structure was observed in these LPE layers grown on InP
by transmission electron microscopy [40]. This structure was observed only inside the
instability domain of the miscibility gap. It may correspond to spinodal decomposition of
the solid solution.

3.3 TECHNOLOGIES OF LPE GROWTH

There are three types of LPE growth technology, as shown in Figure. 3.7. They are the
Nelson, dipping, sliding-boat and rotating-crucible methods. The sliding-boat method is
the most useful of all, which has several solution wells in the graphite slider to grow a
structure with multiple epitaxial layers. Using this method, the precise thickness control
can be realized by complete removal of the solution from the substrate after growth of a
layer. This permits the fabrication of complicated device structures, such as semiconductor
lasers. The LPE method thus has been used as a manufacturing technology to produce
semiconductor lasers, LEDs and photo diodes. The rotating-crucible method [41] was
used to grow multiple thin-layers and Si layers with large diameter. This rotating-crucible
method using centrifuge shows that manufacturing by LPE can be taken to at least 10 cm
diameter substrates with acceptable uniformity and total absence of extended defects and
solvent inclusions for silicon growth from indium solution.

Accurate control of the alloy composition and layer thickness is a difficult problem
in the fabrication of devices by the LPE method. Generally, the alloy composition of
LPE layers varies from run to run because of weighing error. Many pieces of ingot of
growth solution with the same composition for many growth runs (batch melts) are usually
prepared in one process.
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LPE quantum-well heterostructures of InP/In1−xGaxAs1−yPy /InP were developed by
Rezek et al. [42]. They used constant-temperature LPE in a multiple-bin graphite boat
having a circular slider geometry. However, the growth of thin layers was performed for
the very short time of 26 ms. The controllability of layer thickness and the abruptness of
heterointerface remains to be a problem for LPE growth of quantum-wells.

Epitaxial layers with good quality must be lattice-matched to the substrate. If bulk
single crystals of ternary compounds were available, epitaxial layers with various lat-
tice constants could be freely grown on the ternary substrate. Bulk single crystals of
In1−xGaxAs1−yPy were prepared by Bachmann et al. [43]. The largest problem in prepar-
ing homogeneous bulk crystals is compositional variation during growth due to depletion
of solute elements. At first, it was attempted to solve this problem by the source-current
controlled method in which solute elements were supplied to growth solution by disso-
lution of source materials due to electric current passed through them [44]. Nakajima
and kusunoki [45] developed the multi-component zone melting method in which source
materials are continuously supplied to growth melt during growth by effective use of the
temperature gradient. In1−xGaxAs ternary and SixGe1−x binary bulk crystals with uniform
composition, which have phase diagrams with complete miscibility in the solid state, were
prepared by this method [45–49]. Recently, Azuma et al. [50, 51] found that the prefer-
ential orientation for the growth of In1−xGaxAs and SixGe1−x bulk crystals was <110>,
and using the (110) seed crystals was very effective to prevent polycrystallization during
growth. Such a growth of bulk crystals can be viewed as an extension of LPE growth to
very thick layers.

The driving force of LPE growth is supersaturation obtained by cooling the growth
solution from the equilibrium liquidus temperature. The method to establish supersatura-
tion is categorized into three types namely the ramp- (or equilibrium) cooling, step-cooling
and super-cooling techniques as shown in Figure.3.16. Upon ramp-cooling, an epitaxial
layer is grown as the temperature is cooled at a constant rate. For the step-cooling tech-
nique, the growth temperature is rapidly cooled to obtain a large supersaturation. Melt
back, that is, dissolution of substrate in a moment of contact with the growth solution, is
supressed by use of this technique, but the grown thickness is limited by the amount of
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Figure 3.16 Cooling processes of LPE: (a) ramp-cooling; (b) step-cooling; (c) super-cooling.
Reprinted from Encyclopedia of Materials Science and Technology, Liquid phase epitaxy, 4588–
4597, Copyright (2001), with permission from Elsevier
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supersaturation. The supercooling technique has advantages of both the ramp- and step-
cooling techniques. At first, an epitaxial layer is grown by large supersaturation, then it
is grown at a constant cooling rate. This technique is commonly used for LPE growth.

3.4 III-V MATERIALS FOR LPE GROWTH

III-V materials which have been grown by LPE are listed in Table 3.1. The AlxGa1−xAs/
GaAs and In1−xGaxAs1−yPy /InP alloy systems have been given considerable attention
and have been studied extensively as the most promising materials in the III-V alloy
systems, because they have many advantages relating to growth and material properties.
The greatest advantage of these alloy systems is that they can be lattice-matched to GaAs
or InP substrates over wide ranges of band gap. Therefore, these alloy systems are of
considerable interest in light sources and detectors for optical fiber communication in the
0.65–0.85 µm and 1.0–1.65µm wavelength regions, respectively. As substrate for the
growth of AlxGa1−xAs and In1−xGaxAs1−yPy , GaAs and InP of good quality and with
low dislocation density are available and the temperature of fusion of GaAs (1240 ◦C)
and InP (1070 ◦C) is sufficiently high to support convenient epitaxial growth on it. The
smooth surface of GaAs and InP can be obtained reproducibly by effective chemical
etching. Especially, complicated structures of the In1−xGaxAs1−yPy /InP alloy system can
be easily prepared by using several steps of epitaxial growth and/or selective etching
techniques because surface oxidation for these alloy systems is a lesser problem than that

Table 3.1 III-V materials grown by LPE

Device Epitaxial layer/substrate (wavelength, µm)

LED

(
GaP/GaP
AlxGa1−xAs/GaAs

(0.565, 0.7)

(0.65–0.85)

1970s

Lasers




AlxGa1−xAs/GaAs
InxGa1−xAsyP1−y/InP
SnxPb1−xTe/PbTe
CdxHg1−xTe/CdTe

(0.65–0.85)

(1.0–1.65)

(6.6)

(> 0.77)

LED

(
InxGa1−xAsyP1−y/InP
In1−xGaxP/GaPyAs1−y/GaAs

(1.0–1.65)

(0.59)

1980s
Lasers

Photodiodes




InxGa1−xAsyP1−y/InP
AlxGa1−xAsySb1−y/GaSb
AlxGayIn1−x−yAs/InP
In1−xGaxAsySb1−y/GaSb
InPxAsySb1−x−y/GaSb
InxGa1−xAsyP1−y/GaAs

(1.0–1.65)

(1.2–1.7)

(0.87–1.6)

(1.7–4.0)

(1.5–2.4)

(0.67–0.88)

In1−xGaxAs/InP (1.65)

High efficiency lasers In1−xGaxAs thick crystals1990s
TPV In1−xGaxAsySb1−y /GaSb

Reprinted from Encyclopedia of Materials Science and Technology, Liquid phase epitaxy, 4588–
4597, Copyright (2001), with permission from Elsevier
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for crystals containing Al, such as AlxGa1−xAs. Such advantages relating to growth have
led to effective applications of the AlxGa1−xAs/GaAs and In1−xGaxAs1−yPy /InP alloy
systems.

Recently, the In1−xGaxAsySb1−y /GaSb or InAs alloy system has been explored by LPE
for thermophotovoltaic (TPV) applications. The quaternary system is interesting because
it has a large miscibility gap whose region has not been precisely determined yet by
experiment. The solution or melt growth of very thick epitaxial layers or bulk crystals of
In1−xGaxAs [52] and In1−xGaxSb have provided substrates whose lattice constant can be
freely selected. These technologies were developed on the basis of LPE. Quantum-well
lasers with the highest gain have been realized by using the In1−xGaxAs substrate by
Otsubo et al. [53]. A high T0 value of 140 K and lasing up to 210 ◦C have been attained
for 1.23µm lasers on In0.22 Ga0.78As substrate. The threshold current density is 245
A cm−2, and the temperature sensitivity of the slope efficiency between 20 ◦C and 120 ◦C
is only—0.0051 dB K−1, showing suppressed carrier overflow owing to deep potential
quantum wells. Note, 1.3µm lasers are also achieved using In0.31 Ga0.69As substrate.

3.5 LATTICE MATCHING

High-quality AlxGa1−xAs layers can be easily grown on GaAs substrates because
AlxGa1−xAs remains nearly lattice-matched to GaAs regardless of the ternary
composition. Therefore, small variations in composition do not significantly affect the
perfection of epitaxial growth. On the other hand, the growth of lattice matching is
most important to grow high-quality In1−xGaxAs1−yPy and In1−xGaxAs layers on InP
substrates. It mandates the use of correct solution compositions for lattice matching
within tight tolerance. The solution compositions for LPE growth of lattice-matched
layers, predicted by the phase diagrams shown in Figures3.11 and 3.12, are confirmed by
lattice-constant measurements of the epitaxial layers grown from these solutions. Using
the phase diagram data from Figures 3.11 and 3.12, the solid compositions, x and y can
be drawn on the square-type InAs-GaAs-InP-GaP pseudoquaternary phase diagram with
In1−xGaxAs1−yPy as shown in Figure. 3.17. The solid lines mean the solid compositional
variation as x l

Ga increases at 650 ◦C. The dashed line shows the solid compositions lattice-
matched to InP. It is known that the solution compositions to obtain lattice-matched
layers can be determined by using x l

Ga as a growth parameter whilst keeping x l
As and

650 ◦C constant.
Lattice constants can be measured by the double crystal X-ray diffraction technique.

The (400) or (600) and (444) CuKα reflections are usually used for the (100) and (111)
faces, corresponding to a full width at half maximum of 0.3, 0.17 and 0.2 s, respectively.
The precise diffraction angles of the layers were determined by using the substrate reflec-
tion as an internal standard. When an epitaxial layer is grown on a substrate, the lattice
of the epitaxial layer is deformed due to the lattice misfit. For the In1−xGaxAs1−yPy and
In1−xGaxAs layers on InP substrates, the lattice misfit perpendicular to the wafer surface
is always larger than that parallel to the wafer surface. That is, within the elastic limit the
lattice of the In1−xGaxAs1−yPy and In1−xGaxAs epitaxial layers is tetragonally deformed
due to the stress at the interface.

The distribution coefficient of the constituent elements in the In-Ga-As-P system is
strongly affected by the crystallographic orientation of the substrate [54]. Therefore, differ-
ent solution compositions are required to grow lattice-matched layers on the (100), (111)A
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and (111)B substrates. Nakajima et al. [1, 32, 55] systematically determined these solution
compositions to grow lattice-matched In1−xGaxAs1−yPy layers on the (100), (111)A and
(111)B at 650 and 700 ◦C over the entire compositional range. Figure 3.18 shows quater-
nary solution compositions Xl

As,X
l
P, and Xl

Ga required for LPE growth of lattice-matched
layers on the three types of substrate at 650 ◦C. From the data, In1−xGaxAs1−yPy layers
can be grown on InP substrates over the entire range of 0 ≤ x ≤ 0.47 and 0 ≤ y ≤ 1.0.
The precise solution compositions were determined for the growth of lattice-matched
In0.53 Ga0.47As on InP (100) and (111)B substrates [16].
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The band gap of the lattice-matched In1−xGaxAs1−yPy alloy on InP was determined
over all the lattice-matching compositional range by photoluminescence measurements
at 300 and 77 K as shown in Figure. 3.19. The band gap as a function of the alloy
composition y can be given as [32]:

Eg = 0.74 + 0.61y at 300 K

Eg = 0.80 + 0.61y at 77 K (3.52)

Both lines have the same slope, and the energy shift between the band gaps at 300 and
77 K is equal to 0.06 eV. The dot and dash curve is drawn as a quadratic equation given
by Nahory et al. [56]. The solid line shown in Figure. 3.19 is the calculated result on
the basis of Vegard’s law. The experimental data points are in good agreement with the
calculated line. Thus, Vegard’s law may be considered valid for the calculation of lattice
constants of In1−xGaxAs1−yPy over the entire range of composition [32, 56].

3.6 GROWTH OF MISFIT-DISLOCATION-FREE WAFERS

Misfit-dislocation-free epitaxial wafers are required for the fabrication of optical devices
of good quality. The generation of interfacial misfit dislocations depends on both the lattice
misfit �a/a and the layer thickness under a fixed starting-growth temperature, where �a is
equal to the lattice constant of the epitaxial layer minus the lattice constant of the substrate.
The conditions for the growth of thick In1−xGaxAs and In1−xGaxAs1−yPy layers without
misfit dislocations were determined by Nakajima et al. [19, 57]. X-ray topographs and an
etch-pit observation technique were used to determine whether misfit dislocations were
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generated or not in a series of In1−xGaxAs/InP and In1−xGaxAs1−yPy /InP heterostructure
wafers with different �a/a and layer thicknesses. One-to-one correspondence of etch
pit counts and density of dislocations by X-ray topography was established. A series of
In1−xGaxAs and In1−xGaxAs1−yPy layers with different �a/a and final thickness was
grown on InP (100) and (111)B substrates at a constant cooling rate of 0.2 ◦C min−1,
starting growth at 650 ◦C from just-saturated solutions. For ternary layer growth it was
found that under conditions leading to the formation of misfit dislocations frequently the
defects were introduced into the InP rather than into In1− xGaxAs.

Figure 3.20 shows a plot of layer thickness d (µm) of In1−xGaxAs as a function of
lattice misfit. It reveals boundaries (shown as solid lines) between wafers for which no
misfit dislocations were observed after epitaxial growth (represented by open circles), and
wafers with misfit dislocations in either InP or In1−xGaxAs (represented by crosses). These
boundaries thus define thresholds in composition for the formation of misfit dislocations
for a given layer thickness. All the results presented in Figure. 3.20 correspond to initiation
of growth at 650 ◦C. They prove that misfit-dislocation-free growth cannot be achieved
for wafers with thick ternary layers by exact lattice matching of the epitaxial film to InP at
room temperature. Misfit-dislocation-free ternary layers thicker than 10µm can be grown
only when �a/a is between −6.5 × 10−4 and −9 × 10−4. This behavior, resulting in the
thickest layer without misfit dislocations for negative lattice misfit at room temperature, is
explained by the difference in the thermal expansion coefficients of In1−xGaxAs and InP.
The thermal expansion coefficient of InP is smaller than that of In1−xGaxAs. Therefore,
In1−xGaxAs lattice-matched to InP at room temperature has a large positive lattice misfit
at the growth temperature. On the other hand, a ternary layer with a sufficiently small
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Figure 3.20 Misfit-dislocation-free region of In1−xGaxAs layers on InP. Reproduced from [57]
by permission of The Electrochemical Society, Inc.
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negative lattice misfit at room temperature has diminished lattice mismatch at the growth
temperature. In view of the decrease of the yield point with increasing temperature misfit
dislocations are more easily formed at high temperature, which explains the observations
of Figure. 3.20. As an effect of nonuniformity of the temperature distribution across the
wafer, misfit dislocations usually were initially introduced near the edges of the wafers
and formed unidirectional arrays during later stages of growth.

The misfit-dislocation-free region in the plot d versus �a/a for the system In1−xGax

As1−yPy /InP is larger than that of the In1−xGaxAs/InP system as shown in Figure. 3.21,
which shows the region for the (111)B face [19]. The �a/a range in which misfit
dislocation-free wafers with thick In1−xGaxAs1−yPy layers can be grown is more than
three times wider than that for In1−xGaxAs/InP wafers. This is explained in part as an
effect of differences in alloy hardening and in part as an effect of easier accommodation
of strain on a local scale due to the larger variability of distributing different size atoms
on the two sublattices of the quaternary alloys system than on the cation sublattice only
for the ternary alloy system. The dislocation-free region is also larger for growth on the
(100) face as compared with growth on the (111)B face in the In1−xGaxAs1−yPy /InP
system [19]. This is explained as an effect of differences in the number of slip systems
available, leading for a given misfit strain and on-axis growth to smaller resolved shear
stress for (100) than for (111)B.

3.7 PHASE DIAGRAMS OF GROWTH MODE

The growth of thin films has been categorized into three kinds of growth mode,
namely Frank–van der Merwe (FM) mode (layer-by-layer growth on a substrate),
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Stranski–Krastanov (SK) mode (the first layer or layers remain smooth on a substrate
and then clusters form on the top of the layer), and Volmer–Weber (VW) mode (clusters
form on a substrate). These growth modes are deduced from equilibrium considerations
of the energy balance between the surface energies of the layer, substrate and clusters
and the interfacial energy between them. For hetero-epitaxial growth of highly strained
structures such as SiGe/Si, however, the elastic strain energy associated with lattice misfit
between the epitaxial layer, substrate and epitaxial clusters must be considered. Daruka
and Barabàsi deduced these growth modes by adding consideration of the elastic energy,
and phase diagrams of growth mode for the unspecific system were determined as a
function of the coverage and misfit [58, 59]. Recently, Nakajima et al. have determined
the thickness–composition phase diagrams of growth mode for most of the III-V ternary
systems, such as InGaAs/GaAs and GaPSb/GaP [21, 22, 60], GaInN/AlN/GaN [27] and
SiGe/Si [61], by calculating the strain, surface and interfacial energies for the three kinds
of growth mode. These phase diagrams are described as a function of the thickness and
composition or lattice misfit. The three kinds of growth mode can clearly appear in the
phase diagrams determined only by the calculation of the strain, surface and interfacial
energies.

In the calculation, one lattice layer of thickness equal to the lattice constant is taken
as unit thickness of a strained layer, and four lattice layers are taken as unit thickness of
a cluster [62] as shown in Figure. 3.22, which shows the fundamental structures of the
FM and VW modes for the case of one lattice layer. A cluster with four lattice layers
on a strained layer with one lattice layer is taken as the fundamental structure of the
SK mode for the case of two lattice layers as shown in Figure. 3.23. The total volume
of the layer for the FM mode with two lattice layers is equal to the total volume of
the cluster and the layer for the SM mode with two lattice layers. For the VW mode,
the total volume of the cluster is always equal to that of the layer for the FM mode.
The free energy for each structure was derived from the strain, surface and interface
energies, and it was determined as a function of composition and thickness of the layer
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Si Si
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Figure 3.22 Schematic geometries of (a) SiGe film on Si substrate (FM mode) and (b) SiGe
cluster on Si substrate (VW mode) for the case of one lattice layer. Reprinted from J. Cryst.
Growth, 260, Nakajima et al., 372, Copyright (2004), with permission from Elsevier
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Figure 3.23 Schematic geometries of (a) SiGe film on Si substrate (FM mode) and (b) SiGe
cluster on SiGe film on Si substrate (SK mode) for the case of two lattice layers. Reprinted from
J. Cryst. Growth, 260, Nakajima et al., 372, Copyright (2004), with permission from Elsevier

and/or cluster. By comparison of the free energies of the three kinds of growth mode,
the phase diagrams of growth mode for several heterostructure systems were determined.
These phase diagrams are useful to identify which growth mode can easily appear in
heterostructure systems with and without misfit dislocations, and to know in which regions
of the thickness and composition, smooth layers by the layer-by-layer growth or self-
assembled quantum dots can be obtained. For the calculation of the strain energy, the
surface energy and the interface energy Equations (45), (29) and (41) were used.

For the calculation of the SiGe/Si system [61], the strain energy of the FM mode is
the largest and that of the VW mode is the smallest. The strain energy of the SK mode is
between those of the FM and VW modes. The strain energy increases as the Ge fraction
xGe increases or the lattice misfit increases. The surface energy of the FM mode is the
smallest and that of the VW mode is the largest. The surface energy slightly decreases
as the Ge fraction xGe increases because �H and 1/a2 decrease as xGe increases. The
interface energy of the FM mode is equal to that of the SK mode, and that of the VW
mode is the smallest. The interface energy increases as the Ge fraction, xGe increases
because Gif increases as �a/a increases as xGe increases. The strain energy becomes
slightly larger than the surface energy as the Ge fraction increases. The interface energy
is the smallest of the three kinds of energy. So, the energy balance between the strain
energy and the surface energy is very important in determining the stable mode. The free
energy for each structure was derived by summing up these three energies. Figure 3.24
shows the free energy as a function of the Ge fraction xGe for the (111) and (100)
SiGe/Si heterostructures. The structures consist of two lattice layers. The free energy of
the FM mode is the smallest between xGe = 0 and 0.38, that of the SK mode is the
smallest between xGe = 0.38 and 0.54, and that of the VW mode is the smallest between
xGe = 0.54 and 1.0 for the (111) surface. That is, each growth mode is stable within the
composition range with the smallest free energy.
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By comparing the free energy of each growth mode at various thicknesses, we can
determine the thickness–composition phase diagram of growth mode for the SiGe/Si
structure. Figure 3.25 is the phase diagram of the FM, SK and VW growth nodes for
the SiGe/Si heterostructure system without misfit dislocations for the (111) reconstructed
surface at 27 ◦C (drawn as solid curves). These phase diagrams are expressed as functions
of the number of lattice layers, L and the composition of Ge, xGe. In the phase diagram,
when the composition of Ge or the lattice misfit is small, the FM mode is dominant.
As the Ge composition increases, the SK and VW modes appear. The region of the SK
mode is right below the region of the VW mode. In the actual growth, however, once
the wetting layer forms, the SK mode remains even though the VW mode becomes more
energetically stable as the thickness increases. So, it is very easy to obtain the SK mode
for the SiGe epitaxial growth on Si substrate when the composition of Ge is large.

The most important point for determination of the phase diagram of growth mode is
that the phase diagram is important only when it simply shows the relative behavior and
average regions of each growth mode, and explains why the three kinds of growth mode
and their regions appear in the phase diagram. If we consider these parameters in detail, we
must make many phase diagrams of growth mode depending on these growth parameters.
The phase diagram of growth mode can not be immutably determined because it depends
on the fundamental structure used for the calculation. The phase diagram of growth mode
is worthy for the above mentioned qualitative description and for understanding the growth
mechanism of heterostructure systems.

3.8 GROWTH KINETICS

3.8.1 Calculation of III-V layer thickness

In order to understand the growth process and to control the LPE layer thickness, an
accurate calculation method of grown-layer thickness is required. The LPE growth process
is assumed to be predominantly controlled by diffusion of the V element in the III-element-
rich solution, that is, diffusion-limited growth [62]. In order to calculate accurately the
ternary and quaternary layer thickness, the concepts of the diffusion process of solute
atoms and the liquid and solid compositional variations derived from the phase diagram
must be combined. For calculating the variation of liquid and solid compositions during
LPE growth, the solution is assumed to have uniform composition throughout its volume
except for a very thin layer in the vicinity of the solid–liquid interface during growth.
Across this layer one-dimensional diffusive transport occurs, here taken to be parallel
to the z-axis of a Cartesian coordinate system. Therefore, the basic model for obtaining
the growth rate is to solve the one-dimensional diffusion equation with initial condition
c(z, t) = cco for t = 0 and boundary conditions c(z, t) = cci for z = 0, and c(z, t) = cco

for z = ∞, where c(z, t) is the concentration of solute C in the solution at a distance z

from the substrate, and cco and cci are the initial solution concentration and the solution
concentration in the vicinity of the growth interface, respectively. The total number of
solute atoms C per unit area that leaves the solution and deposits on the substrate in time
t is given by:

Mt =
∫ t

0
Dc

[
∂c(z, t)

∂z

]
z=0

dt (3.53)
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where Dc is the diffusion coefficient of solute C in the solution. Neglecting the depen-
dence of Dc on composition and solving Fick’s second law with the initial and boundary
conditions stated above results:

Mt = (4R/3m)(Dc/π)1/2t3/2 (3.54)

where R is the cooling rate, and the slope m of the liquidus curve in the vicinity of the
interface is given by:

m = C−1
1 dT /dXl

c (3.55)

C1 is the total number of atoms per unit volume in the solution. The thickness of the
grown layer is obtained by converting Mt .

Note that the above simplified analysis does not include the effects of strain and
differences in surface structure for different surface orientations of the substrate, which
also affect the growth rate. For example, the growth rate of In1−xGaxAs layers on the
(100) face of InP is larger than that on the (111)B face [16].

3.8.2 Compositional variation in III-V ternary layers

In order to estimate the accurate compositional variation of ternary crystal during growth,
a theoretical model must be used under the condition that phase equilibrium between
crystal and solution is maintained together with constancy between the transported and
incorporated mass at the crystal/solution interface at the same time [63]. For the LPE
growth of AxB1−xC, the amount of solute i (i = A, B and C) per unit time which is
transported through the crystal/solution interface Ji is given by:

Ji =
(

∂Mt
i

∂t

)
z=0

(3.56)

where Mt
i is the total number of solute atoms i per unit area that leave the solution and

deposit to the crystal in time t . The crystal composition determined by the ratio of solute
elements, A and C, transported through the interface is given by:

x = JA/(JA + JB) = JA/JB (3.57)

where x is the composition of A in an AxB1−xC crystal. On the other hand, the crystal
composition can also be determined by the phase diagram as follows:

x = f (xl
A,x

l
C) at T (3.58)

where f is the function specifying the solidus–liquidus relation. Conservation of mass
and maintenance of phase equilibrium at the interface mandates that the values of x

specified by Equations (3.57) and (3.58) must be equal to each other at any instant, and
permits accurate determination of compositional variation in the ternary crystal during
LPE growth.
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3.9 SUMMARY

LPE is an important epitaxial method, because the growth can be performed in com-
paratively simple and inexpensive apparatus from solutions at relatively low temperature
under near-equilibrium conditions, resulting in high purity and low density of defects at
low cost of operation. Therefore, LPE has been utilized world-wide in the manufacturing
of III-V and II-VI heterostructures, primarily for optoelectronic device applications. In
addition to the above discussed III-V systems, it is presently being pursued in the con-
text of TPV cells on the basis of In1−xGaxAsySb1−y and AlxGa1−x AsySb1−y . To obtain
quaternary crystals with good quality by LPE, for these systems, their precise miscibility
gaps must be experimentally determined. In addition, continuing research and develop-
ment regarding the growth of the binary and ternary bulk crystals such as SiGe and
In1−xGaxAs is important, including the development of new substrate technologies. The
GaAs-InAs and GaSb-InAs pseudobinary systems are presently being studied to prepare
bulk crystals with uniform composition. The most important challenge in this context is
the development of methods for in situ monitoring and control of the temperature at the
growth interface. LPE growth of other semiconductors, such as, Si, SiC, SiGe and GaN is
also a new and important area of research and development. Especially, LPE growth of Si
from Si melts is very interesting for solar cells with high efficiency, because the nearest
equilibrium condition is required for the LPE growth, and the growth has the capability to
obtain Si thin crystals with the highest quality. Also, LPE growth of oxide thin films, such
as dielectrics, superconductors and semiconductors, is expected to become increasingly
attractive in future. There thus exists a broad basis of materials systems and applications
for continuing good use of LPE.
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APPENDIX

The difference between the chemical potential of i element in the A-B binary solution,
Ği(= µi) and the free energy of pure i element, Gi is expressed as:

�Ği = Ği − Gi

= RT ln ai

= RT ln x l
iγ

l
i

= RT ln x l
i + RT ln γ l

i (A3.1)

The mixing free energy of the A-B binary solution, �Gm is given by:

�Gm = �Hm − T �Sm (A3.2)

where �Hm and �Sm are the mixing enthalpy and mixing entropy of the A-B binary
solution, respectively. For the regular solution:

�Hm = xl
Axl

BΩl
AB (A3.3)
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and
�ĤA = �Hm − xl

B(d�Hm/dxl
B) (A3.4)

where the difference between the enthalpy of A element in the A-B binary solution, ĤA

and the enthalpy of pure A element, HA is given as:

�ĤA = ĤA − HA = (1 − xl
A)2 Ωl

AB (A3.5)

For the regular solution:

�Sm = −R(x l
A ln xl

A + xl
B ln xl

B) (A3.6)

using the relation of Equation (A3.4), the difference between the entropy of A element
in the A-B binary solution, ŜA and the entropy of pure A element, SA is given as:

�ŜA = ŜA − SA = −R ln x l
A (A3.7)

The difference between the free energy of A element in the A-B binary solution, �D̆A

and the free energy of pure A element, GA is given as:

�ĞA = �ĤA − T �ŜA (A3.8)

Then, using Equations (A3.5) and (A3.7):

�ĜA = (1 − xl
A)2 Ωl

AB + RT ln x l
A (A3.9)

and using Equation (A3.1):

�ĞA = RT ln γ l
i + RT ln x l

A (A3.10)

We can obtain the following equation by Equations (A3.9) and (A3.10):

RT ln γ l
A = (1 − xl

A)2 Ωl
AB (A3.11)

and
RT ln γ l

B = (1 − xl
B)2 Ωl

AB (A3.12)
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4.1 INTRODUCTION

This chapter provides an introduction, general description, and survey of liquid phase
epitaxy (LPE) systems, and includes a discussion of furnaces, crucibles and slideboats,
sealed tube enclosures, gas handling for providing an appropriate ambient, temperature
measurement and control, supporting instrumentation, and other peripheral equipment.
Emphasis is on horizontal slideboat LPE systems used primarily for the research, devel-
opment and production of semiconductor optoelectronic devices such as detectors, light
emitting diodes (LEDs), solar cells, and laser diodes, but brief discussions of tipping
and vertical dipping LPE systems, as well as unconventional, high-throughput LPE sys-
tems are also included. Turn-key LPE systems, either standardized or customized, can be
procured from a number of equipment vendors. However, this chapter will be directed
primarily toward those who wish to construct their own LPE system. Such ‘homemade’
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LPE systems prove perfectly adequate for research, prototyping, and small-volume (one
to two wafers per day) production.

One of the attractive features of LPE is its low capital equipment and operating costs,
especially in comparison to other epitaxy technologies such as molecular beam epitaxy
(MBE) and metal organic chemical vapor deposition (MOCVD). A complete LPE system
can be assembled for US$ 20 000–30 000. This is roughly ten times cheaper than the
most inexpensive MBE or MOCVD systems. Moreover, as LPE does not utilize a high
vacuum, does not consume nor produce highly toxic substances, and does not in general
pose any serious safety hazards, the costs of maintenance and operation of an LPE system
are also very modest compared with other epitaxy technologies.

LPE is conceptually simple, yet instilled with many subtleties that impact both the
quality of the product and the capabilities of the technique. Likewise, LPE systems are at
one level straightforward, but certain design features and details of construction, especially
with regard to the slideboat apparatus, can be critical to their performance for reproducibly
achieving target device structures. In general, LPE suffers from a lack of in situ, real-time
analysis of the crystal growth process. (Several reports of in situ, real-time monitoring of
certain aspects of LPE are reviewed below.) The opaque metallic melt obscures the crystal
growth interface. This can be contrasted with high-vacuum techniques such as MBE where
low energy electron diffraction (LEED) can monitor the surface crystal structure of the
growing epilayer, and mass spectrometry can detect the various chemical species that
figure in the epitaxy ‘reactions.’ Even in MOCVD, ellipsometry and residual gas analysis
can provide real-time data characterizing the growth process. LPE is in some regards
then a ‘blackbox’ process, and certain operational aspects of the system and details of the
growth process must be inferred indirectly from post-growth examination of the epitaxial
growth (or lack thereof). Diagnostics of the epitaxy process is thus more subtle in LPE than
in competing epitaxy methods. On the other hand, the operator is able to interface with
the LPE process in a hands-on fashion to an extent impossible with MBE or MOCVD. In
a simple LPE system, the operator weighs out the melts, loads the crucible or slideboat
with melt components and substrate(s), inserts the crucible or slideboat into the LPE
system, purges the system and establishes an ambient flow of gas, manually positions the
substrate(s), initiates and monitors the heating of the melt and the achievement of a steady-
state temperature distribution, manipulates the substrate to bring it into and out of contact
with the melt(s) for set time periods, decants the melts from the substrates, cools the
crucible or slideboat, flushes the system with nitrogen, unseals the system, and retrieves
the substrates with epitaxial layers. The LPE technique is an excellent apprenticeship for
learning crystal growth. The sophistication of an LPE system represents to what extent
these steps are automated, and made more controllable and reproducible.

To a first order, the LPE process can be understood as a straightforward consequence
of supersaturation induced by cooling the melt according to a prescribed temperature
program. The composition of the resulting epitaxial layer is predicted on the basis of
phase equilibria (phase diagram) considerations for the melt composition and temperature
range. The growth rate is determined by the liquid phase diffusion of a rate-limiting
species, normally the most dilute component of the liquid phase. The melt composition
and the process conditions are easy to modify for the growth of a wide selection of
materials and incorporation of various dopants.
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LPE is often regarded at best as a research tool for prototyping new device concepts or
materials systems, but inappropriate for high-volume production. Actually, on the basis
of number of wafers processed, high-volume (50–100 wafers per run) production is pos-
sible with LPE. Generally, it is true that scale-up of LPE is more difficult than MOCVD.
Nevertheless, there are many commercial niche devices such as low-bandgap (<0.5 eV)
III-V alloy photodiodes and LEDs with small markets that can be well served by LPE
technology.

More serious limitations of LPE are related to layer homogeneity and reproducibility
with respect to thickness, alloy composition and doping; surface smoothness; and consis-
tent achievement of thin (<100 nm) layers needed for quantum wells and superlattices.
To what extent these are fundamental limitations intrinsic to the LPE technique, or can
be overcome by improved equipment and operating procedures, can still be debated. For
many applications such as solar cells and laser diodes, LPE has been abandoned as a
production technique in favor of MOCVD. The perceived or actual limitations of the
LPE technology in its current state are due, in part, to the fact that LPE reached its prime
in the late 1970s before being eclipsed by MBE and MOCVD. Efforts to improve LPE
waned as its relative importance diminished. Thus, the LPE technique has perhaps not
fully benefited from applications of the latest developments in temperature measurement,
process monitoring and control, data acquisition, furnace and heating technology, and
other instrumentation common in state-of-the-art semiconductor processing equipment.
Also, finite element analysis of heat transfer and computational fluid dynamics of melt
convection, to the levels of sophistication currently seen with finite element modeling of
silicon Czochralski (Cz) growth or MOCVD, can lead to and support improved slide-
boat/furnace designs and growth protocols (Kimura et al., 1991; Chen et al., 1992; Eck
and Emmerich, 2004; Lin et al., 2005).

Other limitations of LPE are more vexing. Some LPE processes are critically depen-
dent on controlling the temperature to within about 1 ◦C. For example, in the LPE growth
of quaternary alloys such as lattice-matched InGaAsSb on GaSb substrates, a tempera-
ture deviation of 1 ◦C can mean the difference between success and failure. In general,
near-equilibrium growth processes such as LPE are more sensitive to temperature varia-
tions. Such tight temperature control is feasible but challenging with respect to run-to-run
reproducibility. Also, convection in molten melts is complex and difficult to suppress
or otherwise control. Spatial temperature variations and convection may be the dominant
causes of the variability of results observed in LPE. Convection does not necessarily have
to be eliminated, so long as it can be reproducibly controlled. In fact, for steady-state
and high-growth rate processes, temperature gradients and convective mass transfer can
be exploited to enhance growth rates and replenish melts (Sukegawa et al., 1990; Peter
et al., 1995).

LPE systems broadly fall into two categories: vertical dipping systems (Figure 4.1)
and horizontal slideboat systems (Figures 4.2 and 4.3). The horizontal slideboat system
is the most versatile and is essential for growing multilayered structures such as laser
diodes, heteroface solar cells, and double heterostructure LEDs. Vertical dipping systems
that can process large batches of wafers are an economic choice for the growth of a single,
thick epitaxial layer, such as for solar cells, especially if layer thickness control is not
critical.
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Figure 4.1 Vertical dipping system for LPE (schematic). (After Baliga, 1986)
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Figure 4.2 Horizontal slideboat LPE system (schematic)
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(a)

(b)

Figure 4.3 Horizontal slideboat LPE system. (a) Horizontal furnace on rollers showing LPE slide-
boat. (b) Slideboat positioned in silica tube with furnace rolled off slideboat

4.2 OVERVIEW, GENERAL DESCRIPTION AND OPERATION
OF HORIZONTAL SLIDEBOAT LPE SYSTEM

The horizontal slideboat apparatus contains the melt(s) and provides a sliding mechanism
(slider or slidebar) that supports the substrate and enables the substrate to be brought
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into and out of contact with the melts, normally from the underside of the melt(s). The
slideboat is situated in a tube sealed at both ends. The tube is almost always made of
fused silica. Fused silica is transparent to infrared radiation, thus facilitating heating of the
slideboat, and is also thermal shock resistant and available in very high purity. The tube
is mounted in a horizontal tube furnace. One end of the silica tube can be fused closed
by the supplier, in which case all access is made through the other end of the tube via
either: (1) a metal disk that clamps to a collared or flanged end of the silica tube; (2) a
compression fitting that slips over and tightens on the tube; or (3) a fused silica ball and
socket type ground joint that couples with a metal disk. A double O-ring seal with water
cooling is often used to make a vacuum-tight seal between the endcap and the silica tube.
Compression fittings are tapped into the metal (stainless steel) end disk through which
thermocouple(s), gas inlet and outlet, and a pushrod are inserted into the tube. The push
rod, hooked through a hole in the slidebar, slides through a fitting in the endcap sealed

with Teflon
Ñ

ferules, and thus the slidebar can be accurately moved at various times
during the growth process, either manually or by a stepper motor. The thermocouple is
sheathed in a fused silica tube (<6 mm OD) and inserted into the slideboat to monitor its
temperature.

Prior to operating the furnace, the slideboat is loaded with substrate(s) and weighed
amounts of the melt(s), typically metals in the form of 1- to 3-mm shot. The melts loaded
into the slideboat can be first baked-out overnight to remove oxides and residual impu-
rities prior to the LPE step (Scilla et al., 1977). The slideboat is then positioned in the
tube. The tube is sealed and the slidebar is aligned using the push rod. The tube is then
evacuated with a vacuum pump, and back filled with a gas, normally purified hydro-
gen. A steady gas flow is established through the tube with a positive pressure slightly
above atmospheric pressure. The furnace is then heated to a first set point temperature
and the melts equilibrated for about 1 h. Often, the melts are saturated using pieces
of semiconductor wafer. The equilibration step assures the melts are homogenous and,
if a source wafer is used, saturated to a concentration determined by the equilibration
temperature. The furnace temperature is controlled by a programmable microprocessor
using a signal from a thermocouple either in the slideboat or contacting the outside of the
fused silica tube. After equilibration, a temperature program is initiated to cool the melt
at a set rate, and the slidebar is moved in a sequence of steps that brings the substrate
into contact with the melt(s) for a prescribed time, and terminates growth by pushing
the substrate out of contact with the melt. The wiping action of the slidebar serves to
remove any excess molten metal from the surface of the substrate, and is an important
advantage of the slideboat method. Further removal of excess melt can be effected by
the use of additional ‘wash’ melts in the slideboat, such that after the epitaxy sequences,
the substrate is passed through a melt to dissolve excess portions of the melt carryover
from the previous melts. Although this may appear to trade one problem for another,
the rationale is that the wash melt material may either adhere less to the substrate or
may be relatively easy to remove with post-growth cleaning and etching of the sub-
strate. The furnace is then cooled to room temperature, the tube is flushed with nitrogen
and opened to remove the slideboat and retrieve the substrates. The entire process (not
including pre-baking of the melts) can be completed in four to eight hours depending
on the complexity of epilayers grown. In the foregoing, the components of the LPE sys-
tem are described in more detail, as well as variations on the basic system described
above.
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4.3 CRUCIBLES AND SLIDEBOATS

Absenct a means for (e.g. magnetic) self levitation or other forms of crucibleless con-
finement, the melt must be contained in some type of vessel. A mechanism to bring the
substrate into and out of contact with the melt is also needed. Since the epilayer thickness
and uniformity depends on the contact time with the melt, a method of reproducibly and
quickly contacting the substrate with the melt is crucial for many applications. Further, a
means for wiping or removing excess melt from the surface of the epilayer is desirable.
Droplets of melt are difficult to remove and mar the epitaxial surface. Finally, the method
should be amenable to growing multilayer structures. The horizontal slideboat apparatus,
and its subsequent modifications and variations, is a neat solution to this problem. The
slideboat method has established itself as a most common and versatile technique for
performing LPE, and the design of the slideboat is the most important aspect of an LPE
system.

Figure 4.4 shows an exploded view of a conventional slideboat used to grow LEDs and
laser diodes. The two basic components of the slideboat are a slideboat body in which are
formed wells to contain the melts and a slider (or slidebar) in which one or more recesses
are milled so that the substrate sits flush and can be moved under the melt and out from
the melt with the aid of a fused silica pushrod which is bent at the end to form a hook
that is inserted into a hole drilled into the end of the slidebar. The clearance between
the slidebar and slideboat should be less than 2 mil (100 µm) to prevent seepage of the
melts out of their wells. Prolonged use of the slideboat will result in wear, giving less
close tolerance, as evidenced by inadequate wiping action to remove excess melt from
the substrate. In this event, a new slidebar can be machined with closer tolerances.

A typical slideboat accommodates a substrate of 1–10 cm2, although much larger (100
–200 cm2) substrates can also be used. For research purposes, smaller substrates are used
and usually scribed or diced into a square shape in order to conserve materials. (Care
must be taken not to let kerf from the scribing contaminate the substrate surface.) For
production, round wafers (3–10 cm diameter) can be used as substrates.

Most slideboats are milled from high-density (4 µm particle size) pyrolytic graphite
(e.g. Grade DFP, Poco Graphite, Decatur, Texas). Machining graphite is messy and is often
not a welcomed task in many machine shops, however, graphite suppliers will machine
slideboats according to designs submitted on engineering drawings or CAD files, and
purify and package the finished product. In addition to graphite, LPE slideboats have
also been made from alumina (sapphire) (Tamargo and Reynolds, 1981), boron nitride,
fused silica (Minden, 1974), and machinable ceramics. Alumina and silica slideboats may
cause unacceptable oxygen doping of the epitaxial layers. In general, these materials prove
less satisfactory than graphite but can be useful to reduce carbon contamination of the
melt (Gao et al., 2002). Studies of the effect of crucible materials (alumina, graphite,
boron nitride and silica) on the impurities and electrical properties of LPE-grown GaAs
have been reported (Butcher et al., 1995; Mo et al., 1996). Due to their electrical insu-
lating properties, they are also used in slideboats for electro-epitaxy wherein an electric
current is imposed through the melt, and current confinement relies on electrically insu-
lating slideboat parts (Mauk and Curran, 2001). Mixing materials in an epitaxy boat (e.g.
fused silica and graphite) is possible but the design must accommodate the considerable
differences in thermal expansion between these materials which could lead to inaccuracies
in positioning the slidebar or, worse, mechanical failure of the slideboat.
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Figure 4.4 LPE horizontal slideboat (exploded view). Courtesy of G. DeSalvo

4.4 ALTERNATIVE SLIDEBOAT DESIGNS

Most of the innovation in LPE concerns the slideboat, and thus, the slideboat design dif-
ferentiates most LPE systems. The overriding objectives are to improve control of epilayer
thicknesses and uniformity, and increase throughput of the LPE process by employing
larger substrates, operating in a semi-continuous mode, and/or simultaneous epitaxy on
multiple substrates. Some of the diverse slideboat designs (and other types of LPE boats)
are shown in Figures 4.5–4.14. Prior to the advent of the slideboat, tipping type boats that
rolled the melt on and off a clamped substrate as the furnace tube was pivoted provided
a simple means to grow a single LPE layer (Figure 4.5). A rotating crucible for tipping
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Figure 4.5 LPE tipping boat. (After Nelson, 1963)
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Figure 4.6 Rotating/tipping LPE apparatus. (After Arch et al., 1992)
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Figure 4.7 LPE slideboat with weights and source wafers on melt. (After Goodfellow, 1986)

sliding melt container melt push rod

substrate

Figure 4.8 Simple LPE slider apparatus. (After Sankaran et al., 1976)
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Figure 4.9 LPE slideboat with improved thermal geometry. (After Reynolds and Tamargo, 1984)
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Figure 4.10 Slideboat configurations: (a) conventional; (b) confined; and (c) baffled melt holder.
(After Leung and Schumaker, 1982)

is shown in Figure 4.6. In Figure 4.7 a slideboat includes source wafers that float on top
of the melt and weights on top of the source wafers. Figure 4.8 is a variation of the
slideboat where the substrate holder component remains stationary and the slideboat base
is moved to roll the melts over the substrate. Figure 4.9 is an example of a boat made
of two different materials. The slideboat body is made of sapphire which has a lower
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Figure 4.11 Slideboat with narrowed melt contact for epitaxy of extremely thin epilayers. From
Alverov et al. (Alverov et al., 1985) and reproduced in Kuphal (Kuphal, 1991)

melts wafers

Figure 4.12 LPE piston slideboat. (After Alverov et al., 1978)

pushrods substrate
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Figure 4.13 LPE piston slideboat. From Chandvankar et al. (Chandvankar et al., 1998)
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Figure 4.14 Rotating melt LPE system. (After Almgren and Csigi, 1980)

thermal conductivity than graphite. This design reduces temperature variations around the
perimeter of the substrate which contribute to unwanted ‘edge’ growth effects. Sapphire
liners have been used for similar purposes. Figure 4.10 shows various slideboat config-
urations for aliquoting the melt and controlling slider-induced convection. Figure 4.11
depicts a slideboat design for limiting the contact time of melt with substrate in order to
reproducibly grow very thin layers. Figure 4.12 is a piston slideboat for the same pur-
pose of controlling a short contact time between the melt(s) and substrate(s). A somewhat
more elaborate version of the piston slideboat is shown in Figure 4.13. Methods of effect-
ing short contact times for thin layer growth have been implemented in various rotating
crucible LPE boats, an early version of which is shown in Figure 4.14.

4.5 FURNACES AND HEATING

LPE systems normally utilize a tube furnace with a cylindrical bore in which is inserted
a long tube in which is situated the crucible or slideboat. There are two approaches to
furnace selection. In the more commonly used method, a well-insulated furnace with
a large thermal mass is used (Figure 4.15a). A good choice of furnace is a three-zone
furnace with a total length on the order of 1 m and a central zone with a very flat
temperature profile over about 50 cm. The bore of the furnace depends on the slideboat
size, but typically ranges from 25 to 100 mm. The independently controlled end zones
compensate for heat loss and are adjusted to give a flat temperature profile over the
length of the slideboat. The high thermal mass dampens temperature fluctuations but
limits the rate of heating or controlled cooling to less than about 1 ◦C min−1, although
more rapid cooling to quench melts can be achieved by rolling the wheeled furnace away
from the slideboat and directing a cooling fan on the exposed section of the furnace tube
containing the slideboat (see below). This type of furnace is usually resistively heated
using nichrome heating elements and consumes on the order of 500–3000 W during
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(a)

(b)

Figure 4.15 Horizontal tube furnaces. (a) Typical horizontal LPE furnace (CVD Equipment Corp.,
Ronkonkoma, NY, USA). (b) Clamshell type furnace (Applied Test Systems, Butler, PA, USA)

heat-up. An additional annular ‘heat pipe’ isothermal furnace linear (Advanced Cooling
Technologies, Inc., Lancaster, PA, USA) that shrouds the tube can be used to provide
very flat temperature (±0.1 ◦C) profiles along the length of the furnace (and slideboat)
and further dampen temperature oscillations, but again this limits the range of controlled
heating and cooling rates. A ‘clamshell’-type furnace (Figure 4.15b) can be used to access
the heated zones, which if nothing else facilitates repair of faulty heating elements and
positioning of the slideboat, slidebar, and thermocouples.. In the second approach, a
furnace with low thermal mass is used. This type of furnace is typified by the transparent
‘gold’ furnace shown in Figure 4.16. An outer fused silica tube is coated with a reflective
gold film that reflects the infrared radiation generated by heating elements between the
outer tube and the inner tube that contains the slideboat. A controller with fast sampling
time must be used to regulate temperature. One advantage of a transparent furnace is that
the slideboat (and melts) can be viewed during the operation of the furnace, which can
be used to check the position of the boat and slidebar, and observe the melting point of
the metal charges of the melts.

The furnace is usually outfitted with slotted wheels or linear bearings so that the furnace
can travel along rails or shafts, and by which the furnace can be rolled on or off the fused
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Figure 4.16 Transparent ‘gold’ furnace (Trans Temp, Thermcraft, Inc., Winston-Salem, NC, USA)

silica tube. The slideboat can be seated on a carriage or crib fashioned from fused silica
rods, so that it is centered near the axis of the silica tube and does not directly contact the
fused silica tube. Fused silica rods can serve as stops to hold the slideboat. Alternatively,
a cantilever anchored to the end flange that seals the tube can be used to suspend the
slideboat.

Some specialized LPE systems have used optical or infrared heating or resistive heat-
ing elements placed in close proximity to the crucible or slideboat (Peter et al., 1995).
These methods usually rely on a temperature-gradient induced mass transport, rather than
a programmed transient cooling of the melt, to effect growth. In such cases, a rectan-
gular cross-sectioned fused silica or a steel chamber with fused silica windows is more
conducive than the circular cross-sectioned fused silica tubes described above.

4.6 LPE AMBIENT

The LPE ambient is most always purified hydrogen at near-atmospheric pressure with flow
rates ranging from a few cm3 min−1 to hundreds of cm3 min−1. Higher hydrogen flow rates
may be useful in maintaining low oxygen and water vapor levels in the system, however,
the hydrogen flow and its cooling action on the boat may also result in nonuniform
slideboat temperatures. Hydrogen prevents oxidation of the graphite slideboat, the melts
and substrates. There is little precedence for performing LPE under vacuum, in which
evaporation of melts and dopants could be problematic. In this regard, besides the reducing
action of hydrogen, its main advantage is that it can be purified by diffusion through a
heated palladium membrane to remove oxygen and water. Molecular sieves, catalytic
converters, or cold traps can be used to reduce oxygen/water vapor levels, but are not as
effective and reliable as purification by Pd diffusion. Another option involves bubbling an
inert gas through a molten bath of an indium–gallium–tin liquid metal alloy to remove
oxygen and water vapor. As hydrogen presents the biggest safety hazard in LPE (see
below), the use of nitrogen, argon, helium or forming gas (hydrogen diluted in nitrogen
or argon) can also be considered. The use of forming gas in LPE of GaAs (Czech et al.,
1999) and silicon (Bergman and Kurianski, 1993; Shi et al., 1995) has been reported.
Oxidation of the silicon substrate is especially problematic in silicon LPE as surface
oxides impede wetting of the substrate by the melt (Weber and Blakers, 1995), but the
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addition of reducing agents (e.g. aluminum or magnesium) to the melts can help reduce
surface oxides and promote better wetting. The amount of oxygen and water vapor in the
ambient affects the impurity concentration and electrical properties of the epitaxial layer
through a complex set of reactions involving silicon (from the fused silica) (Hicks and
Greene, 1971; Weiner, 1972; Greene, 1973; Kan et al., 1977). Reichert et al. (Reichert
et al., 2004) describe an LPE system for the growth of high-purity GaAs epilayers for
application to blocked impurity band (BIB) photodetectors that have extremely stringent
purity requirements (<1012 cm−3).

The levels of oxygen and water vapor that can be tolerated impact the design and
cost of the LPE system, since a large fraction of the LPE system cost is incurred by
means used to seal and evacuate the system, to provide leak-free interconnections and
supply the crystal growth ambient with purified gases. At one extreme, an LPE system
with a horizontal tube sealed with compression fittings and using dried forming gas
as an ambient represents a very inexpensive epitaxy system. For certain applications,
such as the growth of nonaluminum-containing III-V compounds and where background
impurity levels are not critical, such a system may be adequate. At the other extreme, an
LPE system with high-vacuum components including loadlocks, turbomolecular pumps,
Pd-diffusion membrane purification to supply ultra-pure hydrogen, a glove box, and a
residual gas analyzer can approach in cost that of an MBE system. Thus, the design and
total cost of an LPE system will be determined in part by an assessment of the required
electrical properties of the epilayers with respect to their susceptibility to oxygen and
other impurities (silicon, carbon).

4.7 TUBES, SEALING AND GAS HANDLING

As with many semiconductor processing systems such as for diffusion, annealing, chem-
ical vapor deposition, fused silica (often somewhat inaccurately referred to as ‘quartz’)
tubes offer a clean environment for high-temperature processing. For higher temperature
(>1200 ◦C) LPE, such as for silicon carbide epitaxy, mullite or alumina tubes can be used.
Although the tolerances of specified diameters of fused silica tubes often exceeds that
needed to assure leak-free sealing, suppliers can select tubes from their inventory which
more closely match the dimensions of a particular system. In some cases, a metal annulus
with a bore corresponding to the bore of the endcap fitting can be sent to the supplier to
assist in selecting the best diameter fused silica tubes. The tubes can be cleaned in a mix-
ture of HF and HNO3. Over time, with high temperature exposure the tubes will sag. This
can partly be ameliorated if the tube is periodically rotated to even out any sag. The devi-
ation of the tube may first be noticed by the furnace scraping as it is rolled along the tube.

The fused silica tube can be sealed at one end, in which case the gas inlet and outlet
are made through a flange ported with inlet and outlet tubes, and the inlet is via a long
tube that introduces the gas flow at the opposite end.

4.8 CONTROLLERS AND HEATING

The furnace power to the heating elements for each zone is provided by silicon controlled
rectifies (SCR) circuits.

Commercial microprocessor-based programmable controllers can be used for
controlling furnace temperatures. It is especially convenient if the controllers have a
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self-tuning proportional integral derivative (PID) control feature. A three-zone furnace
can be controlled by three controllers, with the two endzone controllers slaved to the
middle zone controller which executes the time–temperature program. Most typical LPE
temperature schedules can be simply programmed into the controller using a series of
times and temperature setpoints. The controllers should have over-temperature alarms to
protect the furnace from overheating in the event of a thermocouple malfunction. Another
alternative is to use LabVIEWÓ or a similar system for personal computer (PC)-based
control. This can also add automation, data acquisition and data logging for relevant LPE
parameters (time–temperature readings, gas flow rates, slidebar positions, etc.), as well
as control algorithms for improved reproducibility (Patel et al., 1998).

4.9 TEMPERATURE MEASUREMENTS AND OTHER
INSTRUMENTATION

Thermocouples (e.g. type K, type R or type S) are the preferred method of temperature
measurement, providing precision of ±0.1 ◦C in the temperature range of 500–1100 ◦C.
A common configuration uses a thermocouple on the outside tube in the center of the
heated zone of the furnace to control the furnace heating, i.e. this thermocouple is used
as the input to the controller for the furnace power. A second thermocouple sheathed in a
fused silica tube is embedded in the boat. This thermocouple is considered to reflect the
melt temperature. Typically, there will be some constant temperature difference between
the thermocouple on the outside of the tube and the thermocouple embedded in the
slideboat. The thermocouples are sheathed in fused silica tubing. The thermocouple in
the slideboat is inserted through a compression fitting and can be moved along the length
of the slideboat to provide a temperature profile. Normally, a flat (±0.1 ◦C) temperature
profile is desired, although in principle, a nonuniform temperature profile could also be
used to effect growth. The measured temperature profile of the slideboat will depend on
the position of the slideboat with respect to the furnace and the tube ends, the position of
the slidebar, the amount of melts contained in the slideboat, and the ambient flow which
will tend to cool the slideboat. All of these effects should be considered when tailoring a
slideboat temperature profile.

Fiber optic temperature sensors and emissivity imagers may provide a less invasive
means for measuring temperature distributions in LPE slideboats. The accuracy of fiber
optic sensors is slightly less than thermocouples, but precision can be comparable. A
slideboat could be probed with ten or twenty multiplexed fiber optic sensors, with little
perturbation of the temperature profile. Westphal et al. (Westphal et al., 1994) described a
precision resistance temperature detector (RTD)-based temperature measurement to con-
trol melt temperatures to better than ±0.005 ◦C in an LPE system for MCT (mercury
cadmium telluride) materials. Some efforts in providing real-time monitoring of the LPE
process are noteworthy. In work that may have some relevance to LPE, Ujihara et al.
(Ujihara et al., 2002) developed an in situ measurement technique for determining solute
and temperature distributions in alloy solutions using an infrared camera and an X-ray
fluorescence spectrometer. A residual gas analyzer or oxygen/water vapor sensor on the
system exhaust for real-time measurement of moisture and oxygen during the LPE pro-
cess is often useful for material systems that are sensitive to oxygen, or where volatile
melt components play an important role. Chang et al. (Chang et al., 1983) reported an
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in situ method for electrochemical monitoring and control of oxygen in GaAs LPE using
an yttria-stabilized zirconia electrolyte in contact with the gallium melt. Inatomi et al.
(Inatomi and Kuribayashi, 1990, 1991; Inatomi et al., 2005) described a method to observe
the solid–liquid growth interface in GaP LPE using an infrared imager (with interferom-
eter) and viewing from the backside of the semi-transparent GaP substrate during LPE.
Images of the morphology of the LPE layer, and estimations of dissolution and growth
rates were feasible.

4.10 SAFETY

The LPE method is a comparatively safe technique. The chief potential hazard is a system
leak that results in the explosive combination of hydrogen and air. According to the
circumstances and the size of the breach in the system sealing, the hydrogen leak may
be relatively harmless, or may result in an explosion with the approximate force of a
shotgun blast. The actual danger is from flying fragments of the fused silica tube and
other furnace parts. Inexpensive hand-held hydrogen leak detectors can be used to check
the integrity of the system prior to and during its operation. The hydrogen generator
or purification unit also generally includes a hydrogen detection device with automatic
shutoff. An attractive recent development is hydrogen generators that generate hydrogen
by electrolysis of water contained in a small reservoir and provide low-pressure hydrogen
only as needed. These devices eliminate the need for storage and handling of high-
pressure cylinders of hydrogen. Flame arrestors should be used with hydrogen cylinders.
To mitigate the hazards of an explosion or hydrogen flame, the LPE system can be
enclosed in a box made with a steel angle bracket frame and LexanÑ walls, and with
hinged or sliding side members to permit access to the furnace system. A metal grating
on top of the enclosure permits natural convective cooling of the furnace. Commercial
systems usually feature a metal enclosure for the entire LPE system. A hydrogen leak
detector in the laboratory should be used to detect entrainment or buildup of hydrogen in
the ceiling or other inadequately vented areas. A relief valve set at two or three times the
operating pressure should be included near the inlet gas line. Metal walled enclosures need
more active ventilation to dissipate heat. The excess hydrogen is vented through the roof
or a fume hood to the outside. Whether the hydrogen should be burned as vented depends
on the circumstances of the facilities. Toxic components from the melts (such as arsenic)
will normally condense and coat cold portions of the tube and exhaust system. Therefore,
proper precautions should be taken when cleaning and replacing tubes and tubing.

4.11 PRODUCTION LPE SYSTEMS

The foregoing discussion pertains to homemade or customized horizontal slideboat sys-
tems suitable for research and small-volume production. For large-scale production, com-
mercial LPE systems are available from a number of equipment makers. These systems are
generally more instrumented, more automated (solenoid valves, motorized slidebars and
furnace positioning), and have high-vacuum hardware (loadlocks, flanges, turbopumps,
residual gas analyzers), but the basic design is similar to the systems described above.
Figure 4.17 shows several commercial LPE systems. Table 4.1 summarizes ranges of
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(a)

(b)

(d)
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Figure 4.17 (continued )
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(e)

(f)

Figure 4.17 Commercial LPE systems. (a) Koyo Thermosystems Ltd, Nara, Japan; (b) and (c)
CVD Corp., Ronkonkomo, NY, USA; (d) Tek-Vac, Brentwood, NY, USA; (e) General Air Corp.,
Chatsworth, CA, USA; (f) Cyberstar, Echirolles, France

typical specifications and performance for commercial LPE systems made for production
of semiconductor optoelectronic devices.

More substantial departures from the standard horizontal slideboat in a fused silica
tube mounted in a tube furnace have also been developed with the aim of a semi-
continuous (as opposed to batch) LPE process. Akai et al. (Akai et al., 1976) described a
production LPE system (Figure 4.18) where a series of substrates are successively posi-
tioned under melts supplied with a solid source of material (or replenished from the
vapor phase), and steady-state growth is effected by imposition of a temperature gra-
dient across each melt. Mauk et al. (Mauk et al., 2000) described a similar LPE system
(Figures 4.19–4.21) with a modular design that operates in a semi-continuous mode using
steady-state temperature-gradient induced growth on 75-mm diameter substrates. Unlike
most LPE systems, the slideboat is enclosed in a stainless steel chamber, rather than a
fused silica tube.
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Table 4.1 Typical range of specifications and
performance for commercial LPE systems

Specification Range

Tube diameter (mm) 60–120mm
Tube length (cm) 30–50 cm
Furnace (zones) 3–5 zones
Central flat zone (mm) 400–600mm
Hydrogen purity (ppb unpurity) <50
Max. temperature ( ◦C) 11-50-1300
Power (W) 3000–12 000
Pushrod/slidebar speed (mm s−1) 0.06–60
Temperature accuracy ( ◦C) ±0.5
Hydrogen flow rate (lpm) 0–5
Nitrogen flow rate (lpm) 0–5
Leak rate (cm3 mln−1) <10−9

Cooling Forced air
Venting 6 in. duct

Compiled from literature provided by CVD Equip-
ment Corp. (Ronkonkoma, NY, USA), Cyberstar
(Échirolles, France) and Tek-Vac (Brentwood, NY,
USA).

heaters

solid source 
melt

heater

Figure 4.18 Production LPE system. From Akai et al. (Akai et al., 1976)
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Figure 4.19 Modular LPE system
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boat cap

melt

Slider

preheat ‘puck’

preheat
‘puck’

direction of travel

pushrod

substrate
‘puck’

Figure 4.20 Pedestal slideboat in LPE system shown in Figure 4.19 (perspective view)
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5.1 INTRODUCTION AND SCOPE OF REVIEW

This chapter reviews the application of liquid phase epitaxy (LPE) to silicon, germa-
nium, and silicon-germanium alloys. Epitaxy–as commonly understood–is the seeded,
oriented crystallization of a thin film or thick layer on a crystalline substrate. In order to
achieve epitaxial growth, there must exist sufficient crystallographic similarity (i.e. the
same or related crystal structure; close lattice constant matching) and chemical compati-
bility between the seeding substrate and the epitaxial film(s). The epitaxial semiconductor
film exhibits a definite crystallographic relationship to the substrate, in most cases more
or less mimicking the crystal structure and crystallographic orientation of the substrate.
In LPE of semiconductors, semiconductor films are grown on single-crystal ‘monocrys-
talline’ semiconductor wafers from molten metallic solutions, typically in the temperature
range of about 400–1200 ◦C. Accordingly, in silicon LPE, epitaxial films of silicon are
crystallized on silicon wafers by cooling molten metallic solutions saturated with silicon.
Common metal solvents for silicon LPE include tin, lead, gallium, indium, aluminum, bis-
muth, antimony, gold, copper, and mixtures of these metals. Solvent metal components of
the melt, as well as any impurities (e.g. phosphorus, boron) either intentionally added to or
inadvertently contained in the molten solution, are incorporated into the deposited silicon
layer to some degree. Controlled doping of the silicon epitaxial layer over a consider-
able range of impurity concentrations and using a wide selection of dopants is feasible.
Repeated epitaxial growth steps, as conveniently enabled by the so-called ‘slideboat’ LPE
technique, can be used to make multilayer semiconductor structures with distinct doping
profiles for application to a variety of semiconductor devices.

Completely analogous processes can be used for producing germanium epitaxial struc-
tures on germanium wafers, but in fact, germanium LPE is much less developed than
silicon LPE. As for commercial importance, silicon and germanium LPE find relatively lit-
tle application to the production of transistors or other common electronic devices. Instead,
silicon and germanium LPE has been investigated for application to solar cells, or for
niche semiconductor devices such as photodiodes, power transistors, silicon controlled
rectifiers, and thermoelectric converters, as well as for customized epitaxial substrate
structures. In the last two decades, the main interest in silicon LPE and related metallic
solution growth processes has been for application to silicon solar cells, and more par-
ticularly, as a low-cost method of depositing 10–50-µm-thick silicon layers on various
types of substrates. The relatively fast growth rates (∼1 µm min−1) compared with other
thin-film deposition techniques; the high deposition efficiency with regard to avoiding
extraneous deposition of silicon on surfaces other than the substrate; the comparatively
low capital equipment and operating costs; the absence of highly toxic precursors or by-
products; and the general high quality of LPE-grown semiconductor material with respect
to minority carrier mobilities and recombination lifetimes, are important attributes for
solar cell applications. Nevertheless, the realization of economic, high-throughput LPE-
based processes utilizing large-area, low-cost substrates remains a technically challenging
problem.

On account of potential solar cell applications for silicon LPE, the scope of this chapter
is expanded to include, in addition to silicon and germanium LPE, metallic solution growth
of silicon and germanium layers on dissimilar substrates such as quartz, metals, ceram-
ics, and glasses. In such cases, the deposited silicon or germanium layers are invariably
polycrystalline, and there is generally no epitaxial relationship between the silicon film
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and substrate, although hopefully there will be a favorable and pronounced texture, i.e.
preferred orientation of grains in the deposited polycrystalline silicon layer, as well as a
narrow range of grain sizes. This application of LPE or LPE-derived processes to other
kinds of substrates represents a considerable departure from the traditional practice of
epitaxy wherein homoepitaxial or heteroepitaxial single- or multilayered device structures
are formed on polished, meticulously cleaned, low-defect, monocrystalline semiconductor
wafers. For the same reasons, it is useful to also review epitaxial growth on polycrys-
talline (or ‘multicrystalline’) silicon substrates such as those cut from cast silicon ingots or
formed as sheets, in which case, the grain structure of the epitaxial layer generally repli-
cates that of the substrate. In this case, a low-cost metallurgical-grade silicon wafer serves
as a substrate for deposition of solar cell-quality silicon films. As such, the use of metallic
solutions for depositing silicon on a wide variety of substrates offers a potentially commer-
cially important extension of conventional LPE technology, and has motivated much of
the recent work in silicon LPE. In addition to silicon and germanium LPE, the liquid phase
epitaxial growth of Si-Ge alloys, which generally exhibit complete solid-phase miscibility
and which can be grown by straightforward modification of techniques used for silicon
and germanium LPE, is also reviewed. The growth of thick layers of Si-Ge alloys can be
used to produce surrogate or customized ‘virtual’ substrates with tuned lattice parameters
spanning the lattice constants of silicon and germanium. For example, Sembian et al.
(Sembian et al., 2000) developed LPE methods to grow thick (25–30 µm), relaxed SiGe
alloy (0–16% Ge content) layers on silicon substrates. Good quality epilayers with low
defect densities (∼104 cm−2) were achieved by LPE with slow cooling rates (20 ◦C h−1).
As germanium is closely lattice-matched to GaAs and AlGaAs, compositionally graded
Ge1−xSix layers could be advantageous as buffer layers to bridge the lattice mismatch
between a silicon substrate and III-V device structure. Moreover, LPE has proven espe-
cially well-suited for epitaxial lateral overgrowth (ELO) processes on patterned, masked
substrates. ELO can provide many novel device structures for defect filtering, dielectric
isolation, ‘buried’ electrodes, and ‘buried’ mirrors to exploit light trapping effects and/or
enhance optical coupling efficiency.

5.2 HISTORICAL PERSPECTIVE

The application of LPE to silicon- and germanium-based semiconductor devices runs
counter to the main currents of semiconductor materials technology. An historical perspec-
tive of the development of semiconductor epitaxial growth methods serves to underscore
some of the motives for and unique features of silicon and germanium LPE. By and
large, the main semiconductor epitaxy techniques were developed in the 1960s and 1970s
to exploit heterostructure device concepts, to realize device structures that could not
be made by dopant diffusion, or to overcome limitations imposed by the poor qual-
ity of then-available semiconductor wafers. These issues mostly pertained to compound
semiconductor optoelectronic devices, and LPE proved crucial in the development of
III-V compound semiconductor light emitting diodes (LEDs), lasers, detectors, and solar
cells (Kuphal, 1991). On the other hand, and as the following brief historical sketch
recounts, these and similar considerations were not critical issues in silicon semicon-
ductor technology, and the impetus to develop analogous LPE processes for silicon (or
germanium) was generally lacking.
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Silicon vapor phase epitaxy, or more generally, silicon chemical vapor deposition
(CVD), was successfully demonstrated in the 1950s. Silicon CVD is based on pyroly-
sis reactions of volatile silicon-containing compounds. In silicon CVD, a gaseous stream
containing silanes, chlorosilanes, or silicon-halogen compounds decompose on a heated
silicon wafer to yield silicon adatoms that nucleate and sustain the formation and growth
of a silicon film. Epitaxial silicon layers are particularly useful in forming highly doped
‘buried’ layers in monolithic planar silicon device technology. Silicon CVD technology
is well established and remains a standard processing tool for silicon integrated circuits.
Epitaxy technology for compound semiconductors, as represented by GaAs and related
alloys such as AlGaAs, followed a somewhat different development path. After the advent
of silicon CVD, vapor phase epitaxy processes for III-V compounds were investigated in
the early 1960s using halide or hydride precursors for the group III and group V compo-
nents. However, the hydride or halide vapor phase growth of Al-containing compounds,
especially AlGaAs, proved difficult due in part to the high affinity of aluminum for oxy-
gen. Further, such CVD produces nonstoichiometric GaAs with Ga vacancies and/or As
antisite defects that reduce luminescence efficiency. This can be attributed to the ‘As-
rich’ conditions of III-V vapor epitaxy as indicated by the high V/III (e.g. AsH3/GaCl)
precursor ratios necessary for growth from the vapor phase.

Partly to overcome these limitations, the LPE technique was invented in the mid
1960s and extensively developed in the 1970s for the production of LEDs, laser diodes,
detectors, and solar cells. In particular, AlxGa1−xAs layers could be grown on GaAs
substrates from Ga-Al melts saturated with As, and LPE could produce high-quality
AlGaAs/GaAs heterostructures with high luminescence efficiency due to the reduction
in Ga vacancies and antisite defects associated with the Ga-rich conditions inherent in
the growth of GaAs from a Ga melt saturated with As. In addition, the quality of then-
available III-V wafers was relatively poor, and in this regard it is significant that LPE can
yield epitaxial layers with much lower defect levels than the substrate wafers upon which
they are grown. LPE shows a tendency to ‘anneal out’ threading dislocations originating
in the substrate (Moon, 1980). This is critical for optoelectronic devices such as lasers and
other ‘minority carrier’ devices. Subsequently, however, the growth of AlGaAs and a host
of other III-V compounds was perfected using metal-organic chemical vapor deposition
(MOCVD) and molecular beam epitaxy (MBE), and moreover, the quality of III-V wafers
improved greatly. As a consequence, the role of LPE in optoelectronics diminished due
to its perceived limitations for control of epitaxial layer thicknesses, doping levels, areal
uniformity; as well as difficulties in scale-up to large-diameter substrates, all for which
MOCVD and MBE were deemed superior to LPE. To summarize, LPE was originally
developed to overcome the limitations of early versions of III-V CVD and the poor
quality of III-V substrates then available. Such limitations were not crucial to silicon
semiconductor technology in general, nor silicon CVD in particular. Stoichiometric defects
are not an issue in elemental semiconductors, and historically heterostructures have not
figured prominently is silicon device technology. Further, essentially ‘defect-free’ silicon
wafers have been commercially available for over 30 years. Thus, by this account, it
would appear that there has never been a great incentive for development of silicon
LPE. Consequently, the application of LPE to silicon warrants some explanation. In fact,
an application-specific technical and economic rationale for silicon LPE can be made,
at least for certain optoelectronic and power devices, solar cells, and other specialized
semiconductor technologies.
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In addition to the technological and potential cost advantages of LPE already men-
tioned with regard to solar cell production, some more fundamental characteristics of
LPE can be exploited for particular applications. LPE occurs under near-equilibrium con-
ditions with relatively low supersaturations and/or supercoolings compared with other
methods of epitaxy. Since departures from equilibrium are a driving force for nucleating
and sustaining defects such as dislocations, twins, and stacking faults, this suggests LPE
should yield reduced defect densities in epilayers. D’Asaro et al. (D’Asaro et al., 1969)
showed that silicon LPE could produce epitaxial silicon layers with defect densities an
order of magnitude lower than that of the silicon substrate. This is in agreement with
similar observations cited above for III-V LPE. Baliga (Baliga, 1986) noted that the rela-
tively low growth temperatures of silicon LPE compared with CVD, and the preferential
segregation of impurities to the liquid phase should contribute to superior material qual-
ity. Comparisons of lowest feasible growth temperatures for different methods of epitaxy
involve many stipulations and qualifications especially with regard to the silicon film
quality and degree of crystallinity, and therefore, sweeping generalizations should prob-
ably be avoided. Nevertheless, there are numerous reports of silicon LPE implemented
at growth temperatures in the range of 280–500 ◦C, depending on the melt composi-
tion (see Section 5.6). In view of common silicon epitaxy temperatures in the range of
600–1200 ◦C, LPE can be rightly considered a low-temperature method of silicon epitaxy.

As is discussed in more detail in Section 5.5, the most basic consideration for any
LPE process is the choice and specific formulation of a metal solvent system. High
purity silicon and germanium can be grown from molten metal solutions. The purity
of LPE-grown material has been amply demonstrated by work on germanium blocked-
impurity-band photodetectors made by LPE where residual donor and acceptor levels
of 5 × 1012 cm−3 and 5 × 1012 cm−3, respectively, were achieved (Haller and Beeman,
2002). The use of LPE as a method of purification as well as a method of deposition
may prove crucial for silicon solar cell applications. Actually, the attainment of high
purity and low growth temperatures are interrelated since the incorporation of impurities
in the epilayer generally decreases with growth temperature (Trumbore, 1960; Kresse
et al., 1990). For silicon crystallized from molten metals at low temperatures (less than
800 to 1000 ◦C depending on the melt composition), the segregation coefficient ki for an
impurity i generally follows a temperature dependence according to:

ki ≡ CS
i

CL
i

(5.1a)

= ki,0 · exp

[
−bi

T

]
(5.1b)

where CS
i is the impurity concentration in the solidified silicon, CL

i is the concentration
of impurity in the liquid phase, T is the absolute temperature, and ki,0 and bi are pos-
itive constants specific to the metal. For many of the metallic impurities in silicon and
germanium LPE in the temperature range of 500–1200 ◦C, k is very small, often ranging
from 10−6 to 10−3, but boron with a segregation coefficient close to 1 is a notable and
sometimes problematic exception. Thus, dramatic purifications are possible by dissolving
an impure silicon feedstock in a molten metal, followed by solidification of the dissolved
silicon. The impurities will be retained in the metallic phase, which can be discarded or
purified for re-use. With regard to doping, it is also useful to note that tin and lead are
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isoelectronic with silicon (all are group IV elements) and are electrically neutral in silicon,
acting as neither donors nor acceptors. For uniform doping of thick epitaxial layers, it is
advantageous that the segregation coefficient is close to 1 in order to avoid dopant deple-
tion from the melt and/or doping gradients in the silicon. As mentioned, boron (acceptor
dopant) and to a lesser extent phosphorus (donor) doping approximate this requirement.
On the other hand, simple metallic solution growth techniques will not be adequate to
purify silicon for solar cell and other applications due to the high levels of boron and
phosphorus in most cheap sources of silicon.

The near-equilibrium growth conditions of LPE also permit control of nucleation for
selective modes of growth on masked substrates. In selective epitaxy, openings are defined
in a masking layer that coats the substrate. The underlying substrate silicon is exposed at
the openings which thus provide sites for preferential epitaxy of silicon, while avoiding
nucleation on the masked regions of the substrate. The high growth rate anisotropies
exhibited by LPE can be exploited in ELO, wherein the epitaxial layer is selectively
seeded in openings of a patterned mask coating a silicon substrate. During subsequent
stages of growth, the epilayer laterally overgrows the mask (at least partially), thereby
simulating a silicon-on-insulator structure. Selective epitaxy and ELO (Section 5.9) can
be used for novel device structures, methods of device isolation, and for incorporating
buried electrodes or optical features such as buried mirrors.

The wide selection of dopants available with LPE is an important advantage. Almost
any element added to the melt will be incorporated into the epitaxially grown silicon layer.
Compared with CVD, MBE, diffusion, or ion implantation, LPE provides a relatively
simple means of realizing and studying the effects of various dopants on the electrical,
optical, mechanical, and magnetic properties of semiconductors. For example, Scott and
Hager (Scott and Hager, 1979) studied indium doping of silicon grown from indium
melts by LPE. Indium is a p-type dopant in silicon that forms a shallow acceptor level,
and indium-doped silicon is of some interest for mid-infrared extrinsic (i.e., optical
absorption due to impurity states) photodetectors (Schmid et al., 1983). Unfortunately,
indium-doped Czochralski-grown bulk silicon crystals were plagued by microprecipitates
and other defects, and the range of indium doping was limited. To evaluate the util-
ity of indium-doped silicon, epitaxial silicon layers were readily made by LPE using
indium melts. Along similar lines, Schafer (Schafer, 1981) used solution growth to make
thallium-doped silicon for 3–5 µm photodetectors. As another example, LPE has been
used to investigate rare earth doping of silicon. Binetti et al. (Binetti et al., 1998, 1999)
described the erbium doping of silicon grown by LPE from silicon-indium-erbium melts
at 950 ◦C. Enhanced photoluminescence was attributed to erbium doping of the silicon.
As a final example, Borshchevsky and Fleurial (Borshchevsky and Fleurial, 1993) used
metallic solution growth to produce heavily doped silicon-germanium alloys for ther-
moelectric applications. An interesting discovery resulting from this work was that a
substantial enhancement in doping solubility occurs when the melt contains both group
III (acceptors) and group V (donors) dopants.

Metallic solution growth of germanium and silicon actually predates epitaxy tech-
niques using CVD. Some early work showed that bulk silicon crystals could be grown
from molten metal solutions (Keck and Broder, 1953; Carman et al., 1954). A metallic
solution regrowth process, termed alloying or meltback, was used to make almost all
germanium and silicon diodes and bipolar transistors up until about 1960. In the alloying
process, a metal bead is placed on the surface of a germanium wafer. The bead is heated
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and upon melting dissolves a portion of the germanium wafer. The molten bead is then
cooled, and the dissolved germanium precipitates as an epitaxial film. The regrown ger-
manium is doped with the metal solvent. Thus, p-type doping can be realized by using
aluminum, gallium, or indium beads, and n-type doping using antimony beads. A com-
pletely analogous process can be used for forming junctions in silicon wafers. In many
respects, the alloying method is essentially an LPE process, although the melt/regrowth
cycle of the alloying technique does not add any new semiconductor material to the
substrate. The alloying technique was made obsolete by planar diffusion processing and
CVD. However, the technology generated an extensive base of phase equilibria data for
material systems containing silicon, germanium and metals, particularly with respect to
solid solubilities of metals in germanium and silicon [compiled by Trumbore (Trumbore,
1960)] and solubilities of germanium and silicon in liquid metals [compiled by Thurmond
and Kowalchik (Thurmond and Kowalchik, 1960)]. An analysis of the germanium-metal
and silicon-metal phase equilibria also demonstrated that regular solution models initially
developed by chemists for describing organic or aqueous solutions could also be applied
to semiconductor-liquid metal systems, as well as the solid solubility of impurities in
silicon and germanium. The experimental phase equilibria data and corresponding solu-
tion models derived to describe the data serve as the theoretical basis for silicon and
germanium LPE.

5.3 BASIS OF SILICON AND GERMANIUM LPE

The silicon-metal (or germanium-metal) binary phase diagram serves as the starting point
for developing an LPE process. Figure 5.1 shows a typical eutectic type phase diagram
that characterizes many silicon-metal and germanium-metal binary systems. A eutectic
point E is the lowest temperature that the liquid solution exists and thus represents the
lowest possible temperature from which silicon can be grown. For most of the silicon-
metal binaries of interest, the eutectic composition occurs at such a small concentration
of silicon that the eutectic point may be assumed to be equal to the melting point of
the metal constituent. One exception is the silicon-aluminum binary where the eutectic
occurs at XSi = 0.12 and 82 ◦C below the melting point of aluminum (660 ◦C). Two
salient features of the phase diagram are the (hypereutectic) liquidus (see Appendix 1)
and the solidus (see Appendix 2). A hypereutectic region (to the right of the eutectic
point E) shown shaded is of main interest. It is bound by a liquidus L2 and a solidus
S2. The liquidus (or, more accurately, the slope of the liquidus) determines the feasible
temperature range for growth, as well as the growth dynamics, e.g. the growth rate and
maximum amount of silicon that can be deposited for a given size melt; and also figures
in the stability of the growth process. The solidus S2 determines the degree of metal
incorporation into the grown silicon or germanium. The subsequent discussion will focus
mostly on silicon, but application to germanium-metal binaries will be obvious. The
liquidus L2 indicates the solubility of silicon in molten metal solvent as a function of
temperature, and most LPE processes are based on the fact that the silicon solubility in
liquid metals increases with temperature. (At sufficiently high temperatures, the binary
system is generally a single homogeneous liquid phase, but this should not always be
assumed. For example, in silicon LPE with tin-rich melts, immiscible liquid phases are
evident. Bismuth-containing melts may also show a tendency for such phase separation.
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Melts that separate into layers according to their densities should still produce a uniform
epilayer, however, if the melt phases disperse, then the resulting epitaxial layer may
exhibit thickness and doping variations. Liquid-phase immiscibility is more likely at low
growth temperatures.)

As an example of a typical sequence of events when LPE is based on a transient cooling
of the melt, reference is again made to Figure 5.1. Starting at an arbitrary temperature and
composition denoted by A, and cooling to point B on the liquidus, the solution is then
saturated with silicon. This point can be produced by equilibrating a liquid metal in contact
with a silicon solid source at a specified temperature corresponding to point B. Next, the
silicon source is separated from the silicon-metal liquid solution. The solution is then
supercooled by an amount �T to a point C. Provided no silicon or other seeding surface
is in contact with the liquid solution, the system can be maintained in a nonequilibrium
metastable condition of supersaturation, denoted by �XSi. Too great a supercooling will
result in spontaneous nucleation, and the supersaturation will be relieved by precipitation
of a silicon-rich solid phase, continuing until the concentration of silicon in the liquid
phase reaches a point D. In practice, silicon LPE supercoolings typically range from 1 to
30 ◦C, and the onset of spurious nucleus depends on cooling rates, melt purity, wetting,
and the nucleating potential of the walls of the melt containment vessel or free surfaces
of the melt. Under equilibrium conditions, the primarily silicon (99+ %) solid phase will
contain metal at a concentration given by the solidus S2 curve as denoted by point F. The
metal component may be dissolved in the solid silicon matrix as either substitutional or
interstitial impurities. The equilibrium solidus curve thus gives the doping level associated
with the use of a particular metal solvent and growth temperature. Analysis of solid-phase
solubilities in silicon and germanium grown from liquid metals has been carried out by
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John (John, 1958), Trumbore et al. (Trumbore et al. 1959), Trumbore (Trumbore, 1960),
Weiser (Weiser, 1960), Lehovec and Slobodskay (Lehovec and Slobodskay, 1964) and
Fleurial and Borshchevsky (Fleurial and Borshchevsky, 1990). Actually, as discussed
in Appendix 2, somewhat more complex doping behavior is often observed in LPE.
Furthermore, as the solid solubility at the growth temperature is higher than that at room
temperature, then in principle, as the epitaxial sample is cooled to room temperature,
impurities should form precipitates to relieve the supersaturation (Lehovec, 1964). To
what extent this occurs depends on many factors such as cooling rates, post-growth
annealing, defect densities, and the concentration of other impurities and oxygen. These
issues are critical for solar cell applications, especially in cases where a polycrystalline film
is deposited and impurities segregate to grain boundaries and dislocations. Nevertheless, a
good first approximation is that the epitaxial layer is doped to a level corresponding to the
solid solubility at the growth temperature. Figure 5.2 shows a well-known compilation
due to Trumbore (Trumbore, 1960), graphically representing the silicon-rich solidus of
various silicon-metal binary systems. Most of these data were determined by measuring
the metal content of bulk (∼cm3) silicon crystals slowly grown (∼days) from a metal-
silicon solution at a specified temperature by an imposed temperature-gradient (∼10 ◦C
cm−1), and thus should closely approximate equilibrium values of the solubility of a metal
in silicon at the specified temperature. These data can be generalized for multi-component
liquid phases and nonequilibrium growth conditions using the phase equilibria and doping
models presented in Appendix 2.

Phase equilibria models for silicon-metal or germanium metal melts are well established
(Thurmond and Kowalchik, 1960; Kozlovskya and Rubinstein, 1962; Stringfellow and
Greene, 1970; Petrusheveskii and Gel’d, 1971; Stringfellow, 1971; Girault et al., 1977;
Sebkova and Beranek, 1983; Bonnet et al., 1989; Fleurial and Borshchevsky, 1990; Trah,
1990; Bergman et al., 1992; Sudavtsova and Kudin, 2001; Yoshika and Morita, 2005).
As derived in Appendix 1, for a silicon-metal binary system, the liquidus (which relates
the atomic fraction XSi of silicon in the molten metal-silicon binary phase as a function
of temperature T ) is given implicitly by:

−LSi
T F

Si − T

T F
Si

−
∫ T F

Si

T

�CSidT + T ·
∫ T F

Si

T

�CSi

T
dT = RT ln γ L

Si + RT ln XSi (5.2)

where LSi is the latent heat of fusion for silicon at the melting point of silicon, T F
Si is

the melting point of pure silicon, �CSi is the difference in molar heat capacities between
solid and liquid silicon �CSi = CL

Si − CS
Si, and γ L

Si is the activity coefficient of silicon in
the liquid phase which is a measure of the nonideality of the solution. For ideal solutions
γ L

Si is equal to 1.
For a quasi-regular binary solution:

RT ln γ L
Si = (aSi−M − bSi−M · T )(1 − XSi)

2 (5.3)

At low temperatures where the solution is dilute in silicon (XSi → 0) then:

RT ln γ L
Si

∼= (aSi−M − bSi−M · T ) (5.4)
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so that (neglecting corrections associated with �CSi):

XSi = X0 · exp

(
−LSi + aSi−M

RT

)
(5.5)

with

X0 = exp

(
LSi + b · T F

Si

RT F
Si

)
(5.6)



Si, Ge and Si-Ge LPE 119

The quantity (LSi + aSi−M) may be interpreted as the molar heat of solution �H soln

and represents the enthalpy change when silicon is dissolved in the liquid metal, in which
case:

XSi = X0 · exp

(
−�H soln

RT

)
(5.7)

Under these approximations and assumptions, the slope m of the liquidus is thus:

m ≡ dT

dXSi
= 1

XSi
· RT 2

(LSi + a)
= e�H/RT

X0
· RT 2

(LSi + a)
(5.8)

Selected values of XSi and m, as well as metallic solvent melting temperatures and
binary eutectic points, for several silicon-metal binary systems of interest for silicon LPE
are given in Table 5.1.

Returning to the binary phase-diagram analysis of the silicon LPE process effected by
a transient cooling of a silicon-metal melt: By a simple mass balance for a dilute solution,
the thickness h (µm) of a silicon layer is given by:

h = WM

A
· 1

ρSi
· MSi

MM
· [XSi(T

i) − XSi(T
f)] (5.9a)

∼= WM

A
· 1

ρSi
· MSi

MM
·
[

1

m
· �T

]
(5.9b)

where A is the area (cm2) of the deposited silicon, WM is the mass of metal melt (g),
MM is the atomic mass of the metal solvent (g/mol−1), MSi is the atomic mass of silicon
(g/mol−1), ρSi is the density of solid silicon (g cm−3), XSi(T

i) and XSi(T
f) are the atomic

fractions (dimensionless) of silicon in the liquid phase at temperatures T i and T f, where
T i is the temperature (K or ◦C) initiating growth at which point the melt is saturated
with silicon, and T f is the temperature (K or ◦C) terminating growth. The thickness so
calculated corresponds to a sufficiently long growth time (∼ several hours); crystallization
kinetics and heat and mass transfer limitations are neglected.

5.3.1 Nucleation of silicon from a molten metal solution

The application of classical nucleation theory to silicon LPE is useful to estimate the
degree of supercooling needed for homogeneous nucleation in the bulk melt, and for het-
erogeneous (seeded) nucleation on silicon and nonsilicon substrates. Controlled nucleation,
or prevention thereof, on nonsilicon substrates is crucial for selective epitaxy, ELO, and
deposition of silicon on nonsilicon substrates such as ceramics. The silicon nucleation
rate is determined by the melt supersaturation, which can be related to the supercool-
ing temperature using relationships derived from phase equilibria considerations (Kozlov
et al., 1975). Models of nucleation rates in LPE (specifically for III-V compounds) have
been developed by Jothilingham et al. (Jothilingham et al., 1995) and Gopalakrishnan
et al. (Gopalakrishnan et al., 1996).
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Table 5.1 Metal solvent melting points, eutectics, and solid solubilities of and liquidus slopes for
Si-metal binaries at selected temperatures

Metal solvent Solvent melting
point ( ◦C)

Eutectica (Xeut
Si )

(T F
metal − T eut)

( ◦C)

T ( ◦C) XSi dXSi/dT |T = m−1

( ◦C−1)

Aluminum 660 0.12 580 0.125 0.00051
82 600 0.135 0.00053

845 0.295 0.00078
960 0.395 0.00082

Antimony 630.5 0.003 800 0.014 0.00002
1.1 900 0.026 0.00016

1100 0.081 0.00047
1200 0.143 0.00091

Bismuth 271.4 3 × 10−8a 1000 0.0026 0.00003
10−10a 1100 0.0054 0.00016

Gallium 29.8 5 × 10−10a 495 0.002 0.00003
6 × 10−10a 625 0.010 0.00012

725 0.028 0.00024
750 0.033 0.00027

1000 0.194 0.00120
Indium 156.2 2 × 10−10a 900 0.009 0.00008

10−7 1000 0.002 0.00016
1100 0.044 0.00034
1200 0.097 0.00081

Lead 327.4 9 × 10−10a 1050 0.002 0.00002
5 × 10−8a 1100 0.003 0.00003

1150 0.005 0.00004
1200 0.008 0.00006

Tin 231.9 10−7a 800 0.006 0.00006
4 × 10−5a 900 0.015 0.00012

950 0.021 0.00016
1000 0.035 0.00022
1100 0.606 0.00042

aEstimated by quasi-regular solution model (Thurmond and Kowalchik, 1960).

Referring to Figure 5.1, the slope of the liquidus is defined as:

m ≡ dT eq

dXSi

∣∣∣∣
T i

(5.10)

where the liquidus temperature denoted as T eq emphasizes the equilibrium (silicon-
saturated liquid phase) conditions indicated by the liquidus relation; and which is
calculated by Equation (5.8) for silicon-metal binaries following quasi-regular solution
behavior. For the temperature excursions (�T = T i − T f) commonly used, m can usually
be taken as a constant at and around a specified growth temperature T ∼= T i. m also relates
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the supersaturation (�X ∼= Xi − Xf) to the supercooling (�T = T i − T f) since

m ∼= �T

�X

∣∣∣∣
T i

(5.11)

The supersaturation is the driving force for nucleation and crystal growth, while the
supercooling is the most important experimentally controllable parameter. Thus, the slope
of the liquidus determines the dynamics, kinetics, and stability of the LPE process. For
nucleation and growth to occur, the system must deviate from thermodynamic equilibrium.
As discussed in the next section, there are many ways to induce a thermodynamic driving
force for crystal growth, but the simplest and most commonly used is a transient cooling
of the saturated melt. This process can be analyzed in terms of free energy changes.
The molar free energy change �Gsup associated with crystallizing silicon from a melt
initially equilibrated at a temperature T eq ∼= T i with equilibrium silicon fraction Xeq, and
supercooled by �T (or equivalently supersaturated by �X) is given by (Brice, 1965,
1973, 1986):

�Gsup ∼= RT eq ln

(
1 + �T

T eq

)
= RT ln

(
1 + �X

Xeq

)
(5.12a)

∼= �H sol �T

T eq
(5.12b)

Nucleation occurs when the supercooling is sufficient that the free energy exceeds the
surface energy barrier required to form stable nuclei. To form a spherical nucleus of radius
r , the negative free energy change associated with the supercooling is offset by a positive
term associated with the formation of the silicon-metal melt interface, such that the total
free energy of an embryonic nucleus is:

�GT = −4πr3

3Vm
�H sol �T

T eq
+ 4πr2γSi−M (5.13)

where Vm is the molar volume and γSi−M is the interface energy between solid silicon
and the melt. Due to random clustering of silicon atoms in the melt, embryonic nuclei
form that are stable when r exceeds some critical value r∗ corresponding to the maximum
value of �GT denoted as �G∗. Taking the derivative of Equation (5.13)
with respect to r and setting equal to zero, gives the critical radius as:

r∗ = 2 · γSi−MVm

�H sol

T eq

�T
(5.14)

and the critical free energy of nucleation as:

�G∗ = 16π · γ 3
Si−M · (T eq)2

3(�H sol)2 · �T 2
(5.15)

For metallic solutions, Brice (Brice, 1973) suggests the following empirical relation as
an estimate for γSi−M:

γSi−M = 0.25 · �H sol

N1/3
0 · V 1/3

0

(5.16)
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where N0 is Avogadro’s number. The dependence of silicon surface energies on crystal-
lographic orientation and misorientation is treated by Zdyb et al. (Zdyb et al., 2006).

To determine the onset of nucleation, an Arrhenius-type rate equation for the rate of
nucleation is assumed:

ṅ � A · exp

(
−�G∗

RT

)
(5.17)

where ṅ is the rate of nucleation and �G∗ is the critical free energy to form a sta-
ble nucleus which is treated as an activation energy barrier for forming stable nuclei,
and which depends on the degree of supercooling �T . The pre-exponential term A has
a complicated form since it involves the frequency of solute atom attachment to the
embryonic nuclei, its surface area, and the local density of solute atoms in the liquid
phase (Chalmers, 1964). A rough estimate of A suffices. A is usually in the range of
1027 –1033 cm−3s−1 (Walton, 1969), in which case the nucleation becomes appreciable
when:

�G∗

RT
� ln 1030 ≈ 69 (5.18)

For homogeneous nucleation in the bulk of the melt, it can be shown that the required
supercooling �T hom is estimated by (Brice, 1973):

�T hom ≈
[

16π · γ 3
S/L · T eq

210 · �H 2
sol · Vm · R

]1/2

(5.19)

where γS/L is the solid-silicon/liquid metal surface energy and �Hsol is the enthalpy of
solution which is roughly the enthalpy of fusion for silicon. This calculation indicates the
amount of supercooling a melt can be subjected to before spontaneous homonucleation
occurs, and values so estimated for metal solvents such as aluminum, gallium, and tin are
on the order of 100 ◦C. Garfinkel and Hall (Garfinkel and Hall, 1978) reported supercool-
ings as high as 70 ◦C in the silicon-tin system at 1100 ◦C. Baliga (Baliga 1978b) routinely
supercooled tin-silicon melts by 30 ◦C at 950 ◦C.

Supercoolings needed for heterogeneous nucleation on, for example, nonsilicon sub-
strates, coatings on a substrate, or walls of the containment vessel can be estimated in
terms of a contact angle θ the silicon nucleus makes with the surface according to Young’s
law:

γsub−M = γSi−sub + γSi−M · cos θ (5.20)

where γsub−M is the interfacial energy between the substrate (or other nonsilicon seeding
surface) and the molten metal, γSi−sub is the interfacial energy between the silicon and the
substrate or other nonsilicon seeding surface, and γSi−M is the interfacial energy between
silicon and the molten metal.

The critical energy �G∗,het for forming a heterogeneous stable nucleus is then:

�G∗,het = �G∗,hom

(
1

2
− 3

4
· cos θ + 1

4
cos3 θ

)
(5.21)

where �G∗,hom is the critical free energy for homogeneous nucleation [Equation (5.15)].
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Thus, the supercooling �T het required to induce heterogeneous nucleation is given by:

�T ∗,het = �T ∗,hom

(
1

2
− 3

4
· cos θ + 1

4
cos3 θ

)1/2

(5.22)

where �T hom is the supercooling calculated for homogeneous nucleation [Equation
(5.19)].

Note that for perfect, lattice-matched, strain-free seeding, θ → 0, �G∗,het → 0, and
�T ∗,het → 0. More complicated geometries, both for the nuclei itself and the surface
upon which it forms can be considered (Mutaftschiev, 1993).

While this analysis is somewhat simplistic, it illustrates that nonsilicon surfaces present
a more difficult barrier to nucleation than does a clean silicon surface, and that ultimately
nucleation on any nonsilicon surfaces will be observed before homogeneous nucleation
in the melt. Some qualitative experimental corroboration of these equations is provided
by Teubner et al. (Teubner et al., 1999), as related to modeling homogeneous nucleation
and growth of silicon from small indium droplets. For this reason, it is feasible to restrict
nucleation and silicon deposition to silicon surfaces exposed at a substrate, and avoid
spurious nucleation and deposition on the crucible walls or free surfaces of the melt. It
is also feasible to tailor growth conditions to avoid nucleation on (e.g. oxide-) coated
regions of the substrate, thus permitting selective modes of growth on patterned, masked
silicon substrates. Considerations with regard to the range of supercoolings are important
for determining conditions for depositing silicon on nonsilicon substrates, and control of
the nucleation rate and its consequences on film continuity, and grain size and texture,
but in practice this proves very difficult.

After stable nuclei are formed, crystal growth is sustained by adatom attachment of
silicon or germanium atoms to the nuclei. The kinetics of growth depends on the details
of the crystal growth mechanism, which in turn is determined by the nature of the silicon
surface, characterized as perfectly singular (atomically flat), imperfect singular containing
well-spaced atomic-height steps such as provided by a screw dislocation or misorienta-
tion of the silicon or substrate from a low crystallographic index face, or as atomically
rough such as may occur at relatively high growth temperatures. The dominant growth
mechanism can be deduced from the dependence of growth rate v on the supercooling �T :

v = B0 · �T m · exp

(
− B1

�T

)
· [1 − exp(−B2 · �T )] (5.23)

where exponent m and values of Bi are characteristic of the surface-related crystal growth
mechanism (Brice, 1973).

LPE of silicon, germanium and silicon-germanium alloys offers an outstanding model
system to experimentally study fundamental mechanisms and modes of nucleation and
crystal growth. Bauser (Bauser, 1985, 1994, 1997) notes that virtually all of the classical
modes of crystal growth can be observed in silicon and SiGe LPE. Experimental studies
of the features and mechanisms of liquid phase epitaxial growth, defect-induced growth
modes (käss and Strunk, 1981; käss et al., 1985a) including the use of intentional crystal-
lographic misorientation of the substrate to generate atomic steps, substrate masking and
patterning to study crystallographic orientation effects, the use of several metal solvents
with distinct wetting and surface energetics, and LPE of SiGe alloys to include lattice
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mismatch and strain effects, have been presented over the last 20 years (Bergmann, 1991,
Bauser et al., 1993; Bauser, 1994, 1996; Hansson et al., 1992a,b; Hanke et al., 2004;
Nishinaga, 2005). This work has been reviewed by Konuma (Konuma, 2002).

5.4 SILICON LPE METHODS

Compared with other methods of epitaxy, the silicon LPE process is conceptually simple.
In its most common embodiments, a liquid-metal solution is equilibrated with silicon at
a prescribed temperature TE, and then cooled by an amount �T . The reduced solubility
of silicon in the melt at the lower temperature (TE − �T ) creates a metastable (non-
equilibrium) condition of supersaturation, which is relieved by precipitation of silicon on
a substrate that acts as a seed. The substrate should present an energetically-favorable
surface for preferential nucleation of silicon, thus restricting silicon deposition to the
substrate in the form of a continuous film, and avoiding nucleation of silicon in the bulk
of the melt, or on free surfaces of the melt, or on the walls of the containment vessel for
the melt. In practice, this is easy to achieve if the substrate is adequately clean silicon
(with no surface oxides) and the supercooling is not excessive (see below). For non-silicon
substrates the control of nucleation to achieve preferential deposition of a continuous film
on the substrate is considerably trickier.

A more detailed description of several implementations of silicon LPE may be useful. In
the dipping technique (Figure 5.3), a molten metal saturated with silicon is equilibrated
at a temperature TE, the melt is then supercooled by an amount �T , and a substrate
(attached to a holder) is immersed into the supersaturated melt for set time t and then
withdrawn from the melt. The substrate is coated with a layer of silicon precipitated from
melt. The silicon layer thickness h is a function of t :

h = 2 · �T · m
ρSi

ρL
sol

MM

√
DSi

π
· t1/2 (5.24)

here ρSi is the density of solid silicon, ρL
sol is the density of the solution, m is the slope

of the liquidus, MM is the atomic mass of the solvent metal, and DSi is the diffusivity of
silicon in the molten metal.

For applications requiring only a single layer of silicon, such as with many types of
solar cells, the simple dipping process is attractive due to its simplicity and compatibility

substrate

melt

(a) (b) (c)

Figure 5.3 Silicon LPE dipping technique: (a) metallic melt saturated with silicon and super-
cooled; (b) substrate is immersed in melt resulting in growth of an epitaxial layer; (c) substrate
with deposited silicon layer is withdrawn from melt
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with large-area substrates. Further, many substrates can be simultaneously dipped into the
melt as a large batch process to increase throughput. A p-n junction can be formed in the
deposited silicon layer by post-growth impurity diffusion. Some means of wiping excess
metal droplets from the surface of the deposited silicon film may also be necessary, and
in fact, such melt ‘carry over’ is a potential problem in all methods of LPE. Fortunately,
and unlike the case with III-V LPE, metal carry-over can be removed from the silicon
deposit using post-growth etching with aqua regia (HCl:HNO3) which attacks most metals
but not silicon.

For the LPE growth of epitaxial junctions and multilayer structures, the horizontal
slideboat LPE technique (Casey and Panish, 1987) is a well-established and commonly
used method. For research purposes, the typical slideboat accommodates a substrate with
dimensions on the order of several centimeters, although larger substrate sizes are feasible.
In the slideboat method illustrated in Figure 5.4, one or more melts (∼1–10 g each) is
contained in the wells of a graphite slideboat situated in a fused silica tube centered in a
horizontal tube furnace. The furnace temperature is regulated by a temperature controller
to within about 0.5 ◦C, and can be programmed for various time–temperature schedules.
The melts contain appropriate levels of impurities for distinct doping of each layer. A
slidebar supporting the substrate ‘seed’ and one or several silicon source wafers can be
manipulated by a pushrod. Figure 5.4 shows a typical sequence to grow a two-layer epi-
taxial structure. The melts are saturated with sacrificial silicon source wafers, separated
from the source wafers and supercooled by a prescribed amount, and then successively
contacted with the silicon substrate for prescribed times. The wiping action of the slidebar
removes excess melt from the surface of the epitaxial layer. The method can be extended
for the growth of ∼10 or more layers if desired. Typically, layer thicknesses can be
controlled down to ∼0.1 µm with a thickness control of ±0.05µm, although more sophis-
ticated boats and techniques can reproducibly achieve much thinner (∼0.05 µm) layers.
The transient cooling of the melt to effect crystal growth follows a step cooling (typically
�T ∼ 1–10 ◦C), ramp cooling (typically 0.1–1 ◦C min−1), or combination thereof (Hsieh,
1980). Rapid cooling (ranging from 10 ◦C min−1 to quenching at 102 –103 ◦C s−1) tech-
niques have been introduced to achieve highy nonequilibrium conditions–contrary to the
normal near-equilibrium nature of conventional LPE–to form metastable epilayer or over-
come strain energy barriers due to lattice mismatch (Abramov et al., 1996). Hanke et al.
(Hanke et al., 2005) used high cooling rates in SiGe LPE from indium melts to attain
nonequilibrium conditions for producing ordered islands of SiGe crystals on a silicon sub-
strate. While the slideboat is an excellent tool for LPE research, basic materials studies,
and prototyping devices, it is difficult to scale-up for high-throughput production. The
transient cooling and depletion of silicon from the melts in both the dipping and slideboat
methods makes them inherently batch processes.

5.4.1 Steady-state methods of solution growth and LPE

Steady-state continuous- or semi-continuous mode processes for depositing silicon are
of interest for high-throughput silicon deposition, particularly for solar cell production.
Figure 5.5 shows various methods of adapting LPE for achieving steady-state growth,
as well as other nonconventional methods for effecting silicon deposition from a molten
(metallic) solution. These configurations are shown in order to indicate alternatives to
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melt 1 melt 2

slidebar

(a)

(b)

(c)

(d)

(e)

(f)

source wafers 

pushrod substrate seed

Figure 5.4 Horizontal slideboat technique to grow a two-layer epitaxial silicon structure. Two
silicon source wafers are used to saturate the melts with silicon. Successive stages show: (a) the
saturation of melts with ‘dummy’ source wafers; (b) the separation of source wafers and melts in
order to supercool the first melt; (c) contact of the substrate with the supersaturated melt for growth
of the first epilayer, and at the same time, re-equilibration of the second melt with a source wafer;
(d) separation of wafers from the second melt in order to supercool the second melt; (e) contact of
the substrate with the supercooled second melt and growth of the second epilayer; and (f) separation
of the substrate from the second melt

growth that relies on transient cooling and consequent depletion of a melt. In many
cases, a silicon source is used to continuously replenish the melt with silicon solute,
and moreover, the process is either steady-state or cyclic and can therefore operate for
long runs. The common basis of these techniques is crystallization of silicon resulting
from a difference in silicon chemical potential induced by a variety of means including
imposed temperature gradients, convective or forced flow of melt, metastable phases,
electric currents, CVD, solvent evaporation, or addition of components that modify the
chemical potential of solute silicon in the melt. The basic principles behind many of these
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Figure 5.5 Continuous-mode, steady-state epitaxial growth processes: (a) temperature-gradient
growth; (b) convectively-driven growth; (c) growth due to a metastable phase; (d) current-induced
growth; (e) vapor–liquid–solid growth; (f) growth by solvent evaporation; (g) growth by isothermal
mixing; (h) growth by forced flow (see text for details)

techniques have been analyzed by Hurle et al. (Hurle et al., 1967) under the guise of thin
alloy zone crystallization in which ‘crystallization is achieved via diffusion through a thin
alloy (liquid phase) zone from a third phase (solid, liquid, or vapor)’.

5.4.1.1 Temperature-gradient solution growth and LPE

In Figure 5.5(a), a temperature gradient is imposed across the melt such that the silicon
source is maintained at a higher temperature than the substrate separated from the source
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by a distance δ. This creates a concentration gradient of solute silicon and mass transport
of silicon from the source to the substrate. Assuming the liquid-phase silicon concentration
near the source is in equilibrium with the silicon source at temperature T2, and the silicon
liquid-phase concentration is close to equilibrium with the growing silicon film at T1 (the
substrate temperature), then a flux JSi of silicon (g Si cm−2 s−1) is given by:

JSi = DL
Si

δ
[CL

Si(T2) − CL
Si(T1)] (5.25a)

∼= DL
Si

δ
· ρL

M ·
(

MSi

MM

)
· [XSi(T2) − XSi(T1)] (5.25b)

∼= DL
Si

m
· ρL

M ·
(

MSi

MM

)
· �T

δ
(5.25c)

where m is the slope of the liquidus and ρL
M is the density of the melt. Further more:

v · [CS
Si − CL

Si(T1)] = JSi (5.26)

where v is the deposition rate of silicon (cm s−1) and CS
Si is the concentration (density)

of silicon in the solid phase (= 2.3 g cm−3).
Thus, the rate of silicon deposition v is proportional to the imposed temperature differ-

ence �T , and inversely proportional to the slope of the liquidus m and the separation of
the source and substrate δ. In principle, a constant silicon growth rate can be sustained so
long as the silicon source is present. Experimental techniques and analysis of temperature-
gradient LPE for compound semiconductors have been reported (Strongfellow and Greene,
1971; Mattes and Route, 1972; Meinders, 1974; Long et al., 1974; Nishizawa and Okuno,
1975; Akai et al., 1976; Ludington and Immorlica, 1979. Lozovskii and Udyanskya
(Lozovskii and Udyanskya, 1968) analyzed the mechanism of temperature gradient-driven
crystallization from an aluminum-silicon melt, and Meinders (Meinders, 1974) compared
predictions with experimental results for silicon grown from tin melts with an imposed
temperature gradient. Thomas et al. (Thomas et al., 1997) reported temperature gradient
(10 K cm−1) growth of silicon layers on 10 cm × 10 cm polycrystalline silicon substrates
from In/Ga melts at 980 ◦C. Growth rates of 0.3µm min−1 were achieved. Epitaxial
layers, 30 µm thick, with adjustable dopings (according to In/Ga melt ratio) of 1016

–2 × 1018 cm−3 had minority carrier lifetimes of 5 –10 µs. Peter et al. (Peter et al., 1995)
fashioned a portal in the thermal insulation and heating elements of a cylindrical tube
furnace to create a temperature gradient across a tin melt, thus achieving 2µm min−1 sil-
icon growth at a temperature of 900 ◦C. Nevsky et al. (Nevsky et al., 1991) offer a more
detailed model of steady-state, temperature-gradient induced silicon LPE. In a process
that may entail temperature-gradient driven growth, Mokritskii et al. (Mokritskii et al.,
1982) stimulated growth of epitaxial Ge layers from an indium-germanium liquid phase
by gamma radiation.

5.4.1.2 Solution growth and LPE by temperature-induced melt convection

In Figure 5.5(b), the temperature is cycled as indicated. The temperature cycling causes
an inversion of the liquid-phase density and induces free convection which results in
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transport of silicon from the (bottom) silicon source to the (top) silicon substrate. Thus,
an intermittent but sustained deposition of silicon on the substrate can be achieved. This
LPE process employing periodic temperature cycling to induce convectively driven silicon
deposition in a substrate–melt–source sandwich configuration has been termed the yo-
yo solute feeding method by Sukegawa et al. (Sukegawa et al. 1988, 1989b, 1991a). The
technique has also been applied to the growth of thick GeSi alloy layers (Sukegawa et al.,
1990, 1991b). Analysis of convectively driven growth in silicon LPE systems has also
been described (Kimura et al., 1990, 1996; Dost et al., 1994; Coşkun et al., 2002).

5.4.1.3 Solution growth due to contact with metastable solid phase

In this method [Figure 5.5(c)], the silicon source is a metastable phase comprised of
granular, highly defective, small-grained or amorphous forms of silicon. As such, the
silicon source has a higher free energy than single-crystal or large-grained polycrystalline
silicon due to the interfacial energy associated with grain boundaries, defects and sur-
faces. Thus, the system can lower its free energy by transporting silicon atoms from the
fine-grained silicon source through the liquid phase and depositing them on a larger-grain
silicon film The process is akin to Oswald ripening ( Givargizov, 1991) wherein larger-
sized phases (e.g. crystals) grow at the expense of smaller-sized phases due to interfacial
energy differences. The source can also be stressed to increase its free energy. In this
regard, Losovsky and Konstantinova (Losovsky and Konstantinova 1981) showed signif-
icant growth rates (1–2 µm min−1) in a Si-Al system at 960 ◦C with a source–substrate
separation of 10–20 µm. The growth rate v is given by:

v

(CS
Si − CL

Si,sub)
= JSi = uL

Si · CL
Si

�µ

δ
(5.27)

where �µ is the difference in chemical potential between the source and substrate
including contributions from grain boundary energy and stress. This flux is in addition
to a flux due to a temperature difference between the source and substrate. Losovsky
and Konstantinova (Losovsky and Konstantinova 1981) concluded the chemical potential
difference was due primarily to stress rather than interfacial (grain boundary) energy.

5.4.1.4 Current-induced solution growth and liquid phase electro-epitaxy

The application of electric fields and currents can be used to induce and control growth
from solution. The methods described here are distinct from the electrochemical phenom-
ena that comprise conventional electroplating, such as the silicon electrodeposition from
fused salts mentioned in Section 5.5. In metallic solution growth and liquid phase electro-
epitaxy (LPEE), also called current-controlled LPE, crystal growth is effected by physical
effects such as Peltier cooling or electromigration of solute due to differential momentum
transfer from conduction electrons of the molten metal to the solute and solvent atoms of
the melt. There is no chemical reduction of species, nor molar equivalence between total
current and material deposited (Faraday’s law). Nor does the deposition process in LPEE
exhibit a threshold voltage, i.e. a characteristic electromotive force as in conventional
electroplating.
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In Figure 5.5(d), an electric current is imposed across the melt. A dc electric cur-
rent with appropriate polarity can induce Peltier cooling at the substrate–melt interface,
producing a localized supercooling (�T ∼ 1 ◦C) of the melt, as well as Peltier heating
at the source silicon creating a temperature gradient similar to that of Figure 5.5(a). In
either case, the resulting temperature-gradient creates a concentration gradient that drives
transport of silicon from the source to substrate. The temperature gradient may also be
supplemented or diminished by Joule heating effects at both interfaces. Another mecha-
nism for crystal growth is due to electromigration. An electric current through the melt
induces electromigration of silicon solute which contributes to the silicon transport from
source to substrate. Less easily explained are reports of LPEE using ac electric fields
at frequencies of 50 Hz (Takenaka et al., 1991a, b) where the solute transport involves
Lorentz forces due to the magnetic field created by current in the furnace heater coils;
and LPEE with applied current frequencies of 1–1000 Hz where net crystallization is the
result of asymmetries in growth and dissolution kinetics (Demin et al., 1990).

Such current-induced electro-epitaxy methods are well established with III-V LPE
(Bryskiewicz, 1986; Golubev et al., 1995), but there are only two reports of silicon
LPEE (Cunningham et al., 1990; Mauk and Curran, 2001) and it is not clear which
current-induced growth mechanisms were operative or dominant. Pratt and Sellors (Pratt
and Sellors, 1973) provide a comprehensive review of electromigration in liquid metals,
but there are few experimental data on electromigration of silicon or germanium in molten
metals.

The solute (silicon or germanium) flux Ji due to electromigration may be expressed as:

Ji = Ci · m · Zeff · ξ (5.28)

where Ci is the concentration of solute, m is the mobility of the solute, Zeff is the effective
charge of the solute and ξ is the applied electric field which can be related to the applied
current density J according to ξ = J/ρ, where ρ is the electrical resistivity of the melt.
The effective charge can be estimated by a number of simple rules based on valences of
the solvent and solute, relative liquid phase resistivities of the pure solvent and solute, or
differential change in solution resistivity with solute concentration (Belaschenko, 1965;
Pratt and Sellors, 1973; Belaschenko et al., 1974). For instance, the effective charge of
silicon in a liquid metal can be estimated based on the valence (periodic table group
number) Z of the silicon and the metal:

Zeff
Si = ZSi − Z2

Si

Zm
(5.29)

Although the above expression is formulated as if the solute electromigration is due to
the effect of an applied electric field on a charged solute species, this is not considered
the dominant mechanism of electromigration in liquid metals. This is evidenced by the
anomalous behavior of silicon and germanium in liquid metals with respect to their elec-
tromigration direction. According to a compilation of Pratt and Sellors (Pratt and Sellors,
1973), solute silicon migrates to the anode when dissolved in molten aluminum, silver,
gallium, and indium, and migrates to the cathode when dissolved in molten gold and
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Table 5.2 Some electromigration properties in molten metals

Solute Solvent Temperature ( ◦C) Resistivity (Ω-cm) Z∗

Ge Bi (0.15 at% Ge) 500 143 0.55
In (1 at% Ge) 500 −4.2
Tl 500 −1.3
Ga (1.7 at% Ge) 500

As Ga (0.08 %) 500 36
Sb Ga (1.7 at % Sb) 500 38 −6.3

Data from: Belaschenko, 1965; Pratt and Sellors, 1973; Belaschenko et al., 1974.

copper. Solute germanium migrates to the anode in molten silver, aluminum, gallium,
indium, and tin, and to the cathode in molten gold. Thus, as silicon and germanium being
group IV elements would be expected to have a positive effective charge and migrate to
the cathode, in many cases they actually migrate toward the anode rather than the cath-
ode. Instead, the solute migration is due to the electron current resulting from an applied
voltage which creates an ‘electron wind’ such that electron momentum is transferred by
collisions to both the solute and solvent atoms. As the solvent and solute atoms present
distinct scattering cross-section for electrons, the net velocity of solute with respect to
solvent depends on the relative electron scattering efficiency of the solute with respect to
the solvent. This relative scattering can be correlated with some success to the resistivities
of the liquid elements. There are few measured data on the mobility and effective electric
charge of silicon and germanium dissolved in molten metals. Some data for effective
charges of solute germanium in a few metals (and for As and Sb included for reference)
are given in Table 5.2. The mobility can be estimated from diffusivities DL

Ge of germanium
in the melt according to the Einstein–Nernst equation:

µGe = DL
Ge · (kT /q)−1 (5.30)

where q is the electronic charge.
Diffusivities of silicon in some liquid alloys (including concentration dependence)

are investigated in Keita et al. (Keita et al., 1976) and Lozovskii et al. (Lozovskii et al.,
1978), in addition to silicon diffusion coefficients determined by fitting experimental LPE
growth kinetics to model equations.

5.4.1.5 LPE and VLS growth, and LPE and solution growth driven by vapor phase
saturation of the solution

Silicon can be deposited from a molten metal nourished with silicon provided by a CVD
reaction [Figures 5.5(e)]. Wagner and Ellis (Wagner and Ellis, 1964) reported the growth
of silicon ‘whiskers’ by disproportionation reactions of SiI2 or SiCl4 mediated by droplets
of molten metals such as Pt, Ag, Pd, Cu or Ni. This process has been termed the VLS
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mode of growth to indicate the role of the vapor phase reaction to supply silicon, the liquid
metal solvent phase, the exposed surfaces of which provide a catalyst for the vapor phase
reaction that saturates the molten metal with silicon, and from which the solid silicon
crystals are precipitated. Experimental procedures for controlled VLS growth are described
by Wagner and Doherty (Wagner and Doherty, 1966) and Yashina et al. (Yashina et al.,
2003). Hurle et al. (Hurle et al., 1967) review some of the early work on VLS phenomena
for growing silicon crystals from liquid films such as gold, copper, tin or indium combined
with pyrolysis of a silane derivative. In general, the VLS method encounters difficulty in
growing planar silicon films due to the tendency of the liquid metal phase to agglomerate.
In an application of interest for solar cells, Graef et al. (Graef et al., 1977a, b; Sloem
et al., 1979) used a VLS mechanism with silane and a 5-µm thick layer of molten tin
to deposit polycrystalline silicon layers on graphite. Wallace et al. (Wallace et al., 1994,
1996) deposited silicon layers from a submicronmeter thick molten metal (indium or
tin, plus a titanium wetting layer) saturated with a silicon sputter source. Hammerling
(Hammerling, 1978) demonstrated LPE of GaAs with Ga melts saturated from the vapor
phase with AsCl3. Other methods of vapor phase control of solution growth processes
are based on controlling the vapor pressure of solute components to induce or maintain
supersaturation. Nishizawa and Okuno (Nishizawa and Okuno, 1975) and Suto et al. (Suto
et al., 1990) perfected GaAs and GaP epilayers grown by a temperature-gradient solution
growth process (Ga-rich melt) using an LPE slideboat method and controlling the vapor
pressure of the group V species in the growth ambient. The slideboat utilized a tungsten
heater to impose a temperature gradient across the melt. Ruda et al. (Ruda et al., 1983)
described a HgCdTe LPE process that utilized a mercury pressure differential as the sole
driving force to initiate and sustain growth. A mercury reservoir generates an excess Hg
vapor pressure, adding Hg to the melt and thereby providing an effective supersaturation.

5.4.1.6 LPE and solution growth driven by solvent evaporation

Solvent evaporation techniques are commonly used to grow organic crystals from aqueous
solutions, but are seldom applied to semiconductors. The continued evaporation of a
metal solvent component will result in an increased concentration of solute (e.g. silicon)
eventually leading to a condition of (silicon) supersaturation [Figure 5.5f]. Khukhryanskii
and Nikolaeva (Khukhryanskii and Nikolaeva, 1976) obtained single-crystal Ge and Si
films on Si(111) substrates by an isothermal LPE process based on evaporation of the
solvent metal (Cd or Zn at 650 ◦C for Ge films and Zn at 700–750 ◦C for Si films). Shi
et al. (Shi et al., 1993) reported deposition of silicon from silicon-zinc melts, wherein
evaporation of zinc resulted in nucleation of silicon on an oxidized silicon substrate. Mauk
et al. (Mauk et al., 2001) grew SiC crystals by LPE driven by evaporation of Zn from a
Zn/Al solvent. Similar results could be expected for melts with other relatively volatile
metals such as bismuth or antimony. This may be a useful method of controlling nucleation
density on nonsilicon substrates.

5.4.1.7 LPE and solution growth driven by changing hydrostatic pressure

Mao et al. (Mao et al., 2000) have proposed a pressure-variation LPE technique wherein
the equilibrium concentration of solute is varied by modulating the total pressure of the
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LPE ambient. An analysis made for III-V semiconductors showed that the equilibrium
concentration Xi of components in the melt can be given as:

Xi = X0,i ± bi · P (0 < P < 1 atm) (5.31)

Thus, by varying the pressure on the melt, the liquid phase can be supersaturated to
induce growth without changing the temperature. They contend that this method should
provide for a more easily controlled and more flexible LPE process.

5.4.1.8 Solution growth and LPE driven by isothermal mixing and relaxational
LPE methods

In principle, the silicon could be precipitated from a melt by addition of a compo-
nent (another solute or a melt solvent component) that reduces the solubility of silicon
[Figure 5.5(g)]. The precipitation of a first solute from solution by addition of a second
solute (precipitant) that reduces the solubility of the first solute is sometimes referred to
as the ‘salting out technique’ in reference to the use of salts as precipitants for growing
protein crystals. It is not clear whether this technique has ever been exploited for LPE
of silicon or germanium, which is contingent upon the identification of ternary or higher-
component systems that would suggest a precipitant that did not form a compound with
silicon or germanium, nor was a harmful impurity in silicon; although LPE of silicon-
germanium alloys using either additional silicon or germanium as a precipitant for epitaxial
growth of a silicon-germanium alloy might be feasible. For LPE of compound semi-
conductors, Woodall (Woodall, 1971) reported an isothermal solution mixing technique
where two melts having different compositions on the liquidus of the ternary Al-Ga-As
system for a particular temperature are mixed, and the resulting mixture is supersaturated
in As, resulting in growth of an AlGaAs layer. Other related methods for isothermally
inducing supersaturation and epitaxial growth are possible. For example, Lozovskii et al.
(Lozovskii et al., 1977) described the isothermal growth of GaAsP layers on GaAs and
GaP substrates separated by a 0.5 cm thick layer of molten Ga. According to the authors’
explanation, after the substrates are brought into contact with the molten Ga, the disso-
lution of As and P from the GaAs and GaP substrates, and their diffusion into the melt
creates a local supersaturation of As at the GaP substrate and a local supersaturation of
P at the GaAs substrate, which results in solidification of a GaAsP alloy. More gen-
erally, (isothermal) relaxational LPE methods utilize a second substrate in contact with
the melt that induces a reversal in mass transport and self-limiting growth on the first
substrate (Bessolov et al., 1988, 1990, 1993).

5.4.1.9 Solution growth and LPE by forced flow of the melt

Figure 5.5(h) indicates still another method of isothermal, quasi-steady-state LPE growth,
developed for high-throughput LPE of GaAs (Crisman et al., 1986; Daly et al., 1986),
but which could be applied to silicon or germanium LPE as well. A large reservoir of
saturated melt supplies a continual stream of melt that flows past a cooled substrate,
resulting in deposition on the substrate.
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Figure 5.6 Double crucible method to control dopant segregation. Adapted from Koh and Fukuda
(Koh and Fukuda, 1996)

The steady-state growth methods using silicon sources or other means for replenishing
the melt with silicon thus enable continuous or semicontinuous processes for sustained
deposition of silicon, including deposition on continuously or semicontinuosly moving
substrates. Dopant depletion is also a potential limitation. In this regard, a doped source
can be used to supply dopant to the melt.

5.4.1.10 LPE with microcapillary transport

Some methods to control segregation in melt or solution growth techniques utilize a
double-crucible arrangement, an example of which is shown schematically in Figure 5.6.
Double crucible methods have been used in Czochralski growth of silicon to provide
more uniform doping, and in bulk growth of alloy semiconductors to control the alloy
composition (Lin and Benson, 1987; Watanabe et al., 1993; Tanaka et al., 1998; Kozhe-
myakin, 2000). An inner crucible containing melt and dopant is situated inside a larger
outer crucible from which silicon is deposited on the substrate. The inner melt is con-
nected to the melt of the outer crucible through one or more capillary channels. A steady
effusion of dopant from the inner melt tends to keep the concentration of dopant near the
growth interface constant, and replenishes the dopant depleted from the outer melt due to
incorporation into the silicon layer.

5.4.1.11 Solution growth by centrifugal forces

Bauser and Strunk (Bauser and strunk, 1985), Bauser (Bauser, 1997) and Konuma et al.
(Konuma et al., 1996) describe the use of centrifugal forces for LPE. In one method, a
rotating crucible LPE system uses centrifugal forces for bulk transfer of the melt with
respect to the substrate, and thus represents a mechanical means similar to that effected
with slideboats and substrate holders in traditional LPE systems. Perhaps more inter-
esting from the point of view of LPE fundamentals are systems that use high-speed
(1600–2000 rpm, 80 G force) centrifugation to induce differential migration of compo-
nents in a melt that is otherwise saturated when quiescent. The centrifugally induced solute
concentration gradient creates a supersaturated portion of the melt which is in contact
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with a substrate, and an undersaturated melt portion in contact with a source wafer. Thick
epilayers of silicon, germanium, and GaAs have been grown by this centrifugal LPE
method.

5.4.1.12 Surface-energy driven LPE

Hansson et al. (Hansson et al., 1993a, 1994; Albrecht et al., 1996) utilized interfacial ener-
gies for germanium-on-silicon liquid phase heteroepitaxy. The driving force for crystal
growth from an undersaturated bismuth-rich liquid phase is due to minimization of interfa-
cial energy between the melt and solid. By superheating the growth solution, the driving
force for epitaxy can be minimized to produce atomically abrupt Ge/Si interfaces and
monolayer control of the growth at temperatures up to 937 ◦C (Hansson et al., 1993a,b).

5.5 SOLVENT SELECTION

The selection of the solvent is probably the most important consideration in formulating a
solution growth process. Based on general criteria for solution growth suggested by Elwell
and Scheel (Elwell and Scheel, 1975), the properties of an ideal solvent for LPE of silicon
include:

(1) Low melting point so as to form a liquid solution containing an appreciable amount
of silicon at temperatures less than 1200 ◦C.

(2) Significant silicon solubility at the growth temperature and/or appreciable change in
silicon solubility with temperature–minimizing the growth temperature is a common
objective.

(3) Lack of compound formation with silicon (e.g. metal silicides), especially com-
pounds that might be co-precipitated with silicon.

(4) Available in high purity (probably at least 99.99 %) at low cost (<$1 g−1).

(5) Able to sufficiently wet the substrate. (In the case of silicon substrates, this is closely
related to the ability of the solvent to remove surface oxides.).

(6) Low volatility at the highest applied temperatures.

(7) Viscosity in the range of 1–10 cP.

(8) Low reactivity with the crucible material.

(9) Low toxicity.

(10) Low tendency to seep or creep out of the crucible or containment vessel.

(11) Ease of separation or removal from the grown silicon crystal by physical or chemical
means (e.g. selective etching to remove excess solvent from the silicon).

(12) Low solubility of the solvent in solid silicon, or alternatively incorporation of solvent
atoms into the silicon crystal in a controlled manner to effect doping, or else is an
electrically inactive impurity in silicon (i.e. does not act as a dopant, recombination
center, or carrier trap, nor significantly degrades carrier mobility).
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For solution growth of semiconductor silicon and germanium, liquid metals are the
best candidate solvents that satisfy all or at least most of these criteria, and solution
growth with a number of metallic solvents has yielded silicon and germanium crystals
and epitaxial layers suitable for making various semiconductor devices including solar
cells, photodiodes, field effect and bipolar transistors, and power devices. Other solutions
for liquid phase crystal growth or deposition of silicon have also been investigated. Sili-
con has been electrodeposited from a number of fused salts such as alkali metal fluorides
(KF-LIF, K2SiF6-LiK-KF) at temperatures around 700–800 ◦C (Rao et al., 1981; Stern
and McCollum, 1985; Moore et al., 1997), as well as from organic solutions such as
SiCl4-C2H4Cl2-ethylene glycol, SiCl4 in propylene carbonate, and SiI4 in 1,2-butanediol;
as reviewed by Runyan (Runyan, 1976) and Elwell and Feigelson (Elwell and Feigel-
son, 1982). Zein El Abedin et al. (Zein El Abedin et al., 2004) and Endres (Endres,
2004) demonstrated room-temperature electrodeposition of nanoscale silicon and ger-
manium from ionic liquids (defined as a molten salt with melting point below 100 ◦C)
such as 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide saturated with
SiC4. Shimoda et al. (Shimoda et al., 2006) reported the deposition of polycrystalline sil-
icon films on silica substrates from silane-based liquid precursors using spin-coating or
inkjet printing, followed by annealing (∼550 ◦C) and laser crystallization. The quality of
these silicon films deposited from nonmetallic solutions with respect to purity and crystal
structure appears to be inadequate for many semiconductor device applications, especially
those based on minority carrier phenomena.

Metal solvents successfully used for silicon LPE or solution growth of bulk
silicon crystals include aluminum (Lozovskii and Udyanskaya, 1968), antimony (Käss
et al., 1986), bismuth (Käss et al. 1985b), copper (Ciszek et al., 1993), gallium (Sumner
and Foley, 1978), gold (Kresse et al., 1990), indium (Scott and Hager, 1979),
lead (Konuma et al., 1999), tin (D’Asaro et al., 1969; Baliga 1977a,b, 1978a,b, 1979a,b,
1980a,b,c, 1981), zinc (Shi, 1993), copper-aluminum (Wang and Ciszek, 1997a,b),
gallium-aluminum (Girault et al., 1977), gold-bismuth (Kresse et al., 1990; Lee et al.,
1990; Lee and Green, 1991), gallium-indium (Konuma et al., 1995), gold-lead (Lee
and Green, 1991), thallium-tin (Schafer, 1981), tin-aluminum (Shi, 1994a,b,c), tin-
copper-aluminum (Fatima et al., 2006), tin-lead (D’Asaro et al., 1969), and zinc-tin-
aluminum (Shi, 1993). Crystals of germanium have been grown from aluminum,
gallium, indium, and tin-antimony (John, 1958). Lehovec and Slobodskay (Lehovec and
Slobodskay, 1964) analyzed the crystallization of Ge from Ge-In-Sb melts. Germanium
epitaxial layers have been grown on Ge substrates from tin (Donnelly and Milnes, 1966),
cadmium and zinc (Khukhryanskii and Nikolaeva, 1976), indium (Maruyama et al., 2005)
and lead-tin (Laugier et al., 1970). Zolper and Barnett (Zolper and Barnett, 1989) reported
the LPE growth of discrete Ge crystals on silicon from indium, bismuth, and indium-
bismuth. SiGe alloy epilayers have been grown from bismuth (Alonso et al., 1988; Trah,
1990 Chen et al., 1992), gallium, indium, tin, and bismuth (Fleurial and Borschevsky,
1990; Fleurial et al., 1991), and gold-bismuth (Healy et al., 1991). The behavior of carbon
during silicon LPE from tin melts, and the formation of SiC inclusions is reported by
Kozhitov and Burov, (kozhitov and Burov, 1988).

For semiconductor device applications, the selection of a particular solvent is usu-
ally dictated by the degree of solvent incorporation into the solid silicon or germanium
(see Appendix 2, Table A2.1) and its effect on semiconductor properties. On this basis,
tin and lead are good choices since they are electrically inactive in silicon as expected



Si, Ge and Si-Ge LPE 137

for group IV metals that are isolectronic with silicon and therefore act as neither donor
nor acceptor dopants. Indium, a group III element, is a p-type dopant but has a low
solubility in silicon and may provide for p-doped silicon in concentration ranges use-
ful for semiconductor devices. The group III metals aluminum and gallium are also
p-type dopants (acceptors) in silicon, but they will dope silicon at levels in excess
of 1019 cm−3, rendering the material degenerate and of limited use for semiconductor
devices. Antimony, a group V element and donor in silicon will also render silicon
heavily n-type (>1019 cm−3). Bismuth is a group V element so should act as a donor,
but its solubility in solid silicon is in the 1016 –1018 cm−3 range, which is tolerable
for many semiconductor device applications. Copper, despite its reputation as a life-
time killer from the early days of semiconductor technology, actually proves to be a
workable solvent for making silicon solar cells (Wang and Ciszek, 1994; Wang et al.,
1994). The range of solvent choices can be expanded by using alloys, and the dop-
ing of silicon by solvent components can be reduced by diluting the components in
other electrically inactive solvents, thus providing a means for controlled doping. In
general, the use of multicomponent solvents affords extra freedom in tailoring the prop-
erties of the solvent. Even solvents that heavily dope silicon may be useful for the
growth of highly doped cladding layers (e.g. back-surface field layers in solar cells),
current-spreading layers, regions with built in electric drift fields due to doping gradi-
ents (Bergmann et al., 1993; Majumdar et al., 2000, 2003, 2004) and buffer or transition
layers between a substrate and low-doped ‘active’ layers of a silicon device (Lee et al.,
2003). For example, Sukegawa et al. (Sukegawa et al., 1989a) controlled the lattice con-
stant of silicon epilayers, thereby reducing wafer bending and misfit dislocations, by
simultaneous doping with tin and phosphorus in LPE in order to compensate doping-
induced lattice strains. The deposition of a first heavily doped silicon layer on a substrate
may facilitate the subsequent growth of lower doped, low-defect silicon epilayers from
other solvents. Moreover, post-growth gettering, taking advantage of the high surface-
to-volume ratio of thin film device geometries (Knobloch et al., 1985) or using porous
layers as impurity sinks (Bilyalov et al., 2001) may be feasible to reduce any exces-
sive doping resulting from the use of certain solvents. Along similar lines, some sol-
vent components may be useful for improving wetting, nucleation, and overgrowth of
silicon.

Some other considerations in the formulation of solvents include possible stratification
of the liquid phase due to incomplete miscibility of the solvent components (Novikov
et al., 1993), volatility of solvent components at growth temperatures, and wetting ability
of the solvent and solid–liquid interface energies between the melt and the substrate and
growing crystals (Zettlemoyer, 1968). In this last regard, bismuth is noteworthy in that
it has a lower surface tension than most molten metals, and the surface energetics of
silicon and germanium from bismuth solvents are markedly different than those from tin
or indium solvents, altering the mode of growth (Hansson et al., 1993b; Kawano et al.,
1993). High-temperature wetting phenomena relevant to LPE on various substrates are
treated by Eustathopoulos et al. (Eustathopoulos et al., 1999).

5.6 LOW-TEMPERATURE SILICON LPE

There are several incentives for reducing epitaxy temperatures including reduction of back-
ground impurities in the epitaxial layer; less thermal degradation of substrate properties,
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Table 5.3 Low-temperature Silicon LPE

Solvent Growth
temperature

( ◦C)

Substrate
orientation

Growth rate
(µm min−1)

Reference

Ga 600 (111) 0.05–0.1 Girault et al., 1977
Ga-Al 450–600 (111) 0.05–0.01 Girault et al., 1977
Ga 290–400 (111) 0.01 Linnebach and Bauser, 1982
Au 400–800 (100),(111) 0.05–0.1 Kresse et al., 1990
Au-Bi
Bi-Au 380–450 (100),(111) Lee and Green, 1991
Pb-Au
Al-Sn 350–500 (111) Shi et al., 1991
Al-Zn
Au-Sn
Ga 440–670 (111) 0.05 Ogawa et al., 1995
Sn 800 (111) 0.14 Abdou et al., 2005

especially minority carrier lifetimes; and less smearing of features formed prior to epitaxy
such as dopant profiles, metallization, masking layers, etc.

A low-temperature silicon deposition process would also widen the choice of potential
substrates for thin-film silicon devices, although in practice, the resulting grain struc-
ture or lack of crystallinity for silicon films deposited on nonsilicon substrates, tends to
restrict the usefulness of this approach. Growth temperatures are limited by the eutectic
temperature of the melt, the ability to achieve or maintain an oxide-free substrate surface
(see Appendix 3), the extremely low solubility of silicon in the melt, or small change in
solubility with temperature. Low temperature approaches have been based novel melt com-
positions. Girault et al. (Girault et al., 1977) and Lee and Green (Lee and Green, 1991)
evaluated a number of binary and ternary silicon-metal melts for low-temperature sili-
con epitaxy. Table 5.3 lists some results reported for low-temperature silicon LPE. Healy
et al. (Healy et al., 1991) demonstrated LPE of SiGe alloys from Si-Ge-Au-Bi melt under
a 10−4 Torr vacuum by cooling the melt from 470 to 395 ◦C.

5.7 PURIFICATION OF SILICON FOR SOLAR CELLS IN AN
LPE PROCESS

The purification inherent in solution growth in general, and LPE in particular, is due to the
preferential segregation of impurities to the liquid phase. This effect appears to be opera-
tive for almost all impurities as the measured distribution coefficients of most elements are
very small (10−2 − 10−6), indicating the deposited silicon will benefit from a substantial
reduction in almost every contaminant relative to that of the silicon starting material. There
is interest in exploiting such purification phenomena for making silicon for solar cells.
Currently, electronic-grade silicon (ppb purity) as used for integrated circuit manufacture,
and solar-grade silicon (<ppm purity), as used for photovoltaic devices, costs anywhere
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from 20 to 80 times more than metallurgical-grade (MG) silicon (98–99 % pure). The
refining of metallurgical silicon to a ‘solar-grade’ suitable for solar cells represents a
major cost component for silicon solar cells and its high capital cost is partly responsible
for the recurring silicon feedstock shortages that afflict the solar cell industry. Almost
all impurities can be effectively removed from silicon by zone-refining, with the excep-
tion of boron which is found at unacceptably high levels in metallurgical grade silicon
due to its presence in silica ores and the carbonaceous reducing agents used to make
MG silicon. Phosphorous is also problematic as its segregation coefficient is close to 1,
but the volatility of phosphorus and phosphorus compounds provides for other methods
of removal (Suzuki et al., 1990; Miki et al., 1996). As a consequence, most silicon for
semiconductor device applications is currently produced by a relatively expensive Siemens
process involving the formation, distillation and pyrolysis of silanes or halosilanes.

A silicon LPE process that could utilize a metallurgical-grade silicon or ‘upgraded-
metallurgical’ silicon as a source of silicon would yield significant cost reductions in solar
cells, as well as enable a virtually unlimited amount of silicon feedstock. Specifically, a
relatively impure silicon material could be used to saturate the melt from which silicon of
higher purity is deposited, preferably as a large-grain polycrystalline layer on a low-cost
substrate. In one scenario, the metallic melt accumulates the impurities due to the silicon
starting material, but it would be generally cost-effective to refine the melt for re-use. In
another scenario, impurities could be removed or otherwise separated from the melt during
the silicon deposition process. For the melts commonly used for silicon LPE, including
tin, indium, lead, and bismuth, this does not appear promising since the boron segregation
coefficient in these melts is close to 1, and therefore, no significant boron reduction would
be expected due to segregation effects. However, McCann et al. (McCann et al., 2002)
noted that boron segregation in silicon LPE with tin melts was temperature and time
dependent, and it appeared that boron levels in both the melt and silicon were gradually
reduced over time. They attributed this to precipitation of boron from the tin-rich liquid
phase since the boron solubility in molten tin is exceedingly small. This effect is intriguing
as it suggests a possible route for removing boron in silicon LPE systems. Some recent
work of relevance is the report of boron removal by addition of titanium in solidification
refining of silicon from silicon-aluminum melts (Yoshikawa et al., 2005). To account for
the behavior of boron, it was surmised that boron forms TiB2 precipitates. Titanium
additions of up to a few thousand parts per million on an atomic basis (ppma) could
reduce the boron levels in the melt by about a factor of 10, down to concentrations of
10 ppma. Corresponding reductions of boron levels in the solidified silicon, down to the
1–5 ppma concentration range, were also measured. This particular melt chemistry results
in silicon that is heavily doped with titanium and aluminum, but these impurities might
be removed by post-growth gettering or zone refining. At any rate, these results suggest
melt chemistries could be optimized to effect appreciable boron removal during the LPE,
permitting the use of less-pure silicon starting materials. Additionally, purification could
be further effected by sparging of the LPE melt with reactive gases such as HCl, water
vapor, or ammonia to convert boron to volatile or insoluble boron compounds or boron
compounds that could be separated from the melt by precipitation or by separation to an
immiscible phase in contact with the melt. Also, fused salt or fused oxide fluxes could be
contacted with the melt to absorb boron or boron compounds. Thus, there appears to be
many unexplored avenues and promising options to implement some type of purification
along with silicon deposition from molten solutions.
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5.8 ELECTRICAL PROPERTIES OF LPE-GROWN SILICON

Table 5.4 summarizes electrical properties for LPE-grown epitaxial silicon layers using
various metal solvents. Bulk minority carrier properties (lifetime and diffusion length) are
sensitive to the doping, system purity and defect levels. Also, for thin epitaxial layers it can
be difficult to decouple bulk effects from surface and substrate effects. Melts comprised of
tin, indium or gallium (at low growth temperatures) can yield diffusion lengths adequate
for thin-film silicon solar cells.

Table 5.4 Semiconductor properties of metallic solution-grown silicon

Melt solvent Growth
temp.
( ◦C)

Doping
conc.

(cm−3)

resistivity
(Ω-cm)

Carrier
mobility

(cm−2 V−1 s−1)

Minority
carrier

lifetime (µs)

Diffusion
length
(µm)

Reference

Al 750 1019 20 ≈ 3 Ito and Kojima, 1980
Au-Bi 800–900 1014 − 1015 2–10 Ujihara et al., 2003a
Cu 950 <1016 >100 Ciszek et al., 1993a, b
Ga 900 1.7 × 1019 0.013 28 <1 Girault et al., 1977
Ga 600 1018 0.42 70 1 Ito et al., 1982
Ga0.7Al0.3 450 1.4 × 1018 0.03 150 <1 Girault et al., 1977
Ga 500–900 50–175 Satoh et al., 2005
Ga 300–600 2–200 × 1018 15–70 Käss et al., 1985
Ga 450–600 8 × 1019 0.005 Ogawa et al., 1995
In 920 1016 90–260 Kopecek et al., 2000
In 946 1.8 × 1016 2.17 285 Scott and Hager, 1979
In 1056 1.2 × 1017 1.3 275 Scott and Hager, 1979
In 1150 5 ×1017 0.35 243 Scott and Hager, 1979
In 1250 1.6 × 1018 0.25 206 Scott and Hager, 1979
In 900–1200 1017 − 1018 2–12 Ujihara et al., 2003
In (+ Ga dopant) 600–900 5 × 1016 − 1017 50–300+ Kolodinski et al., 1993
In (+ Ga dopant) 920 5 × 1016 280 120 100–250 Arch et al., 1993a, b
In (+ Ga dopant) 947 1017 2–3.5 50–65 Wagner et al., 1997
In (+ Ga dopant) 100–200 25 Shi et al., 1996
In (+ Ga dopant) 980 1016 − 2 × 1018 5–10 Thomas et al., 1997
In (+ Ga dopant) 920 4–30 × 1017 70–200 ∼1 Kopecek et al., 2000
Pb 990 0.2–10 Konuma et al., 1999
Sn 950 8–22 × 1015 0.2–0.7 0.3–1.0 15–30 Possin, 1984
Sn 900 25–100 5–10 Trumbore et al., 1959
Sn 950 100 Baliga, 1982
Sn0.6Pb0.4 1000 ≈ 1020 0.2–20 D’Asaro et al., 1967
Sn0.14Tl0.86 1100–1370 2000 (77K) Schafer, 1981
Sn 900 2 × 1016 1–2 (n) 150–300 50–60 Peter et al., 1995
Sn (+ Al dopant) 930 1.5 × 1017 100–200 8.5 Shi et al., 1996
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5.9 LPE OF Si- AND Ge-BASED ALLOYS

LPE has been employed to grow Si- and Ge-based heterostructures Donnelly and Milnes
(Donnelly and Milnes, 1966) reported the epitaxial growth of Ge layers on silicon sub-
strates using tin-rich melts and growth temperatures of 600–650 ◦C. Kurata and Hirai
(Kurata and Hirai, 1968) made Ge-Si heterojunctions by growing Ge layers on silicon
substrates from silver and aluminum-based melts at temperatures of 600–800 ◦C. Laugier
et al. (Laugier et al., 1970) described the LPE growth of Ge on GaAs from indium and
lead-tin melts at growth temperatures of 450–500 ◦C. p-n heterojunctions (p-Ge/n-GaAs
and n-Ge/p-GaAs were realized at the growth interface. Rosztoczy and Stein (Rosztoczy
and Stein, 1972) grew Ge on GaAs from Ge-Ga-As melts at ∼850 ◦C. Zolper and Barnett
(Zolper and Barnett, 1989) developed selective growth of Ge on oxide-masked silicon
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using In-Ga-Mg and In-Bi-Mg melts at 600 ◦C. The germanium-on-silicon structures were
used to seed the LPE growth of GaAs from lead melts at 650 ◦C.

Several alloys of the form (IV2)1−x(III-V)x and related types have been grown by LPE.
Saidov and Saidov (Saidov and Saidov, 1991a,b) developed LPE techniques for producing
(Ge2)x(GaSb)1−x , (Ge2)x(InP)1−x , (Ge2)x(GaAs)1−x , and (Si2)x(GaP)1−x alloys. Saidov
et al. (Saidov et al., 2001) also reported the LPE growth Ge1−xSnx on Ge substrates
from a tin melt in the temperature interval of 450–740 ◦C. Abramov et al. (Abramov
et al., 1994) used gallium and tin melts with ultrafast cooling (∼102–103 ◦C s−1) to
grow epitaxial layers of metastable (Ge2)x(GaAs)1−x on silicon substrates. Kazikov et al.
(Kazikov et al., 1990) analyzed the LPE of (IV2)1−x(III-V)x alloys using quasi-regular
solution models.

5.10 SELECTIVE LPE AND LIQUID PHASE ELO

Selective epitaxy refers to the preferential growth of crystals in openings (also called
vias or ‘windows’) defined in a masking layer coating a substrate. The openings in the
mask expose areas of the substrate that selectively seed the growth of an epitaxial layer;
ideally there is no deposition of material on the masked regions of the substrate. Selective
epitaxy has been demonstrated for many semiconductors including silicon and most of
the III-V compounds using either LPE or CVD. Epitaxial growth methods that operate
under near-equilibrium growth conditions, such as LPE and certain types of CVD, are
conducive for selective epitaxy due to the ability to control nucleation, thereby limiting
growth to the vias and avoiding higher supersaturations that results in extraneous nucle-
ation and deposition on the mask. Masking layers can be made of dielectrics, metals, or
metallic compounds, deposited by various thin film deposition methods such as thermal or
electron beam evaporation, sputtering, or CVD, and range in thickness from 50 to several
hundred nanometers. For selective epitaxy on silicon substrates, thermally grown oxides
are commonly used as masking layers.

Kim (Kim, 1972) developed a selective silicon LPE technique for growing silicon
pedestals on oxide-masked silicon substrates using Sn-Pb melts and growth temperatures
of 700–750 ◦C. A thin layer of sacrificial nickel was deposited over the masked substrates
to prevent oxidation of the window regions; the nickel dissolves in the melt upon contact of
the substrate with the melt, thus revealing a clean silicon surface. Baliga (Baliga, 1982b)
reported a technique for re-filling silicon grooves in a profiled substrate using liquid phase
epitaxy (see Figure 5.7). Zolper and Barnett (Zolper and Barnett, 1989) described selective
area solution growth of Ge (and GaAs) on oxide-masked silicon substrates using In-Bi-
Mg melts. Wurschum et al. (Wurschum et al., 1990) used silicon LPE from a gallium
solvent at 560 ◦C to seal small bore holes (diameter 250–500 µm) in silicon crystals. The
laterally overgrown silicon layers were mechanically stable and gas-tight.

Epitaxial lateral overgrowth (ELO) is an extension of selective epitaxy. In ELO on a
dielectric-masked substrate, the selectively grown crystals laterally overgrow the insulat-
ing masking layer, forming an overgrown region that approximates a silicon-on-insulator
structure. Such structures have several unique features and useful applications. First, the
oxide mask provides electrical isolation of the epitaxial layer from the substrate. This
is useful in high-frequency, high-speed digital, and radiation-hardened device applica-
tions since semi-insulating (lattice-matched) substrates compatible with silicon epitaxy
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Figure 5.7 (a) Melt back and regrowth on patterned, masked silicon substrate. (b) Epitaxial refill
of vias on oxide-masked silicon substrate. After Baliga (Baliga, 1982b)

are not available. This feature can also be exploited for three-dimensional semiconductor
structures (Morrison and Duad, 1985; Bauser and Strunk, 1994). Second, the masking can
lower function as a defect filter that blocks the propagation of defects from the substrate
or growth interface (Bergmann et al. 1990). Although this feature is not so critical in
silicon homoepitaxy on silicon substrates since virtually defect-free silicon wafers and
low-defect epitaxy methods are available, it nevertheless can be very advantageous for
ELO of Ge1−xSix layers on masked silicon substrates, especially for providing a low-
defect, stress-relieved germanium-on-silicon substrate for near lattice-matched growth of
GaAs on germanium-on-silicon in a subsequent epitaxy process using MOCVD, MBE
or LPE. Third, the mask can facilitate separation of the epitaxial structure from the sub-
strate to effect its transfer and bonding to another substrate and re-use of the original
substrate (Stocks et al., 2003). Fourth, the mask can serve as a ‘buried mirror’ reflective
layer to improve the performance of solar cells and detectors (Mauk and Barnett, 1987).
Other types of masking layers may be employed to effect metallic reflectors or buried
electrodes (Mauk et al., 1996).

ELO using Si and GaAs vapor phase epitaxy (VPE) was first reported in the 1960s
(Tausch and Lapierre, 1965). A figure of merit for ELO is the aspect ratio, defined as
the ratio of the width of the epitaxial layer atop the mask to the thickness of the epitax-
ial layer. VPE typically exhibits aspect ratios of 1–5. The lateral extent of overgrowth
atop the mask is typically ∼10 µm. Leamy and Doherty (Leamy and Doherty, 1980)
reported nucleation-controlled silicon overgrowth on an oxidized silicon wafer. The sil-
icon crystals were grown from an Al-Si liquid film by nucleation via holes etched in
the oxide mask. Appel et al. (Appel et al., 1985) and Bauser et al. (Bauser et al., 1986)
developed ELO using silicon LPE on thermal oxide-masked (111) silicon substrates. The
oxide mask was patterned with stripe vias with various widths (1–30 µm) and LPE was
performed using an indium-rich melt. Further refinements and optimization of Si ELO
using LPE demonstrated dramatic overgrowth characteristics compared with what had
been achieved previously with VPE. Suzuki and Nishinaga (Suzuki and Nishinaga, 1989)
investigated the growth kinetics and orientation dependence of the stripe vias for silicon
ELO on oxide-masked silicon substrates using LPE with tin melts, and identified the
sources of atomic steps that provide for ELO (Suzuki et al., 1990). Suzuki and Nishi-
naga (Suzuki and Nishinaga, 1990) also described a ‘ridge seed’ type via, formed as
an oxide-capped silicon mesa (with exposed silicon sidewalls for seeding) on an oxide-
masked silicon substrate. This allowed ELO layers as thin as 0.2µm with aspect ratios
over 80. Kinoshita et al. (Kinoshita et al., 1991) further developed Si LPE (tin melt,
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900 ◦C growth temperature) ELO on oxide-masked, nonplanar structured (111) silicon
substrates with various surface profiles and via sitings. Despite the irregular topology of
the substrate, epitaxial layers with flat top surfaces were invariably produced due to the
formation of (111) facets in the plane of the epitaxial film. Mauk and Barnett (Mauk
and Barnett, 1987) applied silicon LPE ELO from tin melts using a pattern of circular
vias formed in an oxide mask on a silicon substrate for application to solar cells with
light trapping effected by the intervening oxide mask between the epitaxial solar cell and
substrate. Bergmann (Bergmann, 1991) presented a model defect-free ELO of silicon of
oxide masking layers by LPE. This work produced the first metal oxide semiconductor
(MOS) transistors on insulator by silicon LPE (Zingg et al., 1992). The coalescence of
silicon layers in LPE ELO in order to form a continuous film, along with an examination
and strains and defect nucleation has been presented by Nagel et al. (Nagel et al., 1993)
and Banhart et al. (Banhart et al., 1991, 1993). Köhler et al. (Köhler et al., 1996) studied
the vertical stress in silicon LPE ELO layers using X-ray double crystal topography. A
model relating stress to adhesive force between the crystal and mask was proposed. The
defect-free coalescence of silicon LPE ELO layers and nearly defect-free SiGe LPE ELO
layers were achieved by Silier et al. (Silier et al., 1996a). Józwik and Olchowik (Józwik
and Olchowik, 2006) developed a two-step silicon LPE ELO process to further optimize
aspect ratios and defect reduction. Mauk and Curran (Mauk and Curran, 2001) applied
silicon electro-epitaxy from bismuth melts on stripe-patterned, tungsten-masked (111)
silicon substrates. Continuous (coalesced) lateral overgrowth was achieved and under
certain conditions the epitaxial laterally overgrown silicon formed a silicon ‘air bridge’
structure spanning the vias with voids between the silicon epilayer and tungsten. Weber
et al. (Weber et al., 1998) reported remarkable LPE-grown silicon structures on oxide-
masked (100) silicon substrates with line vias arranged in a rectangular pattern. A silicon
mesh structure that could be detached from the seeding substrate by selective etching
to yield a self-supporting silicon grid was shown. Also reported were hollow pyramid
silicon structures using selective LPE on pairs of opposing right-angled vias. Heteroepi-
taxial lateral overgrowth of GexSi1−x (0.8 < x < 1) over patterned, oxide-masked (111)
silicon using LPE with Bi-Ge-Si melts at growth temperatures of 800 ◦C was reported
by Hansson et al. (Hansson et al., 1991). Significant defect reductions associated with
lateral overgrowth were indicated. ELO has also been used in lift-off processes where the
epitaxial structure is separated from the substrate, permitting the substrate to be re-used.
An interesting variation is the epilift process reported by Weber et al. (Weber et al., 1997,
1998, 2003) wherein a silicon frame or mesh structure is epitaxially grown on a grid-
patterned, oxide-masked silicon substrate. Aiken and Barnett (Aiken and Barnett, 1999)
described an embedded semiconductor grid solar cell made by LPE ELO of silicon on
oxide-masked silicon substrates that eliminates front contact shading. Smith et al. (Smith
et al., 1996, 1997) reported an MOS test structure to measure the minority carrier sur-
face recombination velocity at the interface between the LPE-overgrown silicon layer and
oxide mask.

5.11 SOLAR CELLS

The adaptation of silicon LPE for solar cells has generated significant interest, both as
a means for achieving high-efficiency devices and as a low-cost method of manufac-
ture. Most of this work has been directed at using LPE or LPE-like metallic solution
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growth processes for deposition of silicon layers on silicon substrates. Substrates include
silicon wafers cut from pulled Czochralski (CZ) single-crystal (monocrystalline) boules
or polycrystalline (multicrystalline) cast ingots, silicon sheets and recrystallized CVD-
deposited silicon layers on ceramics. LPE and related solution growth processes have
several important advantages for solar cell production including high deposition rates;
impurity segregation/rejection to the liquid phase (melt), thus avoiding accumulation of
electrically active impurities at grain boundaries and yielding silicon layers with low
defect densities, especially dislocations. In most cases, LPE has proven to be a work-
able approach for silicon deposition. More ambitiously, but less successfully, processes
analogous to or derived from LPE have been used to deposit silicon layers on foreign
(nonsilicon) substrates such as steel or glass.

In one of the earliest considerations of LPE-like processes for producing silicon solar
cells, Runyan (Runyan, 1976) assessed the prospects for growing silicon from molten
metals including the possibility of depositing large-area thin films of silicon on low-cost
substrates such as metal. Runyan correctly concluded that excessive doping of the silicon
from the metal solvent (e.g. Al, Au, Ga or Sn), as well as problems related to silicon
oxidation and the difficulties in removing surface oxides on silicon would be formidable
hurdles. Subsequent work showed that tin, indium, copper, lead and bismuth solvents
could be used to grow silicon with doping ranges compatible with good solar cell perfor-
mance, and that problems associated with silicon oxidation were tractable. The rationale
and prospects for thin-film (crystalline and multicrystalline) silicon solar cells, and appli-
cations of LPE and metallic solution growth for thin-film silicon solar cells has been
reviewed by Slaoui et al. (Slaoui et al., 1998), Bergmann (Bergmann, 1999), and Beau-
carne et al. (Beaucarne et al., 2004). Brendel (Brendel, 2001) has reviewed applications
of LPE for layer transfer processes for thin-film silicon solar cells.

5.11.1 Epitaxial silicon solar cells by LPE

Since a high-efficiency silicon solar cell can be made on a silicon wafer without any
epitaxial layers, the use of epitaxy warrants some justification. The rationalization for an
epitaxial silicon solar cell is based on the expected savings from substitution of the solar-
grade silicon wafer with a relatively low-quality silicon substrate on which an epitaxial
layer of high-quality silicon is grown. The photovoltaic effect is due mostly to optical
absorption, minority carrier generation, and minority carrier collection in the epitaxial
layer; the substrate is merely a mechanical support and back contact or reflector. For
example, a large-grain silicon substrate made from metallurgical-grade silicon would be
considerably cheaper than the monocrystalline semiconductor-grade silicon wafers used to
make high-efficiency silicon solar cells, but would still retain the most important advan-
tages of a silicon substrate used for silicon homoepitaxy including near-perfect lattice and
thermal expansion match between the silicon film and substrate. Further, such a substrate
could reliably yield an epitaxial layer with large grain size and reduced defects relative
to the substrate.

Despite these anticipated advantages of LPE for silicon solar cells, most of the efforts in
thin film solar cells focused instead on vapor-phase techniques for depositing amorphous
silicon and compound semiconductors. Starting in the early 1980s and continuing for
the next 20 years, steady progress was made in both single-crystal and multicrystalline
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silicon solar cells that featured at least one silicon layer deposited by LPE or metallic
solution growth. Ito and Kojima (Ito and Kojima, 1982) made 10.4 % efficient silicon
solar cells by forming a p-type emitter on an n-type silicon wafer using silicon LPE
from a gallium melt. Possin (Possin, 1984) proposed a silicon solar cell with a thick
(10–50 µm) LPE-grown epitaxial junction, but this design requires a minority carrier
lifetime of ∼10 µs in the emitter epilayer, which was considerably higher than the ∼1 µs
lifetimes achieved for silicon LPE-layers grown from tin at 900 ◦C in the same work. More
interesting for low-cost solar cells are photovoltaic devices where the emitter is formed
(e.g. by diffusion or epitaxy) in a base layer deposited by LPE. Gutjahr et al. (Gutjahr
et al., 1997) used LPE for making SiGe solar cells, achieving an efficiency of 9.1 %.
Incorporation of SixGe1−x layers into solar cells and other devices may prove useful for
tuning the bandgap, controlling defect generation and formation, enhancing luminescence,
and altering dominant minority carrier recombination mechanisms (Hansson et al., 1994b;
Bremond et al., 1998; Kruger et al., 1998). Efficiencies for LPE homoepitaxial silicon
solar cells are as high as 18% (see Table 5.5).

LPE of silicon on multicrystalline and structured silicon wafers has been investigated
by a number of workers. Morphology of LPE silicon layers on silicon substrates mis-
oriented from a low index plane is described by Kozhitov et al. (Kozhitov et al., 1986).
The structural features of polycrystalline solution-grown silicon layers were investigated
by Lozovskii et al. (Lozovskii et al., 1985). Weber and Blakers (Weber and Blakers,
1995a), Steiner et al., (Steiner et al., 1996), Stemmer et al. (Stemmer et al., 1996), Voigt
et al. (Voigt et al., 1996) and Ballhorn et al. (Ballhorn et al., 1998) have developed LPE
on multicrystalline silicon substrates, and the latter group achieved efficiencies of 15.4 %.
Wagner et al., (Wagner et al. 1997) demonstrated that LPE-grown polycrystalline sili-
con films have a higher minority carrier lifetime and longer diffusion length compared
with silicon films deposited by CVD. This is attributed to the relatively lower density of
dislocations at grain boundaries in LPE-grown silicon.

LPE of silicon solar cells on metallurgical-grade silicon has also been investigated
(Wang et al., 1996; Peter et al., 2002; Muller et al., 2003), as well as LPE on recrystallized
silicon sheets (Tool et al., 2000). Nakagawa et al. (Nishida et al., 2001; Nakagawa et al.,
2005) patented a silicon LPE dipping method with an optimized time–temperature pro-
gram to ameliorate the effects of grain boundaries in solar cells. Deguchi et al. (Deguchi
et al., 1990) investigated the use of recrystallized vapor-deposited silicon seeding layers
and ELO for making silicon solar cells by LPE on metallurgical silicon substrates. Berger
et al. (Berger et al., 2001) and Ould-Abbas et al. (Ould-Abbas et al., 2004) reported LPE
on porous silicon bilayers with the stated objective of using the porous layer to enable
easier removal of the silicon epitaxial layer for transfer to a cheaper substrate and re-use of
the seeding substrate. The electrical characteristics were similar for silicon layers formed
by either LPE or CVD on porous silicon substrates (Fave et al., 2004). Fave et al. (Fave
et al. 2001) described LPE of silicon on regularly textured silicon substrates, where it is
anticipated that the structuring of the silicon substrate could be replicated in ceramics to
make low-cost silicon on ceramic solar cells.

McCann et al. (McCann et al., 2001) and Catchpole et al. (Catchpole et al., 2001) have
compiled results for thin crystalline and polycrystalline silicon solar cells made by LPE
and CVD techniques on various substrates. Results excerpted for LPE are summarized in
Table 5.5, and supplemented with more recent data since these reviews.
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Table 5.5 Results for solar cells made with LPE

Researchers Substrate Melt,
growth temp.

Results
(efficiency; Voc)

Reference

Monocrystalline silicon substrates
Samsung p-Si In 15.8 %; 634mV Lee et al., 2003
MPI SiGe buffer/Si In, 950 ◦C 9.1 % Gutjahr et al., 1997a
UNSW p+ sc-Si 16.4 %; 645mV Zheng et al., 1996
UNSW p+scSi Sn/Ga 15.4 %; 616mV Shi et al., 1996

In/Ga 14.7 %; 640mV
ANU p− sc-Si In, 950 ◦C 18%; 666 mV Blakers et al., 1995a
ANU p+ sc-Si In, 950 ◦C 17%; 651mV Blakers et al., 1995b
Fraunh ISE p-silicon 13.3 % (1 × con) Wagner et al., 1993

15.9 % (30 × con)
MPI p+sc-Si In, 950 ◦C 14.7 %; 659mV Werner et al., 1993
Shinsu U. n-Si Al 9.9 % Ito and Kojima, 1980
Multicrystalline, structured or porous silicon wafer substrate
Samsung recrystallized Si In 13%; 663 mV Lee et al., 2003
Konstanz U. UMG silicon In 10% Peter et al., 2002
Canon porous silicon In, 950 ◦C 9.5 %; 520mV Nishida et al., 2001
Konstanz U. UMG silicon In 6 %; 551mV Hotzel et al., 2000
ANU p-mc-Si 15.4 %; 639MV Ballhorn et al., 1997
ANU p+-mc-Si 15.2 %; 639mV Ballhorn et al., 1997
Inst. Krys. mc-Si In, 980 ◦C τ = 5–10µs Thomas et al., 1997
NREL MG-Si Cu, 950 ◦C L = 42 µm Wang et al., 1996
Nonsilicon substrate (may include silicon seeding layer)
PHASE alumina + RTCVD Si

seed
grain size =

100–300µm
Bourdais et al., 1998

MPI glassy carbon +
RF-plasma silicon
seed

In grain size =
100–300µm

Gutjahr et al., 1997b

Daido Hoxon graphite grain size =
100–300µm;

Mishima et al., 1998;
Ito et al., 1999

L = 30 µm
ECN Si/SiAlON +

plasma-spray silicon
grain size =

10–100µm
Schiermeier et al.,

1998
UNSW high-temp. glass grain size = 100µm Shi et al., 1994
UNSW high-temp. glass +

a-Si seed
grain size = 50µm Shi et al., 1993

sc, single crystal; mc, multicrystalline; MG, metallurgical grade; UMG, upgraded metallurgical
grade; RTCVD, rapid thermal chemical vapor deposition; a-Si, amorphous silicon; Voc, open-circuit
voltage; L, minority carrier diffusion length; τ , minority carrier lifetime; con, solar light optical
concentration. ANU, Australian National University; Daido Hoxon, Daido Hoxon (Japan), ECN,
Energy Research Center of the Netherlands (Petten, The Netherlands), Fraunh ISE, Fraunhofer
Institute of Solar Energy (Freiburg, Germany); Inst. Krys., Institute of Crystallography (Berlin,
Germany); MPI, Max Planck Institute (Germany); NREL, National Renewable Energy Laboratory
(Golden, CO, USA); PHASE, PHASE CNRS (Strasbourg, France); UNSW, University of New
South Wales (Australia). Adapted from McCann et al. (McCann et al., 2001) and Catchpole et al.
(Catchpole et al., 2001) and supplemented with more recent data.
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5.11.2 Si solution growth on nonsilicon substrates for solar cells

The deposition of silicon films on nonsilicon substrates with properties suitable for solar
cell applications is a challenging problem. It is generally difficult to control heteroge-
neous nucleation to achieve both a sufficiently large (and uniform) grain size and a
continuous film. Nevertheless, some promising results have been reported using a variety
of approaches. Givargizov (Givargizov, 1991) discusses the general problem of oriented
crystallization on amorphous substrates. A common approach is graphoepitaxy whereby
the substrate is microstructured in order to induce a preferred orientation of crystals that
would elsewise be nucleated with a random orientation (Klykov and Sheftal, 1981). Mori
(Mori, 1981) used a two-dimensional grating with 1µm features formed on a quartz sub-
strate to achieve oriented crystallization of silicon from a gold melt at 380 ◦C. Filby and
Nielsen (Filby and Nielsen, 1966, 1967) demonstrated selective growth of silicon crystals
on quartz substrates from gold-silicon alloys. Graef et al. (Graef et al., 1977a,b) achieved
5–10-µm-sized grains of silicon on graphite substrates using a vapor–liquid–solid (VLS)
technique where the substrate is coated with a 5–10 µm thick layer of molten tin that
reacts with gaseous mixture of trichlorosilane and HCl.

One of the first applications of conventional LPE to thin film solar cells on dissimilar
substrates is a report by Woodall (Woodall, 1978) describing GaAs LPE on polycryalline
molybdenum substrates demonstrating grain sizes from 10 to 300 µm. Barnett et al. (Bar-
nett et al., 1982, 1984), and McNeely et al. (McNeely et al., 1984) described LPE of
20-µm thick polycrystalline silicon films on quartz and steel sheet substrates using LPE
with tin solvents and growth temperatures of 800–1000 ◦C. Grain sizes in the range of
25–50 µm were achieved. Lee et al. (Lee et al., 1994) investigated solution growth of sili-
con on quartz from thin layers of molten Al-Si alloy deposited by thermal evaporation and
heated to 580–800 ◦C. Schiermeier et al. (Schiermeier et al., 1998) achieved continuous
polycrystalline layers of silicon (50µm thick, grain size 10–70 µm) on ceramic substrates
by deposition from an indium-aluminum (1 %) melt saturated with silicon and a deposition
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temperature of 960 ◦C. Gutjahr et al. (Gutjahr et al., 2001) achieved continuous silicon
films from Ga-Al melts on Si-infiltrated SiAlON tape-cast ceramic substrates. Silier et al.
(Silier et al., 1996b, c) reported a metallic solution growth method for silicon deposition
on glass substrates. The glass substrates were initially coated with a seeding layer of
nanocrystalline silicon, deposited deposited with SiH4/H2. A polycrystalline silicon film
was grown on the seeding layer from an In (∼900 ◦C) or Ga (200–350 ◦C) melt, and
exhibited grain sizes up to 100µm. Shi (Shi, 1994a) described the growth of large-area
oriented silicon crystallites grown from Sn-Al melts on patterned SiO2 layers on silicon
substrates. Shi and Green, 1993; Shi (Shi, 1994b,c) also developed a method for depositing
large-grain, large-area (10 cm2) continuous thin films of silicon on borosilicate glass from
Sn-Al-Mg melts saturated with silicon. It is conjectured that aluminum or magnesium in
the melt reduces the silica (SiO2 of the substrate) to form silicon seeding sites for silicon
nucleation. Periodic melt-back and regrowth suppressed growth normal to the plane of the
substrate and lead to more uniformly sized grains with a (111) preferred orientation and
smoother silicon films. Kamada et al. (Kamada et al., 2003) report a similar process using
Cu-Al-Si melts. Wallace et al. (Wallace et al. 1993, 1994, 1995, 1996) deposited silicon
films on oxide-coated molybdenum substrates from molten indium or tin layers saturated
with silicon by a sputtering source. Substrate temperatures during growth ranged from
450–650 ◦C. When a titanium wetting layer is used, grain sizes up to 25µm and a (111)
texture are observed. Yamada et al. (Yamada et al., 2000) used a similar process to form
polycrystalline silicon films on glass at temperatures of 650–750 ◦C. Aluminum nitride
was used as a wetting agent. In still another method, Shi (Shi, 1993) utilized growth melts
with volatile metal solvents (e.g. Zn), the evaporation of which induces supersaturation in
the melt and a resulting nucleation that can be better controlled to determine grain sizes.
In related work of possible utility for depositing silicon on nonsilicon substrates, Teubner
et al. (Teubner et al., 1999) have modeled the solution growth of silicon from small
indium droplets. In a metallic solution growth process that is somewhat removed from
the usual configurations for LPE or LPE-derived techniques, Kita et al. (Kita et al., 2001)
have developed a silicon deposition process in which a silicon powder is spread over an
aluminum sheet placed on top of an alumina substrate. A scanning lamp heater (mov-
ing at 1 µm s−1) creates a molten zone of aluminum-silicon liquid from which silicon
is crystallized onto the substrate. The remaining aluminum-rich phase solidifies atop the
deposited silicon layer and can be removed post-growth by etching or abrasion. Other
metal solvents (e.g. in addition to aluminum) are contemplated, as is a silicon seed placed
in contact with the melt at the start of the process to control grain size. Lateral growth
of silicon sheet from Cu-Si melts was also reported (Kita et al., 2002). The lower growth
temperatures afforded by a solution growth process (compared with solidification from
a silicon melt) permits easier process control and reduces thermal stress effects. This
technology represents an illustrative example of the extent to which the basic silicon
metallic solution growth process can be modified to meet the requirements of a particular
application such as production of large-area silicon films on a ceramic substrate.

5.12 OTHER APPLICATIONS OF SILICON
AND GERMANIUM LPE

Several other silicon and germanium device applications have utilized LPE. Si-Ge thermo-
electric devices made by LPE provide Si-Ge alloys doped with high concentration of both
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donors and acceptors (Fleurial and Borschevsky, 1991). Such highly compensated material
is expected to have a favorable combination of electrical conductivity and thermal con-
ductivity needed for high efficiency thermoelectric energy conversion. LPE has also been
used to grow isotopically enriched silicon layers which exhibit higher thermal conductiv-
ities than silicon with natural isotope abundance (Capinski et al., 1997). Baliga (Baliga,
1980b described buried grid field-controlled thyristors fabricated using LPE. Sukegawa
et al. (Sukegawa et al., 1989b) assessed silicon p-i-n photodiodes on LPE-grown sub-
strates made by the yo-yo method (see Section 5.4). Bergmann et al. (Bergmann et al.,
1992) made MOS transistors on silicon epilayers formed over oxide masks using LPE ELO
for potential application to three-dimensional integrated circuits. Bandaru et al. (Bandaru,
2002) used LPE to make blocked impurity band (BIB) photoconductors for far infrared
(>200µm, 50 cm−1) detection. These devices require extremely low background impurity
levels (<1012 cm−3), which could be achieved in by Ge LPE from highly purified Pb or
Sb melts (Goyal et al., 2002; Haller and Beeman, 2002). LPE techniques have been used
to form various types of silicon-based nanostructures. Wakayama and Tanaka (Wakayama
and Tanaka 1997a,b, 1999a,b; Wakayama et al., 1998) produced self-assembled nanocom-
posites wherein silicon crystallites grew epitaxially from drops of molten Au deposited
on a silicon wafer. Meixner et al. (Meixner et al., 2001) and Hanke et al., (Hanke et al.,
2004) reported the formation of self-assembled nanoscale island chains in SiGe LPE on
silicon.

5.13 CONCLUSIONS AND OUTLOOK

Prior to the 1990s, the application of LPE to silicon was comparatively infrequent com-
pared with its use for compound semiconductors. Interestingly enough, as LPE declined for
compound semiconductor applications, silicon LPE and related solution growth processes
were explored and developed quite extensively for solar cell applications. In particular,
silicon LPE on monocrystalline and multicrystalline silicon wafers, as well as metallic
solution growth processes for depositing silicon layers on nonsilicon substrates such as
metals and ceramics, were developed as alternatives to Si CVD. However, it does not
appear that any of these processes is currently used for commercial solar cell production.
Despite three decades of considerable research efforts in thin film technologies utilizing
a wide range of semiconductors, silicon wafer-based solar cells are still the dominant
commercial photovoltaic product. Recurring and imminent shortages in silicon wafers
and solar-grade silicon feedstock will continue to motivate alternative methods of mak-
ing silicon solar cells that consume less high-quality silicon including solar cells based
on a thin layer of silicon supported on a low-grade silicon or nonsilicon substrate. As
discussed herein, there are many phenomena that in principle can be exploited to realize
sustained, steady-state deposition of silicon at deposition rates of about 1µm min−1. These
include temperature-gradient growth, convectively induced growth, and growth driven by
a metastable phase. For solar cells, it may be productive to develop metallic solution
growth techniques as both a purification process and a deposition process.
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transistors on insulator by silicon saturated liquid solution epitaxy. IEEE Electron Device Lett.
13, 294–296.

J.C. Zolper and A.M. Barnett (1989) Selective area solution growth of Ge and GaAs on Si. J. Appl.
Phys. 66, 210–214.

K.H. Zschauer and A. Vogel (1971) Dependence of impurity incorporation on growth rate and
crystal orientation during GaAs liquid-phase epitaxy. Proc. 3rd International Symposium, Institute
of Physics, London, 100–107.



166 LIQUID PHASE EPITAXY

APPENDIX 1. PHASE EQUILIBRIA MODELING:
THE SILICON-METAL LIQUIDUS

Although experimental phase diagram data are available for most of the silicon-metal
and germanium-metal binary systems of interest for LPE, it is useful to develop a phase
equilibria model to assess the thermodynamic consistency of the data, extrapolate the
solubility relations into temperature ranges where no experimental data are available, and
to extend models to describe multicomponent systems.

In a two-phase system (solid and liquid) phase equilibrium is achieved when for every
component i the chemical potential in the liquid phase equals that of the solid phase
µS

i = µL
i . For multicomponent phases, the chemical potentials can be expressed as:

µS
i = µ

S,Θ
i (T ) + RT ln aS

i (A1.1a)

µL
i = µ

L,Θ
i (T ) + RT ln aL

i (A1.1b)

µ
S,Θ
i (T ) is the standard or reference chemical potential for component i in the solid

phase and µ
L,Θ
i (T ) is the standard or reference chemical potential for component i in

the liquid phase. The reference chemical potentials are functions only of temperature; not
of composition. (Pressure effects are negligible in this analysis of condensed phases.) R
is the ideal gas constant and T is the absolute temperature. ai denotes the activity of
component i in each phase. For the silicon-metal binary system, the equilibria relations
then become:

µ
S,Θ
Si (T ) + RT ln aS

Si = µ
L,Θ
Si (T ) + RT ln aL

Si (A1.2a)

µ
S,Θ
M (T ) + RT ln aS

M = µ
L,Θ
M (T ) + RT ln aL

M (A1.2b)

It is convenient to express the activities ai in terms of atomic fractions Xi and activity
coefficients γi , such that ai = γi · Xi . Thus, the equilibrium conditions for each component
i are:

RT ln
γ L

i XL
i

γ S
i XS

i

= µ
S,Θ
i (T ) − µ

L,Θ
i (T ) (A1.3)

The activity coefficients depend on the choice of reference states for each component
in each phase. To determine the (hypereutectic) liquidus in a silicon-metal binary, pure
solid silicon and pure liquid silicon are taken as the reference states for the chemical
potentials, such that:

µ
L,Θ
Si (T ) = G

L,Θ

Si (T ), the partial molal Gibbs free energy of pure liquid silicon (A1.4a)

= G
L,Θ
Si (T ), the molar Gibbs free energy of pure liquid silicon (A1.4b)

µ
S,Θ
Si (T ) = G

S,Θ
Si (T ) ≡ the molar Gibbs free energy of pure solid silicon (A1.4c)

where overbars denote partial molal quantities and underbars denote molar quantities.
Since the reference components are pure phases, the partial molal and molar quantities
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are the same. Thus:

RT ln
γ L

SiX
L
Si

γ S
SiX

S
Si

= µ
S,Θ
Si (T ) − µ

L,Θ
Si (T ) (A1.5a)

= G
S
Si(T ) − G

L
Si(T ) (A1.5b)

= GS
Si(T ) − GL

Si(T ) (A1.5c)

≡ −�GFUS
Si (T ) (A1.5d)

The utility of this formulation is that all terms on the right-hand side of Equation
[A1.5(a–d)] are properties of pure silicon, and therefore functions only of temperature.
All of the distinctive features of the liquidus are implied by the activity coefficients.
Further, the quantity �GFUS

Si (T ) denotes the free energy of fusion of pure silicon and
may be determined as:

�GFUS
Si (T ) = LSi

(
1 − T

T M
Si

)
+

∫ T

T M
Si

�CSi dT − T

∫ T

TM
Si

�CSi

T
dT (A1.6)

where LSi (46.4 kJ mole−1) is the molar heat of fusion of silicon at the melting point T M
Si

(1683 K) of silicon, and �CSi is the difference in molar heat capacities of pure liquid
silicon and pure solid silicon:

�CSi ≡ CL
Si − CS

Si (A1.7)

which for silicon may be calculated as:

�CSi = 7.11 − 4.28 × 10−3 · T + 4.44 × 10−3

T 2
(A1.8)

with temperature in K and �CSi in J K−1 mol−1.
For ideal solutions, the activity coefficients γi can be set equal to 1. For nonideal

solutions, the activity coefficient for each species in each phase is given by:

RT ln γi = �H
mix
i − T · �S

ex−mix
i (A1.9)

where �H
mix

is the partial molar enthalpy of mixing, and �S
ex,mix

is the excess (over
and above ideal) entropy of mixing.

In the quasi-regular binary solution model, the activity coefficient can be determined
according to:

�Hmix
i = a(1 − Xi)

2 (A1.10a)

�Smix
i = b(1 − Xi)

2 (A1.10b)

Other solution models may be regarded as special cases of the quasi-regular model.
As mentioned, if a = b = 0 the solution is ideal. If a 	= 0, b = 0 the solution is termed
regular. If a = 0; b 	= 0 the solution is termed athermal.
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More generally, the activity coefficients for components i and j of a binary are:

RT ln γi = αij (T ) · (1 − Xi)
2 (A1.11a)

RT ln γj = αij (T ) · (1 − Xj)
2 (A1.11b)

where αij (T ) = aij − bijT is the temperature-dependent, concentration-independent
binary interaction parameter. More complex solution models utilize interaction parameters
that are higher-order functions of temperature and composition,

A1.1 The silicon-metal binary liquidus

The hypereutectic liquidus in a silicon-metal binary is given by:

RT ln
γ L

SiX
L
Si

γ L
SiX

L
Si

= −�GFUS
Si (T ) (A1.12)

As the solid phase is nearly pure silicon.
For the quasi-regular solution model (Table A1.1):

a − bT = −�GFUS
Si (T ) − RT lnXL

Si + RT ln XS
Si

(1 − XL
Si)

2
(A1.13)

XL
Si

∼= exp

[−LSi

RT

(
1 − T

T M
Si

)
− (a − bT )

RT

]
(A1.14)

m ∼= XL
Si

RT

(
LSi

T FUS
Si

+ b − R ln XL
Si

)
(A1.15)

A1.2 Alloy solvents

The binary model can be generalized to melts with two or more solvent components:

RT ln γi =
m∑

j=1
i 	=j

αijX
2
j +

m∑
k=1

k<j,j 	=1

m∑
j=1
i 	=k

(αij + αik − αkj )XkXj (A1.16)

For a ternary system (silicon plus two metals 1 and 2) the activity coefficient of silicon
is given more explicitly by:

RT ln γ L
Si = αSi−M1X

2
M1 + αSi−M2X

2
M2 + (αSi−M1 + αSi−M2 − αM1−M2)XM1XM2 (A1.17)

Since the melt composition is not significantly altered by the depletion of silicon during
growth, it is convenient to define a ratio of metal components in the melt as:

r ≡ XM1

XM2
(A1.18)
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Table A1.1 Liquid phase (quasi-regular solution) binary interaction parameters

Binary
pair

Interaction
parametera

(J mol−1)

Reference

Al-As −26 736–23.0 · T Casey and Panish, 1978
Al-Bi 14 054 Hultgren et al., 1973
Al-Cu −1004 Wang and Ciszek, 1997
Al-Ga 435 Casey and Panish, 1978
Al-Ge −22 426–13.2 · T Thurmond and Kowalchik, 1960; Stringfellow and Greene, 1970;

Stringfellow, 19712−11 422
Al-In 18 405 Hultgren et al., 1973
Al-In 18 405 Hultgren et al., 1973
Al-P 7322–8.4 · T Illegems and Panish, 1973; Casey and Panish, 1978
Al-Pb 30 865 Hultgren et al., 1973
Al-Sb 51 020–41.8 · T Panish and Ilegems, 1972
Al-Sn 8050 Hultgren et al., 1973
Al-Si −11 966 Stringfellow and Greene, 1970; Stringfellow, 1971

23 698 Wang and Ciszek, 1999
Al-Sn 8368 Panish, 1973
Al-Si −11 966 Stringfellow and Greene, 1970; Stringfellow, 1971

23 698 Wang and Ciszek, 1999
Al-Sn 8368 Panish, 1973
As-Ga 21 589–38.3 · T Panish, 1974; Casey and Panish, 1978
As-In 16 150–41.8 · T Lichter and Sommelet, 1969
Au-Ge −15 293 Stringfellow and Greene, 1970; Stringfellow, 1971
Au-Si −21 004 Stringfellow and Greene, 1970; Stringfellow, 1971
Bi-Ge 23 034–6.3 · T Thurmond and Kowalchik, 1960
Bi-Si 49 597 +0.75 · T Trah, 1990
Cu-Si 24 078 Wang and Ciszek, 1997
Ga-Ge −879 Stringfellow and Greene, 1970; Stringfellow, 1971

−628 Thurmond and Kowalchik, 1960
Ga-In 9414 De Cremoux, 1981

8870 Pearsall et al., 1979
Ga-P 8870–18.6 · T Panish, 1973
Ga-Sb 19 665–25.1 · T Panish, 1974
Ga-Si 8201 Stringfellow and Greene, 1970; Stringfellow, 1971

13 598–3.5 · T Thurmond and Kowalchik, 1960
Ga-Sn 0 Shunk, 1969; Panish, 1973
Ge-In 4247 Stringfellow and Greene, 1970; Stringfellow, 1971

4151−2.1 · T Alonso and Bauser, 1987
Ge-Pb 19 560 Stringfellow and Greene, 1970; Stringfellow, 1971

36 700–17.1 · T Thurmond and Kowalchik, 1970
Ge-Sb 11 045–8.4 · T Thurmond and Kowalchik, 1960
Ge-Si 6757 Stringfellow and Greene, 1970; Stringfellow, 1971
Ge-Sn 3075 Stringfellow and Greene, 1970; Stringfellow, 1971

7029–4.5 · T Thurmond and Kowalchik, 1960
In-P 14 970–14.8 · T Panish, 1974
In-Sb 14 226–50.2 · T Panish and Illegems, 1972

(continued overleaf )
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Table A1.1 (continued )

Binary
pair

Interaction
parametera

(J mol−1)

Reference

In-Si 36 213 (calc.) Stringfellow and Greene, 1970; Stringfellow, 1971
39 221–7.1 · T Alonso and Bauser, 1987

Pb-Si 55 312 Stringfellow and Greene, 1970; Stringfellow, 1971
82 968–20.1 · T Thurmond and Kowalchik, 1960

Si-Sn 26 819 Stringfellow and Greene, 1970; Stringfellow, 1971
34 079–6.3 · T Thurmond and Kowalchik, 1960

Sb-Si 13 765–6.7 · T Thurmond and Kowalchik, 1960

a Interaction parameter a − b · T .
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For melts relatively dilute in silicon the silicon liquid phase atomic fraction is:

XL
Si = exp

[−�GFUS
Si (T ) − αSi−M1 · r − αSi−M2 · r−1 + (αSi−M1 + αSi−M2 − αM1−M2)

RT

]
(A1.19)

APPENDIX 2. IMPURITIES AND DOPING IN SILICON LPE

The doping and purity of silicon grown from metallic melts in LPE or LPE-related pro-
cesses is a critical issue. The performance of semiconductor devices depends on the
concentrations of electrically active impurities that act as dopants (acceptors or donors),
recombination centers, or scattering centers. Further, in some cases it may be possible to
exploit inherent purification of solution growth wherein impurities preferentially segregate
to the liquid phase, resulting in reduced contamination of the deposited silicon. For these
reasons, a detailed exposition of doping effects relevant to the growth of silicon from
molten metal solutions is presented here.

The analysis for the liquidus may be used to determine the solidus and thus the equi-
librium concentration of metal dissolved in the silicon crystallized from the melt. The
concentration and nature of the impurities are critical for determining the semiconduc-
tor properties of the LPE-grown silicon. The sources of impurities in silicon are due to
the metallic solvent itself, minor constituents added to the melt to effect doping, and
unwanted contaminants in the melt. An estimation of impurity segregation is needed in
order to controllably dope the silicon epilayer as well as establish criteria for melt purity
needed to attain an epilayer of specified purity.

The segregation coefficient, also sometimes called the distribution coefficient, for an
impurity or melt component i is defined as:

Ki ≡ XS
i

XL
i

(A2.1)

Following a thermodynamic dynamic analysis similar to that used to derive the liquidus
curve, the segregation coefficient can be calculated as

Ki ≡ XS
i

XL
i

= γ L
i

γ S
i

exp

(
�GFUS

i

RT

)
(A2.2)

The activity coefficient for the impurity can be determined using quasi-regular solution
models.

As impurity concentrations in semiconductors are customarily expressed in terms of
atoms per cm3 (Ci) such that:

Ci
∼= ρSi

MSi
· N0 · XS

Si (A2.3)



172 LIQUID PHASE EPITAXY

where ρSi is the density of solid silicon, MSi is the atomic mass of silicon, and N0 is
Avogadro’s number, a more useful segregation coefficient is defined as:

k0,i ≡ Ci

XL
i

= Ki

(
LρSi

MSi

)
(A2.4)

For silicon-metal binary systems and at temperatures sufficiently below the melting
point of silicon wherein the liquid phase is dilute in silicon, then XL

i → 1. In this case, the
doping due to the metal solvent depends only on the growth temperature. Of more general
interest is the incorporation of melt components over a wide range of concentrations. For
instance, small amounts of dopants (e.g. boron or indium) added to tin or lead, can effect
p-type doping over several orders of magnitude according to the amount of dopant added
to the melt.

The above analysis assumes the impurities are electrically neutral in silicon. For impu-
rities which ionize in silicon, i.e. function as dopants, a distinction can be made between
ionized and un-ionized (neutral) impurities (Reiss, 1953; Trumbore et al., 1959, 1965;
Lehovec, 1962). If the concentration of neutral donor impurities in silicon is C0

D and that
of ionized donors is C+

D then:
CD = C+

D + C0
D (A2.5)

where CD is the total concentration of impurities, both ionized and neutral. Similarly, for
acceptor impurities:

CA = C+
A + C0

A (A2.6)

Using Fermi–Dirac statistics, the fraction of total impurities that are ionized is:

C+
D

CD
=


1 − 1

1 + 1

gD
exp

(
ED − EF

kT

)

 (A2.7)

where ED is the donor energy level, EF is the Fermi level, and gD is a degeneracy factor
equal to 2 in this case. Similarly, for acceptors:

C+
A

CA
=


 1

1 + gA exp

(
EA − EF

kT

)

 (A2.8)

where EA is the acceptor energy level and the degeneracy factor gA in this case is 4.
Thus, for donors or acceptors, the distribution of dopant is according to:

ki ≡ CD

XL
i

= k0,i

[
1 + 1

2
exp

(
ED − EF

kT

)]
(A2.9a)

ki ≡ CA

XL
i

= k0,i

[
1 + 1

4
exp

(
EF − EA

kT

)]
(A2.9b)
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These equations imply that the incorporation of electrically active impurities in silicon
depends on the position of the Fermi level during the growth process, a phenomenon which
was demonstrated implicitly by Reiss and Fuller (Reiss and Fuller 1956). For impurities
with a high mobility in silicon at the growth temperature, it is the position of the Fermi
level in the bulk silicon which determines the impurity segregation. On the other hand,
for impurities which diffuse slowly from the growth interface into the bulk of the growing
silicon crystal, it is the position of the Fermi level at the surface (melt/silicon interface)
which determines the impurity segregation. Zschauer and Vogel (Zschauer and Vogel,
1971) suggest the following criteria to distinguish between these two limiting cases. If:

DS
i

LDebye
> 10 · v (A2.10)

where DS
i is the diffusivity of impurity i in the solid silicon at the growth temperature,

v is the growth rate of silicon, and LDebye is the Debye length, then dopant segration is
determined by the position of the Fermi level in the bulk of the grown silicon. On the
other hand, if:

10 · DS
i

LDebye
< v (A2.11)

then it is the position of the Fermi level at the surface of the growing silicon that deter-
mines dopant segregation. Between these two limits, the doping is growth-rate dependent.

The Debye length LDebye is a function of temperature and carrier concentration (Wolf,
1971):

Ldebye =
√

εSikT

2q2Ndop

∼= 150

√
T

Ndop
cm (A2.12)

where εSi is the dielectric constant of silicon, k is Boltzman’s constant, T is the absolute
temperature, q is the electronic charge, and Ndop is the carrier concentration.

If the semiconductor is relatively lowly doped, then N is given by the intrinsic carrier
concentration ni , otherwise N is the extrinsic doping concentration CD or CA. The dis-
tinction between the intrinsic and extrinsic regimes is made by determining the intrinsic
carrier concentration at the growth temperature:

ni = √
NCNV

(
T

300

)3/2

exp

(−Eg

kT

)
(A2.13)

or more explicitly for silicon:

ni = 3.7 × 1019

(
T

300

)3/2

exp

[
Eg(T )

2kT

]
cm−3 (A2.14a)

Eg(T ) = 1.17 − 4.73 × 10−4T 2

(T + 636)
eV (A2.14b)

which takes into account the temperature dependence of the density of states and the
bandgap.
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If ni exceeds the doping concentration, the material is effectively intrinsic. Growth
temperatures in silicon LPE are typically in the range of 500–1200 ◦C, and even at
moderately high doping levels, as adjudged by room temperature electrical properties, the
silicon material may be effectively intrinsic at the growth temperature. Impurity diffusion
coefficients in solid silicon range from 10−16 to 10−10 cm2 s−1, depending on the impurity
and growth temperature. Growth rates will typically vary from 0.1 to 2 µm min−1. Thus,
application of the criteria of Zschauer and Vogel [Equations (2.10) and (2.11)] indicates
that either regime of dopant segregation, i.e. surface-determined or bulk-determined, may
be encountered in silicon LPE, depending on the impurity (melt component), growth
temperature, and growth rate. As an aside, it is noted that Hurle (Hurle, 1999) contends
that although the Schottky barrier model for dopant segregation described above has held
sway for many years, a strong case can be made that doping phenomena for GaAs LPE are
not compatible with the Schottky barrier model and that it should be rejected in favor of
an equilibrium thermodynamic native point defect model to explain dopant incorporation.
As an analogous native point defect model is not relevant to silicon or germanium, the
Schottky barrier model of doping can be tentatively retained.

In cases where the doping is determined by the Fermi level in the bulk silicon and the
silicon is effectively intrinsic, then:

EF = Ei
∼= Eg/2 (A2.15)

On the other hand, if conditions are such that the silicon is extrinsic, then the position
of the Fermi level depends on the concentration of impurity. For donors:

EF − Ei = kT ln

(
γnCD

ni

)
(A2.16a)

and for acceptors:

Ei − EF = kT ln

(
γpCA

ni

)
(A2.16b)

γn and γp can be regarded as correction factors derived from Fermi–Dirac statistics and
which are used when the doping level is high (>1020 cm−3) (Reiss, 1953; Lehovec, 1962;
Casey and Panish, 1978). A graphical or numerical method should be used to determine
the position of the Fermi level when more than one electrically active impurity is being
incorporated into silicon. The donor concentration is related to the impurity atomic fraction
in the melt as

CD

XL
i

= k0,i

[
1 + 1

2

ni

CD
exp

(
ED − Ei

kT

)]
(A2.17)

where XL
i is the mole fraction of impurity in the liquid phase. To a good approximation,

the above equation becomes:

CD =
[
k0 · ni

2
exp

(
ED − Ei

kT

)]1/2 √
XL

i (A2.18)
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Table A2.1 Dependence of silicon doping on impurity concentration in melt

Growth
rate

Donors Acceptors

Slow CD =
[

k0,i · ni

2
exp

(
ED − Ei

kT

)]1/2 √
XL

i CA =
[

k0,ini

4
exp

(
Ei − EA

kT

)]1/2

·
√

XL
Si

Fast CD = k0,i ·
[
1 + 1

2
· exp

(−2Eg

kT

)]
· XL

i CA = k0,i ·
[
1 + 1

4
· exp

(−Eg

3kT

)]
· XL

i

with

k0,i =
(

LρSi

MSi

)
γ L

i

γ S
i

exp

[
�GFUS

i (T )

RT

]

indicating that under the conditions for which it was derived the concentration of impu-
rities in the solid silicon goes as the square root of the atomic fraction of impurity in the
liquid phase. Similarly, for acceptor-type impurities:

CA =
[
k0ni

4
exp

(
Ei − EA

kT

)]1/2

·
√

XL
Si (A2.19)

For conditions where the Zschauer and Vogel criterion [Equation (A2.11)] suggests
that the position of the Fermi level at the surface determines the impurity segregation,
the following analysis is used. Because the liquid metal melt has a high concentration
of electrons, the growth interface may be treated as a surface-state dominated Schottky
barrier. For n-type silicon, the band bending at the surface is such that:

ED − EF = φBN ≈ 2

3
Eg (A2.20)

with a barrier height of φBN. The results of this analysis are summarized in Table A2.1.

APPENDIX 3. EFFECTS OF OXYGEN AND WATER VAPOR
IN Si LPE

Silicon has a very high affinity for oxygen, and the silicon substrate surface is highly
susceptible to oxidation. Oxide films impede epitaxial growth by reducing the wetting of
the substrate by the molten metal solution and by creating a barrier to nucleation. The
effects of oxygen and water vapor in the growth ambient are critical in silicon LPE, more
so than with LPE of III-V materials. Oxidation problems in LPE can be prevented by
a combination of HF etching of the silicon substrate wafer prior to growth, a leak-tight
LPE system that can sustain vacuum pressures of 10−5 Torr or less, the use of Pd-diffused
purified hydrogen (at 1 atm pressure) as the growth ambient, and 6- to 12-h degassing of
the melts to remove residual oxygen.
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Nevertheless, in solar cell production there may be incentive to implement LPE systems
where reduced oxygen and water vapor levels are not as easily achieved as in conven-
tional LPE systems used for research and production of optoelectronic components, and
where protocols can tolerate higher levels of oxygen and water vapor. Pure hydrogen
can combine explosively with air in the event of a leak. The hazards of hydrogen can
be reduced by diluting the hydrogen in nitrogen or argon, e.g. using a forming gas mix-
ture of 5–15 % H2: 85–95 % N2 or argon. Several workers have reported Si LPE using
forming gas (Mauk and Barnett, 1985; Zhi et al., 1995) or argon (Józwik and Olchowik,
2006). Forming gas and argon cannot be purified by Pd diffusion however. Water vapor
can be removed from forming gas using molecular sieves, metal catalysts, cold traps, or
bubbling the forming gas through molten Ga/Al, but these expedients are generally not
as effective as using hydrogen purified by Pd-diffusion. Healy et al. (Healy et al., 1991)
reported low-temperature Si LPE under a vacuum (∼10−4 Torr). Presumably the vacuum
conditions help avoid oxidation of the silicon substrate. More elaborate procedures for pre-
venting oxide formation during LPE have been described by Weber and Blakers (Weber
and Blakers, 1995b). If surface oxides cannot be avoided, it may be possible to add small
amounts (<1 %) of reducing agents, e.g. Al, Ga, Mg or rare earths to the melt to reduce
surface oxides (Bergmann and Kurianski, 1993; Shi, 1994b; Wang et al., 1994; Shi et al.,
1996). When gallium is added to the melt to reduce SiO2, any Ga2O3 formed tends to
float on top of the melt, away from the growth interface, while any Ga2O is volatile.
Aluminum oxide Al2O3, on the other hand, may form on the silicon substrate in place of
the SiO2, obviating its intended purpose of producing an oxide-free silicon surface. Many
reducing agents may act as undesirable dopants however. It would therefore be best to
avoid the formation of silicon and melt oxides altogether. For these reasons, it is useful
to review the thermodynamics and kinetics of silicon oxidation under conditions typical
of LPE processes.

A3.1 Thermodynamics of silicon oxidation

Whether a silicon surface remains clean (oxide free) or oxidizes can be estimated by
determining the concentration of oxidizing species in equilibrium with solid silicon.

Si(s) + O2(g) = SiO2(s) (A3.1a)

Si(s) + SiO2(s) = 2SiO(v) (A3.1b)

H2(g) + 1/2O2(g) = H2O(v) (A3.1c)

Si(s) + H2O(v) = SiO(v) + H2(g) (A3.1d)

2Si(s) + O2(g) = 2SiO(v) (A3.1e)

SiO(v) + 1/2O2(g) = SiO2(s) (A3.1f)

Si(s) + H2O(v) = SiO2(s) + 2H2(g) (A3.1g)

SiO(v) + H2O(v) = SiO2(s) + H2(g) (A3.1h)
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Table A3.1 Partial pressures (in atm) of volatile species in equilibrium with silicon

Species Temperature ( ◦C)

800 900 1000 1100 1200

H2 1 1 1 1 1
H2O 6 × 10−9 3 × 10−8 2 × 10−7 7 × 10−7 3 × 10−6

O2 10−35 10−31 10−28 10−25 10−23

SiO 10−8 3 × 10−7 4 × 10−6 4 × 10−5 3 × 10−4

Only three of these reactions are independent and the equilibrium concentrations may
be determined through:

aSiO2

aSi · pO2

= exp

[−�G1(T )

RT

]
(A3.2a)

p2
SiO

aSi · aSiO2

= exp

[−�G2(T )

RT

]
(A3.2b)

pH2O

pH2 · p1/2
O2

= exp

[−�G3(T )

RT

]
(A3.2c)

which represents the equilibrium law of mass action applied to Reactions (A3.1a), (A3.1b)
and (A3.1c). The activities of the solid species, aSi and aSiO2 are set equal to 1, although as
thin films their activities may be different from their bulk activities due to strain energy at
the silicon/silica interface and other surface effects. �G1(T ), �G2(T ), and �G3(T ) are
the Gibbs free energies for their respective reactions, and may be estimated (in J mol−1)
from (Kubaschewski et al., 1967):

�G1(T ) = 40540 + 3.08 · log T − 29.71 · T (A3.3a)

�G2(T ) = 51530 − 9.92 · T (A3.3b)

�G3(T ) = 13683 + 1.07 · T · log T − 0.53 · T (A3.3c)

Using these relations, the partial pressures of the volatile species in equilibrium with
silicon are shown in Table A3.1.

For a given temperature, the partial pressure of oxygen and water vapor must be
kept below their equilibrium values to prevent oxidation of a pristine silicon surface. In
practice, this can be achieved in a leak-tight system if a hydrogen ambient is used that is
purified by palladium diffusion, in which case the ambient is essentially free of oxygen
and water vapor.

According to Le Chatellier’s principle, silicon oxidation can be prevented, or sur-
face silicon dioxide can be reduced, by maintaining partial pressures of the volatile
species below these equilibrium values. For 1000 ◦C, the dew point corresponding to
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the equilibrium water vapor pressure is about −70 ◦C. Therefore, in principle at least, a
liquid nitrogen cold trap should be sufficient to reduce the water vapor content of the
ambient gas in order to avoid silicon oxidation.

A3.2 Silicon passivity and melt reducing agents

Wagner (Wagner, 1958) has shown that under certain circumstances, the conditions neces-
sary to prevent surface oxidation are not as stringent as a thermodynamic analysis might
suggest. At low oxygen concentrations in the gas phase, the oxidation of the surface
is determined by the formation and transport of silicon monoxide through the surface
boundary layer. In Wagner’s analysis, a silicon surface will remain free of silica provided
the oxygen partial pressure does not exceed a maximum given by:

pO2(max) ≈ 1

2

(
DSiO

DO2

)
· pSiO(equilibrium) (A3.4)

where DSiO and DO2 are the diffusivities of silicon monoxide and molecular oxygen
through the boundary layer. Wagner (Wagner, 1958) and Kramer (Kramer, 1960) have
found experimental evidence of surface passivity in silicon-oxygen systems. For 1000 ◦C,
the maximum oxygen partial pressure is about 10−5 atm.
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6.1 INTRODUCTION

Silicon Carbide (SiC) belongs to the class of wide band gap semiconductors (Eg ∼ 3 eV)
with a large number of polymorphs (more than 200), which makes it unique among
the other materials of this class. Another exceptional feature of SiC is the potential to
grow homoepitaxially due to the existence of its own substrates. It is also extremely hard
(second after diamond in the Mohs scale), chemically stable (no acid can attack it) and
radiation resistant. Therefore, SiC is excellently suited for the fabrication of a range of
high power, high frequency and high temperature devices, as well as sensors for harsh
environments.

Crystallographic modifications of SiC occur due to different stacking ability of the
elementary building blocks–tetrahedrons formed of Si and C atoms. Two basic configu-
rations arise from the stacking of the tetrahedrons: either cubic or hexagonal. The stacking
direction is the c-axis of the crystal and this one-dimensional polymorphism is called poly-
typism. The main polytypes of SiC are 3C, 4H and 6H where the number refers to the

Liquid Phase Epitaxy of Electronic, Optical and Optoelectronic Materials Edited by P. Capper and M. Mauk
Ò 2007 John Wiley & Sons, Ltd
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periodicity of the stacking sequence along the c-axis while the letter denotes the crystal
symmetry (C, cubic; H, hexagonal).

Although being the most developed among the wide band gap semiconductors, SiC
crystalline material still supports a high density of structural defects. While the variety
of SiC polytypes may offer an exclusive combination of physical and electronic prop-
erties suited for many applications, polytypism may cause difficulties in fabrication of
high-quality bulk crystals and epitaxial layers. Owing to the low stacking fault energy
it is difficult to restrict parasitic polytype formation (foreign polytype inclusions) during
growth, and particularly because two polytypes thermodynamically may occur at the same
temperature. Other persistent extended defects are different types of dislocations. They
originate from several sources, such as seed/substrate crystal, nucleus misalignment, ther-
mal stress, etc. Besides, screw dislocations are growth-supporting defects, since the basic
growth mechanism occurs via spiral evolution. The presence of a large number of dislo-
cations causes their interaction and formation of a merged dislocation centre with a giant
Burgers vector, which in turn is a prerequisite of micropipe generation. Micropipes are
unique defects but frequently observed in SiC crystals. According to the Frank model [1]
micropipes are considered as empty-core screw dislocations with large strain energy (large
Burgers vector). The strain field around a dislocation with a large Burgers vector con-
tains a high energy that can be minimized by removing the crystalline material around
the dislocation line and creating a new surface in the form of a hollow tube. Micropipes
usually penetrate the entire crystal, and they tend to be replicated from the substrates into
the epitaxial layers. They are found to have a detrimental effect on device performance.
It is very promising for the commercialization of SiC that the number of micropipes in
industrially produced substrates has been dramatically decreased during recent years by
better controlling the kinetics during growth [2].

Liquid phase epitaxy (LPE) is a simple and elegant technique with several advantages
such as low process temperature, relatively high growth rate, easy for technical imple-
mentations in various geometries, doped layers and multiplayer structures. The main
advantage, however, is that the process is carried out at relatively low temperature and
close to thermodynamic equilibrium conditions, which presumes a low concentration of
point defects in the epitaxial layers. Hence, the quality of the grown material is mainly
limited by morphological features. LPE is particularly interesting for SiC because the first
finding of micropipe closing was reported for this technique [3]. For a detailed description
of LPE of semiconductor materials see [4–6].

6.2 FUNDAMENTAL ASPECTS OF LPE OF SiC

LPE of SiC is a technique, which for the practical use of the grown layers takes place
by growth from solutions on a crystalline substrate. The advantage of using a solution
is given by growth close to thermodynamic equilibrium and low growth temperatures,
which are issues important for the structural perfection of the material. Another advantage
of LPE is that the SiC substrate can be given any desired crystal orientation and still
the thermodynamics support homoepitaxial growth conditions to a higher extent than in
vapour phase growth. Polytype inclusions were observed to appear in SiC vapour phase
epitaxy and these were substantially reduced by applying substrates off-oriented towards
[1120] and step-flow growth mode.
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In solution growth, the components of the crystal to be grown are dissolved in a solvent,
which may be of similar or different nature. The concentration of crystallizing species is
low and depends on the solubility in the solvent at the growth temperature. The solute
diffuses from the bulk of the solution to the growth front. Close to the growth front, there
is a gradient in the solute concentration due to depletion of the solute substance near the
interface. In the case of SiC epitaxy, due to more complicated solvent–solute systems,
complexes with the constituents may often form in the solution and diffuse through the
solution. The growth steps at which nucleation occurs are reached by surface diffusion
and breaking of the complexes.

SiC does not form a stoichiometric liquid phase at normal conditions and therefore
growth from solutions has been naturally of interest for decades. The Si-C phase diagram is
shown in Figure 6.1(a). SiC starts to decompose at about 1800 ◦C and melts incongruently
at 2830 ◦C. Consequently, SiC can be grown from a nonstoichiometric liquid phase, i.e.
by LPE. The natural choice of the solvent is silicon since this is a constituent of SiC and
high-purity silicon is readily available. Techniques for SiC LPE from silicon solutions
saturated with carbon were studied more than 30 years ago [7] and reproducible growth
of 100 µm thick layers was shown already at that time. The studies were performed
having the substrates in the initial silicon melt during the whole process which easily
caused cracking of the crystals during solidification. The growth rates using silicon as a
solvent are not high since the solubility of carbon in silicon is very low at temperatures
less than 2000 ◦C [8]. The temperature dependence of the carbon solubility in silicon is
shown in Figure 6.1(b). For practical purposes, the low carbon solubility in silicon creates
the need to increase the saturated value by increased growth temperatures and utilizing
other solvents, e.g. some metals. The availability of the phase diagrams of a SiC–solvent
system is important in order to determine the growth conditions prior to experiments.
However, the phase diagrams for high-temperature solutions are difficult to acquire. This
makes the availability scarce and growth studies using complex multi-component systems
require more experimental work than for those systems in which information from the
phase diagrams is available.
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Figure 6.1 (a) The phase diagram of the Si-C system; (b) the temperature dependence of the C
solubility in Si. After Tairov and Tsvetkov [9]. Reproduced by permission of Professor Yu. Tairov
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The solubility of carbon may be increased by introducing a certain metal to the silicon
melt. Typically transition metals are used for this purpose. For example, chromium and
some rare earth metals were applied in the 1960s. Later, Yakimova and Kalnin [10] re-
examined the idea by proposing to explore the Si-Sc-C system for liquid phase growth
of SiC. The solvent composition mainly used in this work was Si:Sc=72:28 at. %
(Si:Sc=60:40 wt %) and the temperature was 1750 ◦C. They were chosen empirically
because at that time no phase diagram of this system existed, but later on it was found that
this composition corresponds to an eutectic point in the Si-Sc phase diagram [11]. Growth
using this solvent and composition in LPE of SiC has demonstrated beneficial influence
on the structure (crystallinity and surface morphology) of the SiC epitaxial layers. The use
of the Si-Sc solvent, however, creates complications that have to be considered, owing
to the formation of scandium carbides (ScxC1−x) and possibly scandium silicides. Six
scandium carbides are known to exist [12] but no details are reported. Some information
exists only on ScC, which has a high melting point. The values of the melting points are
scattered in the literature (1800 ◦C [12], 1722 ◦C [13]) but they are in a similar range
to the growth temperature, which indicates their possible presence during LPE of SiC.
Additionally, the preparation procedure of the solvent has to be done with special attention
to avoid formation of oxides, e.g. Sc2O3 reacts with C at 1900 ◦C or aluminium oxide
in the case of using Al-Si solution. The utilization of a multi-component solvent in LPE
of SiC requires special attention since complexes of silicon, metal atoms and carbon may
be formed. Their transport may be dominating in the solution rather than the individual
components. Use of Al-Si as a solvent for SiC LPE creates possibilities to reduce the
growth temperature substantially. Temperatures below 1200 ◦C have been reported [14,
15], however, the reactivity of this solution with the crucible has to be considered. The
use of aluminium addition to silicon to yield p-n junctions has been studied with the
dipping method and container-free LPE.

The choice of solvent composition is very important since this influences the growth
rate, morphology and quality of the grown material. The requirements on the solvent are
that it should be able to dissolve carbon from the source (e.g. a graphite crucible or SiC)
efficiently, transport the constituents in the solution and provide conditions for efficient
nucleation of the growing crystal. Most solute and solvent compounds have mixed bonding
character and interaction between the solvent and solute may be strong. As an example
of the influence of solvent composition on the growth, the growth rate from various
Si-Sc solvent compositions [16] is shown in Figure 6.2. The growth rate increases with
increasing scandium content due to increasing carbon solubility in the solution.

The wetting property of the solvent is crucial to consider since, when the substrate
is brought into contact with the solvent, a low wetting angle is one of the prerequisites
for uniform growth. A solvent placed in contact with a substrate will not float out, but
remains as a drop with an angle of contact (the wetting angle) between the liquid and
the solid. The total energy of the system is minimized if the drop has the shape of a
spherical cap. The surface free energy of the substrate and the surface tension of the
solvent yield a substrate/solvent interfacial energy. The three energies are related via
a certain wetting angle. The relation is described by Young’s equation as further dis-
cussed below and schematically illustrated in Figure 6.3. Besides the direct implication
of the wetting and dissolution properties of the solvent, the interfacial and surface free
energies have a pronounced effect on the growth since they are closely related to the
nucleation rate.
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Figure 6.2 Growth rate in SiC LPE by travelling solvent method depending on SixScy solvent
composition, data taken from [16]; growth temperature 1750 ◦C
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Figure 6.3 Wetting between a liquid and a solid with surface/interfacial energies

The solvent will dissolve the substrate surface when brought into contact with it and
until reaching saturation of the solution. The impact of the solvent composition on the dis-
solution morphology, and consequently on the starting growth conditions, in the Si-Sc-C
system is shown in Figure 6.4 for the silicon face of 6H-SiC substrates [17]. Since the
melting temperature of pure scandium is 1541 ◦C, a slightly higher temperature was used
for the scandium solvent compared with the solvents containing silicon. These temper-
atures are closer to the melting one of the solvent than actual growth temperatures,
i.e. the conditions may be considered as the initial stage of dissolution. The dissolution
morphology obtained with pure silicon exhibits small circular and hexagonal features
[Figure 6.4(a)]. The features appear when the dissolution rate is low. The origin of the
circular features is subtle, however, this type of feature has been observed on dissolved
surfaces of other materials [18]. The dissolution morphology changes as scandium is
introduced into the silicon melt. For small amounts of scandium the dissolved surface
shows triangular shaped features [Figure 6.4(b)]. With increasing scandium content in the
solvent these triangular features develop into larger triangular pits. Figure 6.4(c) illustrates
the composition typically used for growth in the Si-Sc-C system at which a high growth
rate is achieved. The morphology is roughening severely when the content of scandium
is above 40 wt% and no clear dissolution patterns are observed. For pure scandium the
dissolution morphology is rough with some areas following the hexagonal symmetry of
the SiC crystal [Figure 6.4(d)]. These observations can be explained by an increased dis-
solution rate and with a dissolution mechanism having more intense (reactive) character
at higher scandium compositions.

The studies were performed by melting the solvents on SiC substrates and after the
solidification of the solutions the wetting angles of the solidified liquid droplet were
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Figure 6.4 Dissolution morphology of 6H-SiC Si-face with different solvent compositions (wt%):
(a) Si:Sc=100:0; (b) Si:Sc=85:15; (c) Si:Sc=60:40; (d) Si:Sc=0:100. Temperatures: (a)–(c)
1540 ◦C; (d) 1560 ◦C. Reproduced from [17] by permission of The Electrochemical Society, Inc.

measured both for 6H-SiC and 4H-SiC [17]. From the experimental value of the wetting
angle, the interfacial energy σint of the melt/SiC system can be estimated by using Young’s
equation:

σint = σSic − σmelt · cos θ (6.1)

where σSiC is the surface free energy of SiC, σmelt is the surface tension of the melt
and θ is the wetting angle. There are no reliable data on the surface free energy of
α-SiC. However, the (0001) faces of 6H-SiC have the same atomic configuration as (111)
faces of 3C-SiC and the stacking sequence of 6H and 3C-SiC are the same down to at
least four layers from the surface [19]. Additionally, the low energy electron diffraction
patterns for the (111) surface of 3C-SiC and the (0001) surface of 6H-SiC were found to
be essentially identical [20]. These observations suggest that the calculated data on the
surface free energy for 3C-SiC(111) [21] may be used for 6H-SiC(0001). The difference
in the calculated surface free energy for the silicon and the carbon terminated face, 1767
erg cm−2 and 718 erg cm−2, respectively, is quite large. Taking Si-Sc as an example for
the calculations, there exist published data of the surface tension of molten silicon [22],
molten scandium [12] and their temperature coefficients. The surface tension of the alloy
σSi-Sc is estimated by the relation [23]:

σSi-Sc = σSi · σSc

xSc · σSi + xSi · σSc
(6.2)
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Table 6.1 Surface tension of different SiC
solvents at 1750 ◦C

Object Surface tension
(erg cm−2)

Si 715a

Sc 1130b

Si-Sc (alloy) 800c

Si-Sc-C (solution) 740c

aChung et al. [22].
bHorowitz [12].
cSyväjärvi [17].

Table 6.2 Estimated interfacial energies at
1750 ◦C of Si and Si-Sc alloy solvent

Object Interfacial energy
(erg cm−2)

6H(0001)/Si 1160
6H(0001)/Si 180
6H(0001)/alloy 1010

aReproduced from [17] by permission of The
Electrochemical Society, Inc.

where x are the atomic fractions of the constituents in the alloy. The surface tension
for different SiC solvents at the temperature of epitaxial growth (1750 ◦C) is given in
Table 6.1. From this the interfacial energies between the melts (solvents) and 6H-SiC
are obtained (Table 6.2). Since the temperature dependence of the surface free energy of
6H-SiC is not known, a constant value is assumed. The lower interfacial energy with the
alloy suggests that it is energetically more favourable to grow with the Si-Sc solvent than
using a pure silicon solution. Further, assuming the interfacial energy between silicon melt
and 4H-SiC to be close to that between Si-melt and 6H-SiC, the experimental values of
the wetting angle on 4H-SiC [17] are used to estimate the surface free energy of 4H-SiC
(Table 6.3).

6.3 GROWTH METHODS FOR SiC LPE

The growth of SiC by LPE may be based on either deposition by slow cooling (top
seeded solution growth method) or with an applied temperature gradient (e.g. the travelling
solvent method). In the slow-cooling technique the supersaturation is provided by slowly
decreasing the temperature. If the cooling rate is slow enough, this will result in inclusion
free crystals. In this technique it is important to control the ratio of the crystallizing area
to the volume of the solution since it affects the cooling programme and temperature
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Table 6.3 Calculated surface free ener-
gies of 6H-SiC [21] and estimated surface
free energies of 4H-SiC [17]

Object Surface free energy
(erg cm−2)

6H(0001) 1767
6H(0001) 718
4H(0001) 1800
4H(0001) 750

Reproduced from [17] by permission of
The Electrochemical Society, Inc.

control [24]. The top seeded solution growth method has been applied to SiC for growth
of bulk crystals from silicon solvent [25]. In this work, the high vapour pressure of silicon,
which may limit the maximum growth temperature due to excessive losses, is reduced
by the use of a high-pressure inert atmosphere. The travelling solvent method, which has
been initially proposed for fabrication of bulk crystals with a stationary heater [26] has
been exploited in a modified version for LPE of SiC by applying a temperature gradient
across a sandwich-like structure [10].

6.3.1 Modified travelling solvent method

One principle advantage here is that the solvent is not in contact with crucible walls
and the supersaturated solution is continuously maintained at similar conditions. The
supersaturation in the travelling solvent method is given by a solute concentration gradient
in the solution from a source to a substrate. A temperature difference is established
between the SiC source crystal and the substrate at a certain distance from the source
and at a lower temperature. The solute concentration decreases from the source to the
substrate since the solubility of the components changes with temperature. Ideally, when
a steady state of solute transport is reached, the source will dissolve with the same rate
as the epilayer grows (Figure 6.5).

In the travelling solvent process applied to the Si-Sc-C system, the solution is prepared
by melting and alloying pieces from high purity silicon and scandium on the SiC source
crystal. A pre-melting is necessary owing to the exothermic reaction of the Si-Sc alloy [11]
and to form the Si-Sc solvent in order to avoid transitions in the subsequent growth.

At a given solvent composition and temperature, the growth rate depends mainly on the
temperature gradient and growth rates exceeding 300 µm h−1 have been obtained [27].
However, a time dependence of the growth rate was observed (Figure 6.6). Two growth
series for 4H and 6H-SiC using a temperature gradient of ∼30 ◦C cm−1 are illustrated.
There is no obvious difference in the growth rates for the two polytypes indicating that
the rate limiting mechanism is not related to kinetics at the substrate surface. The result
implies that stable conditions are reached during the first hour of growth; this is a similar
observation as presented by other groups [28], i.e. quasi-stationary conditions (dissolu-
tion, transport and growth) occur within the first hour of epitaxial growth. The reduction
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Figure 6.5 Principle of travelling solvent method. At a time t1 the solvent is brought in contact
with both the substrate and the source, the latter being at higher temperature. Dissolution occurs
continuously at the source while the dissolved material travels through the solution and nucleates on
the substrate (t2). As time goes by the solvent position moves since the growth rate and dissolution
rate are ideally equal
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Figure 6.6 The time dependence of the growth rate for 4H and 6H-SiC in the travelling solvent
growth process [27]. The growth rate for 4H-SiC with higher temperature gradient (∇T ) is also
shown. Growth temperature is 1750 ◦C. Reprinted from J. Crystal Growth, Vol. 197, M. Syväjärvi
et al., 147–154, Copyright (1999), with permission from Elsevier

in the growth rate is believed to be due to formation of structural complexes in the sol-
vent during growth. This is supported by the different activation energies obtained after
different growth times (Figure 6.7). From the Arrhenius plot of the growth rate apparent
activation energies of the growth processes are calculated to be 24 and 75 kcal mol−1 after
5 and 60 min of growth, respectively.

Among the main processes (dissolution, diffusion and nucleation) diffusion is typically
the slowest one and is therefore growth rate controlling. Actually, it has been observed
that a convection transport mechanism may be present as well [29]. Nevertheless, the acti-
vation energy value for 5 min growth (24 kcal mol−1) is higher than typically reported for
liquid diffusion [30]. However, a difference may be expected owing to the complicity of
the Si-Sc-C system. The activation energy for 60 min growth is rather high (75 kcal mol−1)
and supports the hypothesis of formation of large structural complexes in the liquid zone
at longer process duration. The phase diagram of the Sc-C system [13] shows that for
small amounts of C, solid ScxC1−x is likely to form at the growth temperatures used. A
formation of ScySi1−y complexes is also possible when using the Si-Sc-C system [11].
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Figure 6.7 Temperature dependence of 4H-SiC growth rate after 5 (x) and 60min (o) growth [27].
Temperature gradient ∼30 ◦ cm−1. Reprinted from J. Crystal Growth, Vol. 197, M. Syväjärvi et al.,
147–154, Copyright (1999), with permission from Elsevier

A raise in temperature leads to breakdown of the complexes and subsequent stronger
temperature dependence of the growth process.

The growth rate is also dependent on the solvent zone thickness (Figure 6.8). In the
case of small zone thickness (below ∼40 µm), the growth process is kinetically lim-
ited [16] and the growth rate depends on the zone thickness. With thick liquid zones the
growth rate is controlled by diffusion. In practice, the solvent zone must be thick enough
to provide a stable growth front at the solid–liquid interface. If the zone is too thin the
morphology of the grown layers will be disturbed (Figure 6.9) whereas if the zone thick-
ness is sufficient to provide a stable growth interface the morphology is improved. The
convective flows in the solution serve also to improve the mixing of the components in
the solution. In the case of reduced convection by a decreased solvent zone thickness, an
inhomogeneous solution could be formed which provides conditions for unstable growth
behaviour. Additionally, when a low surface tension component (in this case silicon) is
mixed with another component with a higher surface tension (scandium), the component
with the lower surface tension may concentrate on the surface and the surface tension is
decreased from the ideal mixture of the components [31].

1

10

100

0 40 80 120 160

G
ro

w
th

 r
at

e 
(µ

m
 h

−1
)

Zone thickness (µm)

Figure 6.8 Growth rate in the sandwich configuration for SiC LPE depending on solvent zone
thickness, data taken from [16]; growth temperature 1750 ◦C
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Figure 6.9 Disturbed step-flow growth front due to a thin melt zone thickness

The layer morphology of 4H-SiC after 5 min of growth with a temperature gradient
of ∼50 ◦C cm−1 is shown in Figure 6.10. For the off-oriented substrates both spiral
and dendrite-like growth occur on the same layer while widespread step-flow growth
is expected. As seen in Figure 6.10(a) growth steps are present as well but perturbed
to a large extent. Close to the spiral [Figure 6.10(b)] two circular depressions are seen
which are believed to be caused by silicon inclusions and are probably formed during
the rapid cooling process when growth is terminated. The spiral mechanism is favoured
when the supersaturation is below a certain ‘critical’ supersaturation [32]. Above this
transition point the growth is two-dimensional. At even higher supersaturations there
exists a second transitional supersaturation above which unstable growth occurs. This
corresponds to dendrite-like growth showing that large deviations from equilibrium have
existed and indicating constitutional super-cooling. Since spiral and dendrite-like growth
occur at the same time, it can be presumed that the solute distribution is not uniform at the
initial growth stage using a temperature gradient as high as ∼50 ◦C cm−1. Additionally,
in this case the temperature ramp to the growth temperature was very steep which may
create a very high supersaturation at the initial growth stage, i.e. providing conditions for
unstable growth. It has also been reported that dendrite-like growth may occur at high
growth temperatures at which intense evaporation of the solvent occurs [28,33]. Using
the same temperature gradient but with a larger misorientation of the substrate surface,
step-flow growth is present from the initial stage [Figure 6.10(c)]. When the temperature
gradient is smaller (∼30 ◦C cm−1), steps are present after 5 min of growth from the initial
growth stage independently of substrate misorientation. This shows that, since the solute
is not rejected at the growth front (no appearance of growth disturbances), it is possible to
use a higher supersaturation by increasing the off-orientation of the substrate or decrease
the temperature gradient to achieve a stable growth front.

The sandwich geometry with a temperature gradient provides not only high epitaxial
growth rates, but also conditions to study growth kinetics and some physical charac-
teristics of the material system employed. For example, the diffusion coefficient, D of
the crystallizing species being transported through the liquid zone, can be determined by
using the formula:

Vc = D

CS
c − Cc

dC

dT
G (6.3)

where Vc is the experimentally determined growth rate, dC/dT is the slope of the liquidus
curve, CS

c is the concentration of the crystallizing substance in the solid phase, Cc is the
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Figure 6.10 Morphology of 4H-SiC grown at 1750 ◦C and a temperature gradient of ∼50 ◦C
cm−1 for 5 min on Si-face substrates: (a) dendritic and perturbed steps on 3.5 ◦ off-oriented sub-
strate; (b) spirals on same substrate as in (a); (c) steps on 8 ◦ off-oriented substrate. Reprinted from
J. Crystal Growth, Vol. 197, M. Syväjärvi et al., 147–154, Copyright (1999), with permission from
Elsevier

same but in the liquid phase, and G is the temperature gradient in the liquid zone. All
listed characteristics are either available from the experiment or can be calculated. An
example is presented by Yakimova and Yanchev [34] for the Si-Sc-C system, yielding
D = 6 × 10−4 cm2 s−1. This value falls well within the range of diffusion coefficients in
molten metals.
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6.3.2 Dipping method

In many early studies of SiC LPE, the solvent was put in contact with the crucible material.
This causes difficulties by the interaction of the silicon based solution and the crucible
material, especially at the cooling stage as the solidification of the solution may easily
cause an increased surface roughness and cracking of the material. This was avoided by a
dipping technique through attachment of a substrate to a graphite holder, which then could
be introduced to the melt and removed prior to cooling of the liquid [35]. The schematic
arrangement is shown in Figure 6.11. The graphite crucible was heated inductively, and
sealed with a graphite lid to reduce evaporation of silicon. This way the silicon as well
as crucible could be used several times. Light emitting diodes using the technique have
been produced [36, 37] and it was shown that the light efficiency was improved in LPE
grown layers compared with those grown using vapour phase epitaxy [37].

6.3.3 Container free LPE

A version of a container free LPE method to avoid solidification of the solution in contact
with the substrate using a liquid metal suspended in a high-frequency electromagnetic field
has been developed by Dmitriev and co-workers [38, 39] (see Figure 6.12). In the liquid
state, silicon is a metal and radiation heating is applied to heat solid silicon to ∼1000 ◦C
to yield metallic conductivity. In the container free LPE technique the surface of the
liquid is only in contact with SiC and the reaction chamber, which is filled with an
inert gas. The melting temperature is determined by the composition and the volume of

Graphite
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Quartz

RF coil

Radiation
shield

Substrate

Silicon
melt

Cooling
water
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Figure 6.11 Schematic illustration of the growth arrangement for the dipping technique. After
Suzuki et al. [35]. Reproduced from [35] by permission of the American Institute of Physics
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Figure 6.12 Schematic of the container free LPE. 1, Silicon; 2, 3, SiC crystals; 4, inductor to
produce electromagnetic field [39]. Reprinted from J. Crystal Growth, Vol. 343, Dmitriev and
Cherenkov, 343, Copyright (1993), with permission from Elsevier

the solvent, as well as the gas pressure. The mixing of the solvent is obtained through
the electromagnetic field. Growth may be applied under isothermal conditions, a cooling
process or under an applied temperature gradient. In these cases, silicon is initially melted
by radiation heating to reach a metallic state and further temperature control is given by
the electromagnetic field. After reaching the molten state of silicon, the SiC substrate is
brought into contact with the liquid phase. A SiC source crystal placed below the silicon
acts as the carbon source in the case when the substrate is brought into contact with the
top of the silicon liquid or the silicon can be placed on the SiC substrate, i.e. with the
substrate being below the silicon. In the nonisothermal conditions, the silicon melt may
be saturated by dissolution of the SiC substrate (and SiC source if used) and the SiC
epitaxial layers are grown by cooling the solution. The temperature of the liquid silicon
is lower at the top of the liquid than in the bottom part where the source is placed. In
this case there will be a temperature gradient under which epitaxial growth takes place
when the substrate is brought into contact with the carbon saturated silicon by the SiC
source. The growth rate may be controlled by varying the surface area of the source with
respect to that of the substrate. The growth rate may be varied two orders of magnitude
up to 120 µm h−1. Doping is achieved by introducing aluminium to the melt for p-type
doping or by filling the reaction chamber with nitrogen gas for n-type conductivity of the
epitaxial layers.

6.3.4 Vapour–liquid–solid mechanism

The vapour–liquid–solid (VLS) method [40] has recently been re-examined to produce
one-dimensional structures (whiskers) for nanophysics technology or other applications.
The VLS mechanism has been also developed for growth of SiC epitaxial layers. Some of
the basic mechanisms involved in the VLS method are similar to LPE. In the case of LPE,
carbon is supplied by the graphite container, a solid SiC source in direct contact with
the solution or initial dissolution of the substrate while in the VLS method the carbon is
provided through the reaction of a carbon containing gas phase with a free silicon surface.
The use of a liquid wetting layer on a substrate with crucibles which are not made of
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graphite while applying the carbon containing gas, demonstrates the occurrence of VLS
growth of SiC. The difference to ‘conventional’ LPE growth conditions is that VLS growth
may be performed even at a negative temperature gradient, i.e. the temperature is higher
at the substrate than in the liquid or the top of the solution, and the requirements on the
temperature gradient are not as strict. The carbon containing gas is cracked above the free
liquid surface (vapour–liquid interface). (Figure 6.3 illustrates the technique assuming
a carbon gas support in the vapour phase.) Then the dissolved carbon will migrate to
the substrate driven by the carbon activity gradient between the top of the liquid and
the bottom of the liquid (at the liquid–solid interface). Studies using propane as carbon
supply for SiC VLS growth with Al-Si liquid demonstrates that the growth rate has a
linear dependence on the propane flux [41]. In contrast, linearity is not observed in silicon
enriched chemical vapour deposition (CVD), which shows the possibility of VLS growth
at lower temperatures than in normal SiC CVD growth conditions [42]. At high propane
flux a SiC crust on the droplet is formed and blocks further growth [43]. Depending on
the technological implementation [44], the liquid may be removed by suction and the
appearance of macroscopical steps on the surfaces becomes less pronounced. One of the
main issues in this method is to have a uniform silicon based layer on the SiC seed.
The use of too thin layers, e.g. to decrease the diffusion length within the silicon solvent
to increase the growth rate, may result in the substrate partially lacking coverage of the
solution and thus nonuniform growth occurs. This wetting layer is a parameter in relation
to either growth of whiskers [45, 46] or epitaxial layers [16, 43]. The VLS mechanism
is more pronounced at the edge of the silicon wetting layer and may increase the growth
rate at the edge while the polytype of the substrate may not be replicated [47]. Similar to
LPE, the growth rate becomes low using pure silicon due to the low solubility of carbon
in silicon. To promote the carbon solubility and reduce the growth temperature, various
alloys based on silicon may be used. The silicon based alloys extensively studied for SiC
VLS growth are Al, Fe, Ni and Co [48]. The composition of the solution is a crucial
parameter utilizing metallic elements, which dissolve a high concentration of carbon. A
solvent with an excess of metal atoms in comparison with the silicon content provides a
pronounced dissolution of the substrate. Conditions favourable for growth are reached by
increasing the silicon content. SiC whiskers easily form at the cooling stage and suction
of the liquid prior to cooling is crucial to avoid formation of the SiC whiskers when
epitaxial layers are targeted.

6.4 CHARACTERISTIC FEATURES OF SiC LPE

6.4.1 Step-bunching

Both in LPE and the VLS method the surfaces may contain macroscopic step-bunching
using off-oriented SiC substrates [47, 49]. Causes of macroscopic step-bunching are
misoriented surfaces at high supersaturation, impurities, or local fluctuations of the super-
saturation. Step-bunching in SiC epitaxy has been studied earlier for vapour phase epi-
taxy [50]. However, in LPE and VLS growth of SiC on off-oriented substrates the
step-bunching is more pronounced and it has been frequently observed that macrosteps
have surfaces with a deviation from the off-orientation (Figure 6.13).

Similar splicing features have been observed in vapour phase growth of SiC, however,
those features are not as pronounced as in LPE of SiC. Lateral growth in <1100> and
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50 µm

Figure 6.13 Illustration of step-bunching in SiC LPE with facets deviating from the step-direction.
Reprinted from J. Crystal Growth, Vol. 236, M. Syväjärvi et al., 297, Copyright (2002), with
permission from Elsevier

<1120> directions may be denoted as step growth and kink growth [51], respectively. It
was shown that the lateral velocity of steps (vstep) and kinks (vkink) are different both in the
case of CVD [51] and LPE [52]. The anisotropy of the lateral growth rate depends on the
incorporation probabilities at the step {1100} and the kink {1120} site [51]. Disregarding
the influence of the surface by temperature, the kink site has a higher density of sites where
arriving atoms on the surface preferably attach. However, by increasing the temperature
the density of atomic steps (kinks) at the step site will increase. Thus the probability of
attachment of arriving atoms will increase, and as a consequence the lateral growth rate
in this direction will increase, i.e. the vstep/vkink ratio will increase. There is experimental
evidence that at temperatures below 1600 ◦C the lateral growth rate is higher in a <1120>

direction than in a <1100> direction [51, 52]. However, extrapolation of the data to higher
temperatures [53] as applied for LPE gives that the lateral growth rate should be higher
in a <1100> direction than in a <1120> direction (assuming a linear dependence) above
a certain temperature. The anisotropic step-bunching effect becomes pronounced in LPE
layers when the thickness reaches a few micrometres. For these layers, step heights up to
∼1µm are commonly observed. The apex of the step caused by anisotropic step-bunching
points in the <1120> direction and <1100> facets are well resolved (Figure 6.13).

One question which arises is why the surfaces are rougher and the steps are more
irregular on layers grown by LPE than in those grown by vapour phase epitaxy through
sublimation at equal growth temperatures [53]. The surfaces are far smoother on the sub-
limation grown layers even though the layers are thicker. The interface roughness, its
anisotropy and dependence on growth parameters are crucial issues in crystal growth. A
description of the interface roughness depending on growth parameters and in different
growth systems is not very straightforward. The interface roughness is sometimes eval-
uated using the generalized α-factor, which can be viewed as a material constant [54].
One important difference is that in the solution growth there is a strong solid–fluid inter-
action whereas the interaction is absent in the pure vapour phase growth. The general
expectation for the same material is that αsolution < αvapour, which is interpreted as the
interface will be rougher in liquid phase growth and smoother in vapour phase growth as
discussed in more detail in Sunagawa [54]. Due to this, larger steps with more irregular
shape and pronounced anisotropic behaviour would be allowed to occur in liquid phase
growth compared with vapour phase growth of SiC. The surface of a growing crystal is
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bounded by interfaces with different roughness and the smoothest interface will eventu-
ally remain as the morphologically stable face [54]. For SiC, the morphologically stable
surfaces of a macrostep will be {0001} and {110x}. It was reported that for 6H-SiC {1104}
is a low-index surface [55] and such facets have also been observed in 6H- and 4H-SiC
epitaxial layers grown under reduced gravity conditions [56].

The occurrence of anisotropic step-bunching seems to be dependent on the difference
between the temperature dependent lateral growth rates in the <1100> and <1120>

directions in connection with the preferred formation of low-index {110x} facets for
minimization of the total surface free energy of the macrostep [53]. In the mechanism
for preferred low-index surfaces, the interface roughness will be important for developing
the facets. Either this appears as a splicing as observed in vapour phase epitaxy or well
developed facets in LPE [53].

6.4.2 Micropipe filling

A common defect in SiC substrates is the micropipe, generally viewed as a microchannel,
which runs through the SiC crystal along the c-axis. Micropipes penetrate into device
structures and cause device failure [57]. It was first observed in LPE that micropipes
from the substrate are possible to close in the epitaxial layer [49]. In Figure 6.14 two
micropipes emerging from the substrate are not observed on the surface of the epi-
layer grown by LPE [49] whereas they are observed using transmission microscopy with
focus inside the substrate. Instead a spiral has appeared on the as-grown epilayer. This
observation inspired other research groups studying LPE of SiC to focus on the phe-
nomenon [28, 58]. The results of micropipes filling during LPE have been unambiguously
confirmed [3].

LPE is a technique which provides growth conditions close to thermodynamic equilib-
rium and the driving force needed to achieve growth is small, i.e. the epitaxial layers grow
at a low supersaturation. In sublimation growth to produce SiC substrates the supersatu-
ration is much higher and temperature fluctuations may easily result in a local deviation
from optimal growth conditions and micropipe formation. This is not expected in the
LPE growth. From the experimental observations it follows that during LPE favourable
conditions exist to break micropipes, which are commonly believed to be hollow dis-
location cores [1]. One possible model for micropipe closing is based on the following
findings: (i) the interfacial energy between the crystal (micropipe wall) and the liquid
feeding phase is low, so that growth can occur even if the driving force for crystallization
is low; (ii) micropipes contain screw dislocations and the wall surface is stepped [59].
Finally, growth hillocks and spirals are observed at the locations of former micropipes.
Thus it appears to be energetically easy to start growth inside a micropipe during LPE and
this results in a stable micropipe healing. The growth mechanism resembles nucleation
in a confined space. Due to the capillary effect the solvent penetrates into micropipe
channels and depending on the surface tension stops up to a certain level [3]. The
solution in contact with the crystal becomes supersaturated and the growth starts at
the most favourable nucleation sites, e.g. steps provided by dislocations. What makes
micropipe walls unstable so that a new surface can grow is probably meltback due to
contact with solvent, which changes the surface activity. The model is illustrated in
Figure 6.15.
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20 µm

20 µm

Figure 6.14 Optical micrographs taken from a 6H-SiC LPE layer with filled micropipes: (a) in
reflected light and focused on the surface; (b) transmission light focused below the layer surface.
Reproduced from [3] by permission of Trans Tech

6.5 LPE OF SiC UNDER REDUCED GRAVITY

The layers grown by the travelling solvent method often have nonuniform thickness while
an advantage is that the impurity distribution in the grown material is very homogenous.
Buoyancy-driven convection is attributed as the cause for the nonuniform thickness. This
convection is made up of unintentional flows in the liquid solution due to the forces (e.g.
gravity) acting on the particles in the solution when the temperature gradient is applied.
The convection is characterized by the Rayleigh number:

Ra = αg∇T d4

νκ
(6.4)

where α is the solvent thermal expansion coefficient, g is acceleration due to gravity, d

is a characteristic dimension of the fluid, ∇T is the temperature gradient, ν is kinematic
viscosity and κ is thermal diffusivity. As the Rayleigh number increases the convective
flows within the solution increase. The effect of buoyancy-driven convection is expected
in a vertical geometry with an applied temperature gradient, but is commonly neglected
if the distance between the source and the substrate is small, as in the travelling solvent
method. This, however, is not always the case as demonstrated by the results published
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T2

T1 > T2

T1

(a)

(b)

(c)

Figure 6.15 Illustration of the model for micropipe closing in SiC LPE. The structure is a
schematic of the travelling solvent method with the substrate on top and the solvent below: (a) initial
conditions for LPE with the solvent penetrating into the microchannel; (b) nucleation on the sub-
strate and inside the channel at the stepped surface of the micropipe; (c) continuous nucleation and
formation of a spiral on the epilayer

by Yakimova and co-workers [29]. The presence of convective flows serves to reduce the
stagnant boundary layer at the solid surface through which the solute has to diffuse.

Growth from a solution may give rise to impurity micro-segregation and growth insta-
bilities due to the gravitation-induced convection, resulting in an alteration of the point
defect density. In this respect, LPE growth under microgravity enables the elimination
of one growth parameter, which is not possible to control under normal conditions. An
LPE experiment of SiC was launched with the European microgravity rocket MASER
7 at Esrange in May 1996. The total time of microgravity was about 6–7 min and the
residual acceleration after burnout stage was less than 10−4g. The SiC growth furnace
was developed by the Swedish Space Corporation and was capable of processing sam-
ples at high temperature (1800 ◦C) in a high-purity growth ambient (10−6 mbar). This
together with the fast heating/cooling rates makes the furnace construction unique [60].
The use of Si-Sc solvent allowed high growth rate (>150µm h−1) and thus made possible
a successful experiment with a short duration of microgravity time. Two identical sets
of samples were prepared for growth in microgravity and on-ground, respectively. Four
samples were processed simultaneously in microgravity and immediately after the flight
the four reference samples were grown.

All samples have a single polytype structure identical to the substrate polytype [29].
The results from the samples grown under microgravity indicate a lower defect density
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in comparison with samples grown on-ground. The thickness of the layers grown in
microgravity and on-ground differs considerably. The average growth rates therefore are
150 µm h−1 for the microgravity samples and 225µm h−1 for the on-ground samples.
The explanation for the different growth rates may be found in the influence of the
gravitation-induced convection, e.g. described by the Rayleigh number, and the effect
is rather pronounced when growth is performed in a solution with an applied vertical
temperature gradient [61]. In this case the convective mass transfer can prevail over the
diffusive one and thus increase the growth rate. Under microgravity the growth process
is predominantly diffusion limited and the growth rate becomes smaller. To date, because
the liquid zone thickness is quite small, probably approximately 0.3 mm, the convection
effect has been neglected in this type of growth configuration. It seems, however, that in
the travelling solvent system the difference in the specific gravity of the solute, C, and
the other species in the solution (Si, Sc and complexes) play an essential role [62].

The impurity incorporation in the layers showed an impact in relation to scandium,
which was a component of the solvent. It was found that scandium reaches its solubility
limit in on-ground grown material (2 × 1017 cm−3) and falls down to 5 × 1015 cm−3 in the
microgravity grown material [29]. The difference in the scandium doping can be under-
stood as a consequence of the convection effect. In particular, at the growth temperature
the diffusion rate (Vd) of the main components (Si and C), as well as of Sc, in the epitaxial
layers is low compared with the growth rate (Vg). This implies that the composition of
the growing layer will depend on surface growth kinetics and growth rate, which are a
function of the solvent (Si-Sc) convection flow delivering solute species to the growing
surface. Since scandium has a distribution coefficient less than unity it will be rejected
from the growing surface and the liquid will become scandium rich with time. If the
growth rate is high compared with Vd, scandium atoms adsorbed at the crystal surface
will easily be captured by the growing surface, thus resulting in a higher real distribution
coefficient [63]. This real distribution coefficient, K , obeys the following dependence:

K = K0 + (Ks − K0) exp(−Vd/Vg) (6.5)

where K0 is the equilibrium distribution coefficient of scandium and Ks is the concen-
tration ratio of adsorbed scandium atoms on the layer surface and scandium atoms in
the adjacent liquid. Thus, convection during LPE may change the surface growth kinet-
ics and the growth rate and by this cause micro-inhomogeneities in the epitaxial layer
composition.

6.6 APPLICATIONS

Some examples of SiC based device applications by LPE are given briefly. More than 30
years ago it was demonstrated that high doping may be obtained through LPE of SiC and
blue-emitting light emitting diodes may be produced [35–37, 64]. Contact resistivity of
ohmic contacts to p-type SiC is currently a limitation for SiC based power and microwave
power bipolar devices. A substantial decrease of the specific contact resistance with Al-Ti
contacts was obtained with high aluminium p+ doping through LPE using a Al-Si solution
for p-type contact layers on SiC pn structures [65]. The specific contact resistance of the
ohmic contact structures was 10−4 ohm cm2 while with an additional p+ contact layer
grown by LPE it was one order of magnitude less.
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The efficient micropipe healing in SiC substrates by LPE has the advantage that device
characteristics may be significantly improved using buffer layers grown by LPE prior to
epitaxy of the device structure. This is of particular importance in Schottky diodes where
micropipes in the substrate have been shown to cause premature breakdown [57]. In a
study particularly aimed at other defects than micropipes in device structures using reduced
micropipe density by LPE, there was no significant difference in breakdown voltage [66].
The problem of surface roughening with the layer thickness may be resolved by growing a
thin LPE layer to close micopipes and then an active layer grown by vapour phase epitaxy.
As the surface roughness of LPE layers increases with increasing layer thickness, it was
shown that when the LPE layer thickness is less than 1 µm, the stress and strain in the
subsequently grown device layer is low [67]. Thus the structural quality and morphology
may be improved with subsequent vapour phase epitaxy on LPE buffer layers [68].

The long-term stability in pn-diodes is greater in structures grown by LPE in compari-
son with CVD grown material regarding the degradation in forward voltage drop [69]. An
increased forward voltage drop with time has been interpreted as formation of recombi-
nation-enhancing stacking faults.
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7.1 INTRODUCTION

Gallium nitride (GaN) and its solid solutions with aluminum nitride (AlN) and indium
nitride (InN) have a large bandgap, strong inter-atomic bonds, and very high thermal
conductivities. Therefore these nitrides are of great interest for numerous applications, for
example for the development of high-brightness light emitting diodes (LEDs) and laser
diodes (LDs) for the wavelength range between 200 nm and 640 nm corresponding to the
direct energy gaps between 6.2 eV for (AlN) and 1.9 eV for InN. The blue-, green- and
UV-emitting diodes in combination with phosphors for white LEDs have become commer-
cially available. The latter eventually are expected to replace conventional illumination
of incandescent and fluorescent lamps (Craford, 1992) and thus will allow enormous
energy savings. Backlights for liquid crystal displays and for flashlamps for cellular phone
cameras are developed. Extremely bright LEDs and LDs with the wavelength range of
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400–410 nm are expected to be applied for next-generation high-density digital versatile
discs (DVDs) and for high-resolution printing. Another application of UV-emitting LEDs
based on GaAlN is the replacement of mercury lamps to disinfect water by portable
systems, and for several other applications like curing materials such as adhesives, and
for medical skin treatments. Besides optoelectronic applications of GaN and its alloys
there are also microelectronic and high-temperature power-electronic applications where
the nitrides will become important. Reviews on nitride-based semiconductors for blue
and green LEDs including their historical development have been given by Davis (Davis,
1991), Morkoc et al. (Morkoc et al. 1994), and Ponce and Bour (Ponce and Bour, 1997).

GaN was first synthesized in 1932 by Johnson et al. (Johnson et al., 1932) by the
direct reaction between gallium and ammonia. The photoluminescence in the UV region
reported by Lorenz and Binkowski (Lorenz and Binkowski, 1962) and the direct bandgap
of 3.39 eV measured by Maruska and Tietjen (Maruska and Tietjen, 1969) on single-
crystalline films, grown by hydrogen vapor phase epitaxy (HVPE), attracted many labo-
ratories interested in LEDs in the short wavelength range. Pankove et al. reported GaN
electroluminescent diodes (Pankove et al., 1971), GaN layers grown by metal-organic
chemical vapor deposition (MOCVD) were reported by Manasevit et al. (Manasevit et al.,
1971) and stimulated UV emission at 2 K by Dingle et al. (Dingle et al., 1971). These
studies initiated a broad interest in nitrides in the early 1970s. However, the structural
perfection of the GaN layers for applications had to await the A�N buffer layers first
developed by Yoshida et al. (Yoshida et al., 1983) and the p-type doping by Amano et al.
(Amano et al., 1989) and Nakamura et al. (Nakamura et al., 1992). These achievements
allowed the p-n junction GaN LED to be developed in the laboratory of Amano et al.
(Amano et al., 1989) and the development of commercial blue, blue-green and UV GaN-
based LEDs by Nakamura et al. (Nakamura et al., 1994a, b, 1995).

In all GaN layers grown by metal-organic vapor phase epitaxy (MOVPE) and molec-
ular beam epitaxy (MBE) the observed dislocation densities have been 108 –1011 cm−2,
and a reduction by up to four orders of magnitude could be achieved by epitaxial lateral
overgrowth (ELO). Here the grown layers are covered by amorphous layers into which
windows are etched through which successive epitaxial growth can be achieved and a
large fraction of dislocations blocked. However, successive growth by vapor phase epi-
taxy (VPE) will again lead to a high density of growth islands which by coalescence
cause new dislocations in addition to the dislocations which have propagated through the
ELO window.

Despite the very high dislocation densities of 109 –1010 cm−2 of the VPE- and MOCVD-
grown layers grown mostly on A�N or GaN buffer layers on sapphire substrates (Lester
et al., 1995), very high brightnesses of up to 10 cd and long lifetimes exceeding 50 000 h
could be achieved for the blue and green LEDs.

The role of dislocations in GaAs and its solid solutions for microelectronic and for
optoelectronic devices has been clearly established. For example, Booyens et al. (Booyens
et al, 1978) and Miyazawa et al. (Miyazawa et al., 1986) have shown the variation of
electrical conductivity and of threshold voltage of transistors, respectively, as a function
of the distance from the dislocation core, and Lester et al. (Lester et al., 1995) reviewed
the efficiency of GaAs- and GaP-based LEDs as a function of the dislocation density as
measured by etch-pit density, (Figure 7.1).

The dislocations originate from the substrate, and further dislocations are formed by the
coalescence of nucleated islands due to the very high supersaturation in VPE. In addition,
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Figure 7.1 Efficiency of GaAs and GaP LEDs as a function of dislocation density. Reprinted
from Appl. Phys. Lett., 66, S.D. Lester, F.A. Ponce, M.G. Craford and D.A. Steigerwald, High
dislocation densities in high efficiency GaN-based light-emitting diodes, 1249, Copyright (1995),
with permission from American Institute of Physics

misfit dislocations are formed as a function of misfit at the growth temperature and of
the thermal expansion difference between substrate and layer in heteroepitaxy (Jesser
and Matthews, 1967; Basson and Ball, 1978; Matthews, 1979). Owing to the spatial
variation of the electrical conductivity in the vicinity of the dislocation, a corresponding
variation of the temperature will arise there due to Joule heating when an electrical
field is applied (Basson and Ball, 1978). Since the diffusion constant is an exponential
function of temperature, the temperature variation (and the stress field) in the vicinity
of the dislocation results in enhanced diffusion of point defects towards the dislocation
provided that there is a concentration gradient of point defects near the dislocation line.

It is increasingly accepted that dislocations also play a role in performance and lifetimes
of III-nitride-based devices although their detrimental effect is not as pronounced as in
the GaA�InAsP systems. Especially the crucial role of dislocations and other structural
defects was recognized when GaN-based injection lasers were developed, in addition to
the other factors like cleavage problems required for the cavities, the so far too resistive
contacts, and to the required flatness of the interfaces and p-n junctions. It is hoped that
with improved layer and interface perfection the threshold current density for nitride lasers
can be reduced along with a reduction of the related device heating, so that lifetime and
beam performance can be improved. Also, here liquid phase epitaxy (LPE) will become
important to prepare low-dislocation density substrates and low-pipe defect base nitride
layers as discussed in the following sections.

Other expected important applications of GaN, A�N, InN and their alloys are high-
frequency devices and high-power devices operating at high temperatures as can be
recognized from Table 7.1.

In the lower part of the table are shown the ratios of the figures of merit of high-
temperature materials to silicon for computer logic applications of Keyes (Keyes, 1972)
and for discrete devices for high-frequency high-power applications of Johnson (John-
son, 1965; after Davis, 1992). These aspects explain the great interest in III-nitrides for
devices for gigahertz logic, microwave communications, high-temperature microproces-
sors and radiation-hard applications. It is expected that in nitride technology there will
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Table 7.1 High-temperature semiconductor materials

Si/SOI GaAs SiC III-N Diamond

Bandgap (eV) 1.1 1.3 2.9 1.9–6.4 5.5
Tmax signal devices ( ◦C) 300 300 >600 >550 ?
Tmax power devices ( ◦C) 250 250 >600 >550 ?
Processing maturity Medium Medium Low Low None
Key issues Electromigration Ohmics, Substrates, Substrates, Substrates,

electromigration ohmics ohmics dopants
Development costs Low Medium High High Very high
Commercially available Yes Yes Yes 2007 ?
Johnson (Power Devices) 1.0 7 694 282 8206
Keyes (Computer Logic) 1.0 0.5 5 2 32

be less development hurdles (substrates, layer growth, doping, contacts, etc.) than with
SiC and with diamond although the SiC technology is presently more advanced. Also,
for the above-mentioned electronic applications of nitrides, the high structural perfection
of nitride substrates and base layers, and thus LPE, will be essential.

The main emphasis so far has been on the hexagonal wurtzite α-modification of GaN
(and A�N, InN) whereas the metastable cubic β-GaN phase with zinc blende structure
has not received much attention. In analogy with the III-V arsenide and phosphide com-
pounds one would expect a number of advantages of cubic GaN, A�N and InN (Nagahara
et al., 1994): reduced doping problems (Lei et al., 1992), cleavage for laser cavities, inte-
grated structures of nitride devices with Si and GaAs technology (Lei et al., 1992; As
et al., 1996), piezoelectricity and a larger bandgap compared with the wurtzite-type GaN
extending light emission to shorter wavelengths. Therefore, in addition to improvement
of the light emission (Godlewski et al., 1998; Yang et al., 2000) and electronic appli-
cations mentioned above for α-GaN, one would expect micro-electromechanical system
(MEMS) technology, with many types of microfabricated devices like pressure sensors
and microsensors, accelerometers with applications at high temperature and extreme con-
ditions, to profit from the unique properties of GaN and the other III-nitrides.

From this discussion one could list the crystal growth problems as:

• development of large-diameter high-quality substrates with minimum differences of
lattice constants and thermal expansion coefficients, of cubic and hexagonal GaN, A�N
and InN;

• overgrowth of vapor-grown substrates by LPE to minimize the defect density;

• development of LPE to prepare the quasi defect-free base layers of cubic and hexagonal
III-nitrides with excellent surface flatness;

• development of nitride multilayer structures by LPE with flat interfaces and p-n junc-
tions;

• development of solid-solution substrates of GaA�N and of the allowed range of GaInN
compositions followed by LPE overgrowth to improve perfection and surface flatness.

In the following the theoretical and technological requirements for LPE of nitrides will
be described with emphasis on GaN.
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7.2 CONTROL OF EPITAXIAL GROWTH MODES

The majority of GaN layers and multilayer structures have been prepared by VPE,
by MOCVD or MOVPE, by MBE using metal-organic precursors and reactive nitro-
gen sources (ammonia or hydrazine compounds) or nitrogen with plasma or electron
cyclotron resonance (ECR) to activate the relatively stable nitrogen molecules to form
activated nitrogen species, or by reactive magnetron sputtering (Ross and Rubin, 1991).
The thermodynamic and kinetic processes involved in these VPE-prepared GaN layers
and especially the role of activated nitrogen have been described by Newman (Newman,
1996). Investigation of the surface morphology of MBE-grown GaN layers by Fujii et al.
(Fujii et al., 1997) reveals island formation by Volmer–Weber growth mode and oriented
grains (columnar growth) at low growth temperatures (500–730 ◦C). At the higher growth
temperature of 1030 ◦C the MOVPE-grown GaN layers show the Stranski–Krastanov
growth mode and step flow growth mode in the flat areas in agreement with the con-
cepts discussed in Chapter 1. Fujii et al. (Fujii et al., 1997) also investigated the effect
of strain and of substrate misorientation on the surface morphology. In general, the dis-
tances y0 between successive growth steps are below 100 nm unless very high growth
temperatures above 1000 ◦C are employed. Rohrer et al. (Rohrer et al., 1996) reported
interstep distances between 50 nm and 150 nm for GaN MOVPE-grown at 1040 ◦C, and
on the surfaces grown by Ilegems (Ilegems, 1972) by hydride/chloride VPE the steps
could be recognized by interference contrast microscopy and thus are about 1µm apart.
These large interstep distances can be explained by the supersaturation ratio α = P/Pe,
which is lowered by high growth temperatures and thus increases the interstep distance,
as discussed in Chapter 1. (Here P is the actual pressure and Pe the equilibrium pressure
at the growth temperature.)

The comparison of supersaturation in VPE and in LPE can be achieved according to
Stringfellow (Stringfellow, 1991) by the difference of the thermodynamic driving force
by means of the Gibbs free energy differences between the precursors/reactants (or the
mobile phases) before growth and the crystalline product after growth. For GaN this
comparison between MOVPE/MBE and LPE is shown in Figure 7.2. In LPE the effective
supersaturation can be adjusted by the undercooling to very small values (a few cal mol−1),
to exact equilibrium, or to a negative value leading to etching.

The driving force for VPE of course depends on the kind of process and precursors,
and also on the growth temperature as shown above.

The adjustable low supersaturation in LPE allows control of the growth mode under the
condition that homoepitaxy is used, or that in heteroepitaxy the substrate has at the growth
temperature a very small misfit with the layer to be grown (Scheel, 2003). This misfit
should typically be smaller than 0.5 %, otherwise a higher supersaturation is required to
initiate epitaxial growth. This increased supersaturation then may lead to step bunching,
growth instability, and even to spontaneous formation of three-dimensional nuclei. The
substrate requirements will be discussed further below.

By the near-equilibrium growth in LPE the layer-by-layer growth mode named after
Frank and Van der Merwe can be achieved, i.e. layers (steps) propagate over macroscopic
distances, and typically observed interstep distances in LPE of GaAs are of the order of
several micrometers. This was shown by Scheel (Scheel, 1980) and Scheel et al. (Scheel
et al., 1982) in the first scanning tunnel microscopy (STM) investigation of GaAs epitax-
ial layers. The essential difference between LPE and VPE is that island formation by the
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Figure 7.2 Thermodynamic force comparison for MOVPE/MBE versus LPE

Volmer–Weber or the Stranski–Krastanov mode can be suppressed in LPE with the con-
sequence that the dislocations and other defects originating from the coalescence of the
islands in VPE can be prevented. Also by misorientation of the substrate the island for-
mation can be reduced when the interstep distance from the misorientation is sufficiently
small (see Chapter 1). However, this multi-stepped surface is quite rough, as defined by
the roughness parameter (Scheel 2003), and does not give flat interfaces and p-n junctions.

Another feature of LPE is that vapor-grown substrates or epilayers of, for example,
SiC or GaN, with high defect density can be overgrown by near-equilibrium depo-
sition from the liquid solution so that the defect density can be drastically reduced,
depending on the LPE layer thickness, by several orders of magnitude. For example, the
micropipe defects in SiC, which are penetrating into the device structures and causing
their failure (Neudeck, 1995), are originated by inclusions (Dudley et al., 1999) or by
coalescence of misoriented islands (Scheel, unpublished). These micropipe defects can be
filled and overgrown by LPE (Yakimova et al., 1996, 2000; Mueller et al., 1998, Ren-
dakova et al., 1998; Ujihara et al.,2004, 2005). In the case of GaN layers grown by MBE
or MOCVD the micropipe defects were investigated by scanning force microscopy and
by high-resolution transmission electron microscopy (Qian et al., 1995) and in addition
by energy-dispersive X-ray spectrometry (Kang and Ogawa, 1999): the micropipes con-
tained impurities whereas threading dislocations are formed by coalescence of islands of
50–500 nm with in-plane misorientations of less than 3◦. As in the case of SiC the defects
of GaN layers are expected to be reduced or eliminated by LPE.

The growth rate in LPE of GaN from the low-concentration solutions is limited by mass
transport, by diffusion of the growth species through the diffusion boundary layer (Scheel
and Klemenz, 1996). The maximum stable growth rate vmax where neither inclusions are
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Figure 7.3 Diffusion and growth stages for the stable and unstable growth regimes. If the
macrostep speed v2 exceeds the microstep speed v1, striations can result. Reprinted from J. Cryst.
Growth, 287, H.J. Scheel, 24, Copyright (2006), with permission from Elsevier

trapped nor other forms of growth instability like dendrites occur, is given by (Elwell and
Scheel, 1975):

vmax =
(

0.214Duσ 2n2
e

Sc1/3ρ2L

)1/2

Here D is the diffusion coefficient, u the solution flow rate, σ the relative supersat-
uration, ne the solubility at temperature T , Sc the Schmidt number (Sc = η/ρD), ρ the
density of the solution, η the viscosity, and L the length of the substrate. Figure 7.3 illus-
trates the diffusion and growth stages for the stable and unstable growth regimes. The
difference of the propagation rate of the macrostep v2 and the faster monostep velocity v1

leads to inhomogeneity of dopants and impurities, to macrostep-induced striations (Scheel,
2006).

Extremely flat surfaces by LPE can be achieved by the transition of the slightly mis-
oriented surface to faceting, to extremely flat surfaces as shown experimentally by Scheel
(Scheel, 1980) and theoretically by Chernov and Scheel (Chernov and Scheel, 1995).
Nearly dislocation-free GaAs surfaces could be achieved by this faceting transition. It
follows from this discussion that also for GaN one would expect such improvements in
layer and surface perfection by LPE as long as conditions for the stable growth regime
are established.

7.3 THERMODYNAMICS AND PHASE DIAGRAMS

GaN is relatively stable in comparison with other III-V semiconductors. Van Vechten (Van
Vechten, 1973) has estimated the melting point of GaN as 2790 K. The reaction:

2GaN = 2 Ga + N2

has been mostly studied by monitoring the decomposition kinetics under various nitrogen
pressures. Sime and Margrave (Sime and Margrave, 1956) measured the activation energy
of sublimation as 130 kcal mol−1 at 1300 K, and considered that dissociative evaporation
was more likely than sublimation of GaN molecules.

The reverse reaction, namely formation of GaN by direct reaction between gallium and
molecular nitrogen, is influenced by the high stability of the nitrogen molecule. Group
III metals catalyze the decomposition of nitrogen but the GaN formation reaction does
not proceed at significant rates under normal furnace conditions. Ammonia is typically a
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thousand or more times more effective as a source of active nitrogen since the N–H bond
is weaker than N–N, so the reaction to synthesize GaN is normally:

2 Ga + 2 NH3 → 2GaN + 3H2.

The reaction typically proceeds at 600–1000 ◦C.
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Figure 7.4 (a) Pressure–temperature diagram for GaN coexisting with Ga and molecular N2;
(b) approximate solubility curve for GaN in gallium. Reprinted from J. Cryst. Growth, 246, I.
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Karpinski et al. (Karpinski et al., 1984) measured the equilibrium activity of N2 over
GaN up to around 1900 K using high pressure apparatus, and measured the standard
Gibbs free energy change for the decomposition of GaN in equilibrium with molecular
nitrogen. The pressure–temperature diagram for the coexistence of GaN with gallium and
molecular nitrogen is shown in Figure 7.4(a) (Grzegory et al., 2002), along with data for
AIN and InN.

These authors estimate that the nitrogen molecule has to overcome a potential barrier
of 3 eV to reach the gallium surface and so high temperatures and pressures have to be
used in order to grow crystals or epilayers of GaN at acceptable rates. Note that the data
of Figure 7.4(a) extend to temperatures above 2000 K.

Grzegory et al. (Grzegory et al., 2002) used the data of Figure 7.4(a) to plot a solubility
curve at the equilibrium pressure and these data are shown in Figure 7.4(b).

The maximum of the scale, 0.5 mol%, is rather low for crystal growth, and this value
requires temperatures of over 1800 K and pressures above 15 kbar. The heat of solu-
tion/crystallization was estimated by these authors as 44.7 kcal mol−1 or 0.49 eV per
bond and represents the bonding energy in the crystal relative to the solution phase.

The growth process for GaN formation may be described as a VLS (vapor–liquid–
solid) process first described by Wagner and Ellis (Wagner and Ellis, 1964) for growth of
silicon whiskers on top of which liquid gold droplets dissolved silicon arriving as silane
from the gas phase. In GaN it is nitrogen gas for growth from high-pressure solutions at
high temperatures, whereas ammonia is the nitrogen source for growing GaN at low or
ambient pressure.

7.4 REQUIREMENTS FOR LPE

7.4.1 Solvents

In the case of GaN and the other III-nitrides the optimum solvent has not yet been found.
In the following the general discussion of solvents follows that of Elwell and Scheel
(Elwell and Scheel, 1975). An ideal solvent should show a high solubility of the solute
of at least a few percent at a practical high temperature, and an appreciable temperature
dependence of the solubility which allows precise adjustment of the supersaturation. The
desired crystal phase should be the only stable solid phase. Further advantages are a
low viscosity, low melting point, low vapor pressure at the highest applied temperature,
low toxicity, and a low reactivity with the container/crucible material. For the growth of
semiconductors the solvent should not contain harmful constituents which are incorporated
into the crystallized phase, and thus it should be available in very high purity.

In order to arrive at high solubility the chemical bonding of crystal (epilayer) and
solvent should be similar (‘similia similibus solventur’ meaning ‘similar solute is soluble
in similar solvent’), whereas large crystal chemical differences with respect to ionic or
covalent radii and/or with respect to the magnitude of ionic or covalent valency would
minimize incorporation of unwanted species in the epilayer. In other words, the species
of the solvent should have a very low distribution coefficient unless they are useful as
dopants or they are neutral for the device application.

The optimum is a solvent which is a constituent of the epilayer compound like Ga for
GaN. Quite often good solvents form compounds with the composition to be crystallized,
with a compound melting point or eutectic temperature below the growth temperature for



212 LIQUID PHASE EPITAXY

LPE. Thus nitrides like Li3N [melting point (mp) 895 ◦C], Ba3N2 and Ca3N2 (mp 1195 ◦C)
have been suggested. The frequently applied sodium (Yamane et al.,1997; Kawamura
et al., 2005) has the disadvantage of extreme reactivity when coming into contact with
water (formation of explosive hydrogen) or with other oxygen-containing compounds, and
thus requires special handling and precautions. The solubility of nitrogen or of GaN in
sodium can be increased by pressure and by addition of Li or Ca. The rate of dissolution
of nitrogen is significantly increased by plasma activation or by using nitrogen compounds
which decompose at the growth temperature (ammonia, hydrazines).

Because of the low solubility of nitrogen in gallium, a few alternative solvents have
been explored. The addition of bismuth to gallium by Thurmond and Logan (Thurmond
and Logan, 1972) reduced the spontaneous nucleation of GaN, which was not confirmed
by Elwell et al. (Elwell et al., 1984). The latter authors also used Ga/Sn alloys in place of
gallium in their crystal synthesis experiments but found no improvement versus gallium
alone. A more promising approach to the choice of a solvent may be the use of alkali
metals or alkali or alkaline earth metal nitrides. Lithium is the only alkali metal that
forms a stable nitride (Li3N). This has a melting point of 813 ◦C, high for a typical high-
temperature solvent but the nitrogen-rich solvent may be favorable for GaN deposition.
Magnesium and barium form nitrides that decompose on melting so perhaps the most
promising solvent among the group II nitrides is Ca3N2, which has a melting point of
1195 ◦C. Either Li or Ca added to gallium may increase the solubility of GaN so there is
scope for the choice of a solvent.

The use of sodium as a flux together with gallium was suggested by Yamane et al.
(Yamane et al., 1997) but the solubility and growth rate were low when molecular nitrogen
under pressure was used as the source of nitrogen. More recently Iwahashi et al. (Iwahashi
et al., 2003) used ammonia as the source of nitrogen with a Ga/Na solvent at 800 ◦C. The
solvent had a composition of 79 at. % Na/21 at. % Ga contained in a sealed BN crucible.
Under a high total pressure, the concentration of ammonia in a nitrogen/ammonia gas
mixture was determined. Formation of GaN was observed with 5 atm NH3 but required
20 atm total pressure when the ammonia concentration was reduced to 4 %. Growth on
small GaN seeds was also studied but polycrystalline growth was observed on the seeds
under all conditions of the experiments.

Morishita et al. (Morishita et al., 2005) also used sodium/gallium at medium high
nitrogen pressure. The solubility of GaN in the 27 at. % Ga/73 at. % Na solvent was
determined to be 0.11 % at 800 ◦C and 0.23 % at 850 ◦C. Experiments were conducted to
deposit GaN layers in three regions of supersaturation: 36–65 %, 65–85 % and 85–148 %.
(Results discussed in the next section.) The same group (Morishita et al., 2005) increased
nitrogen dissolution by adding Li or Ca to the Ga-Na melt, improved the accuracy of
the solubility measurements, and established the conditions for the growth of transparent
crystals.

Song et al. (Song et al., 2004) proposed that lithium is preferable to sodium as a sol-
vent for GaN since its nitride is much more stable. They investigated crystal growth in a
binary system Li3N + Ga reacted in a tungsten crucible at 800 ◦C with an overpressure
of 1–2 atm of nitrogen. The relatively low nitrogen overpressure was considered a major
potential advantage in relation to the high temperature/high pressure methods. After react-
ing the starting materials, the resulting solution was cooled at 2–3 ◦C day−1 and clear
hexagonal platelets (of millimeter size) were obtained. Similarly Ohta et al. (Ohta et al.,
2006) reported the synthesis of GaN crystals from Li3N-added Ga melt in Na vapor.
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Feigelson and Henry (Feigelson and Henry, 2005) used a gallium free solvent composed
of Li3N together with BaF2 and LiF to reduce the melting point. The solution was held
in a tungsten crucible at 800 ◦C under 25 bar of nitrogen to prevent evaporation. A
sintered tablet of GaN was used as source material and gradient transport used to deposit
crystals by spontaneous nucleation in the cooler region. The crystallites grown in these
experiments were up to 0.5 × 0.1 mm in size and optically clear. These experiments were
preliminary studies to evaluate the viability of top-seeded crystal growth.

As noted above, calcium nitride (Ca3N2) with a melting point of 1195 ◦C also could
be considered if mixed with other nitrides to reduce the melting point. However, purity
is a problem since these compounds are not yet available in ultra-high purity as required
for preparation of device-quality nitride layers.

An alternative approach is ammonothermal growth (analogous to hydrothermal growth)
which had been introduced by Juza et al. (Juza et al., 1966) and applied to GaN by
Raghothamachar et al. (Raghothamachar et al., 2006) to epitaxial growth of thick plates
of GaN and AlN.

In summary, solution growth has not yet established the viability of any method for
development as a scaled-up technological process for growth of bulk GaN crystals and
for LPE of GaN. GaN substrates grown by halide VPE are available commercially up
to 5 cm in diameter, but these have dislocation densities of 106 cm−2 and above. Small
solution-grown platelets with dislocation densities as low as 102 cm−2 are available for
evaluation.

The gallium solvent requires high pressure for showing appreciable solubility of GaN,
and the important question is whether a growth method can be developed to use gallium
solvent at ambient pressure despite the extremely low solubility.

Preliminary results of LPE of GaN from Ga solvent at ambient pressure (Klemenz and
Scheel, 2000) will be discussed in Section 7.5.

7.4.2 Crucibles

At the high growth temperatures (above 850 ◦C) oxide crucibles like alumina and silica
glass are wetted and corroded by the solvents discussed in the previous section, and are
nitrided by ammonia and by plasma-activated nitrogen leading to successive dissolution
of the nitride. Wetting angles of Ga reported for 1000 ◦C are 100◦ on silica glass, 112◦

on Al2O3, 120◦ on graphite and 132◦ on BN (Scheel, 1977; Lucas, 1984). Thus boron
nitride crucibles have been mostly applied, and pyrolytic graphite in earlier work (Logan
and Thurmond, 1972). An important question is whether the crucibles are available in
the high purity required for fabrication of semiconductor devices. Highest-purity graphite
may be further purified by heating to> 1400 ◦C for 10 h (in vacuum of < 5 × 10−3 torr,
slow He inlet) before use (Scheel, 1977). In certain cases paintable ultra-high temperature
coatings of BN and of other materials may be applied (ZYP Coatings, Oak Ridge, TN,
USA).

Also the surface roughness (Zhou and De Hosson, 1995) and the dynamic wetting
angles of moving liquids should be considered in the optimum choice of crucible material
and growth method. With moving liquids the deviation from the equilibrium wetting
angles are:

Θadvancing > Θequilibrium > Θreceding
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The polarity of substrate and of the grown faces have an effect on wetting: the Ga-
face will be wetted more by Ga than the N-face of GaN {111}. Furthermore the wetting
behavior can be modified by additives to the solvent.

Surface contamination by an oxide scum or crystallization at the surface reduces the
wetting angle so that liquid creeps up the crucible walls and may form a polycrystalline
GaN layer in the upper region of the container (Logan and Thurmond, 1972; Elwell
et al., 1984; Dyck et al., 1999). The oxide scum problem is very pronounced when A�-
containing melts are used to fabricate GaA�N solid-solution layers. The required low
oxygen partial pressure in the atmosphere will be discussed in the next section.

7.4.3 Growth atmosphere

One of the challenges in the growth of high-quality GaN is the presence of traces of oxy-
gen or humidity in the growth atmosphere. In the case of AlGaAs-based LEDs and lasers
oxygen is detrimental to photoluminescence and performance of the devices by the intro-
duction of deep-level states which may act as nonradiative recombination centers (Chen
et al., 1997). Earlier works have shown that dark-spot defects and the carrier concentration
are reduced and the mobility increased when the oxygen level in the ambient gas in LPE
of GaAs is reduced below 0.03 ppm (Kan et al., 1977), and the temperature dependence
of the distribution coefficient of oxygen was established by Otsubo et al. (Otsubo et al.,
1973). For GaN and its solid solutions similar detrimental effects of oxygen incorporation
can be expected, and the occurrence of yellow luminescence seems to be related to oxy-
gen. Also the formation of an oxide scum surface should be prevented, and the required
extremely low oxygen partial pressure can be derived for the given system (Ga, Ga +
A�, etc.) and the growth temperature from thermodynamic data or more easily from the
Ellingham diagram (Elwell and Scheel, 1975).

The gas atmosphere consists of nitrogen, ammonia, hydrogen and possibly a noble
gas in a ratio determined by the process and the growth temperature. Logan and Thur-
mond (Logan and Thurmond, 1972) applied an ammonia partial pressure greater than the
equilibrium pressure at 1000 ◦C of 10−3 atm and checked the exit gas from the furnace
by titration with a dilute solution of HCl of known volume and normality using methyl
red as indicator. Elwell et al. (Elwell et al., 1984) found that no GaN was formed when
the partial pressure of ammonia in hydrogen was less than 0.34 × 10−3 atm. Klemenz
and Scheel (Klemenz and Scheel, 2000) applied 20 vol % ammonia in nitrogen in their
LPE experiments, and the synthesis of GaN with undiluted NH3 at temperatures above
1000 ◦C mostly yielded needle-like crystals and whiskers of small size (Johnson et al.,
1932; Pichugin and Yaskov, 1970; Zetterstrom, 1970; Aoki and Ogino, 1979). The addi-
tion of hydrogen is helpful to reduce the oxygen partial pressure but has to be consistent
with doping requirements.

In order to prevent surface oxidation of the melts and to minimize the incorporation
of oxygen into the LPE-grown layers the oxygen level of the gas atmosphere should
typically be less than 10−8 or 0.01 ppm or 10 ppb. Gases with this level of purity are
not readily available, and further contamination is expected from the gas tubing, from
the growth apparatus and any leaks, and from the inserted chemicals, crucibles and sub-
strates. Experiment preparation is best done in a glovebox with attached furnace system,
but commercial gloveboxes have oxygen and humidity levels in the 1–10 ppm range.
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A super-glovebox with oxygen and humidity below 0.03 ppm, the detection limits at
that time, has been reported by Scheel (Scheel, 1985). The steel glovebox chamber with
balance and attached furnace could be outgassed at 10−6 torr at 70 ◦C, the lowest per-
meability rubber gloves could be evacuated separately, and all materials introduced to
the glovebox were outgassed in the airlock. A helium-hydrogen mixture with 2–3 vol %
H2 was circulated and regenerated by means of a membrane pump, a palladium catalyst
and by chemisorption on reduced chromium oxide on silicagel as carrier (OXISORBÑ).
The hydrogen concentration is below the 4–5 % flammability limit in air and below the
26 % H2 limit in helium (Satterly and Burton, 1919; Coward and Jones, 1952), but is
sufficient for achieving the low oxygen partial pressure and for the regeneration process.
The detrimental effects of small leaks may be avoided by applying a small overpressure
in the reaction chamber (and in the glovebox) as was estimated by Battat et al. (Battat
et al., 1974), or alternatively by using high flow rates of the gas mixture.

7.4.4 Substrates

The substrate requirements are much more stringent in near-equilibrium LPE compared
with VPE. Desirable would be a small misfit at growth temperature of less than 0.1 %, and
the difference of the thermal expansion coefficient between substrate and epilayer should
be smaller than 5 % in order to prevent cracking upon cooling from growth temperature to
room temperature. In case of larger misfit the advantage of LPE to achieve the layer-by-
layer growth mode of Frank–van der Merwe and atomically flat surfaces is lost because
a higher supersaturation is required to initiate epitaxial growth. Jesser and Kuhlmann-
Wilsdorf (Jesser and Kuhlmann-Wilsdorf, 1967) and Blakeslee and Mathews (Matthews,
1975) have shown that there is a maximum thickness for coherent overgrowth in which
the lattice of the layer was stretched or compressed to fit the substrate but that, for
layer thicknesses greater than this critical value, misfit dislocations are formed in order to
partially release the strain in the layer. Another effect of strain in the layer is bending which
depends on the thicknesses of substrate and layer and on their elastic moduli (Sugita et al.,
1973). It follows from this discussion that homoepitaxy is preferred in order to exploit the
advantages of LPE: highest structural perfection and extreme flatness of layers and p-n
junctions. Otherwise substrates with small misfit and small difference of thermal expansion
have to be found. A certain flexibility with respect to substrate adaptation exists with the
variation of the GaN lattice parameters with the growth conditions (Seifert et al., 1980)
and with the composition pulling effect observed in InGaN and AlGaN MOCVD-grown
on GaN (Hiramatsu et al., 1997).

A further requirement for substrates are a high chemical stability so that they are not
corroded or dissolved during initial LPE growth leading to contamination of the solution
and of the layer. A special condition for achieving extremely flat surfaces is a small
misorientation of the substrate surface, of less than 0.1◦, as was discussed by Chernov
and Scheel (Chernov and Scheel, 1995) and briefly in Chapter 1of this book.

The choice of a proper substrate has been a troublesome issue in the development of
GaN technology so that a Substrates Discussion Forum had been established (Hellman,
1996). The growth of bulk GaN of sufficient size or perfection has not yet been achieved
as in the growth from high-pressure solutions there is an inherent size limit of a few
millimeters of high-quality GaN crystals unless a huge effort is spent so that economic



216 LIQUID PHASE EPITAXY

substrates cannot be expected by this approach. The growth of GaN at ambient pressure
or low overpressure of say 10 bar could become viable but still is not much advanced.
The best chance at present seems to be the fabrication of large-diameter GaN substrates
of low structural perfection by hydride vapor phase epitaxy (HVPE) (Naniwae et al.,
1990; Feng, 2006; commercially now for instance by Sumitomo, see Table 7.2) followed
by LPE overgrowth to improve the structural perfection. Alternative large GaN surfaces
have become available and are called templates: GaN epitaxially grown by HVPE on
large sapphire substrates, however with low structural perfection which can be improved
somewhat by ELO.

The most popular substrate is still sapphire with a lattice mismatch of 8.3 % but great
progress has been made in understanding how to accommodate this huge mismatch by
control of the deposition process (Matsuoka, 2004; Napierala et al., 2006) and through
the use of buffer layers first introduced by Yoshida et al. (Yoshida et al., 1983). The
crystallographic relations between sapphire substrates and wurtzite-type GaN films have
been elaborated by Kung et al. (Kung et al., 1994), and the cracking behavior of GaN-
sapphire structures were studied by Itoh et al. (Itoh et al., 1985).

SiC is a substrate of increasing interest due to its high thermal conductivity, its hardness,
its lower mismatch of 2.5 % with GaN, and due to its commercial availability up to large
diameters (∼10 cm). Sasaki and Matsuoka (Sasaki and Matsuoka, 1988) and Sasaki et al.
(Sasaki et al., 1989) have shown that the polarity of 6H-SiC strongly influences the surface
morphology and the photoluminescence properties of the GaN layers, and that the GaN
layers adapt the polarity of the substrates. Recently it has been shown by the GaN groups
at the University of California at Santa Barbara that nonpolar GaN surfaces, although of
lower structural perfection, might increase the output power of LEDs and improve the
doping control in high energy mobility transistor (HEMT) devices (Chakroborty et al.,
2006; Metzger, 2006). Further work is required to establish the optimum MOCVD growth
conditions for controlling the threading dislocations and basal-plane stacking faults.

Zinc oxide has a mismatch of only 0.2 % but is attacked by halides and other materials
used in crystal growth and has not been reported as a candidate for GaN LPE; however,
it could have a chance if a first base layer were deposited from the gas phase.

Lithium tantalate (LiTaO3) is hexagonal with a lattice constant of 0.5154 nm, so the
lattice mismatch with <0001> GaN is 7.2 %. Large diameter substrates are available, but
it has not been reported for LPE of GaN. Lithium aluminate (LiAlO2) and lithium gallate
(LiGaO2) (Ishii et al., 1997) have been proposed as substrates for GaN, but reactions
limit their application temperatures to 900 and 800 ◦C, respectively. Klemenz and Scheel
(Klemenz and Scheel, 2000) have reported cracking of these substrates upon cooling
from LPE growth temperature. Alternative substrates like NdGaO3 and yttrium-stabilized
zirconia (YSZ) have been tested by Paszkiewicz et al. (Paszkiewicz et al., 2001). Silicon
and GaAs have been used as substrates in VPE of GaN after being surface-nitrided at
high temperature, but have not been used in LPE of GaN. The commercial sources of
substrates (except for sapphire) are listed in Table 7.2.

Perhaps bulk GaN substrates or GaN template surfaces will be preferably used in LPE
of GaN in order to develop layers of high structural perfection and excellent surface
flatness. Also the development of solid solution substrates of GaN-AlN and of GaN-InN
in the possible miscibility range should be considered.
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Table 7.2 Suppliers of AlN, GaN, SiC, ZnO and LiAlO2, LiGaO2, substrates and templates. (The
numerous suppliers of sapphire substrates are not included)

AIN Crystal-is, USA www.crystal-is.com
Marubeni, Japan/USA www.marubeni-sunnyvale.com
TDI, USA www.tdii.com

GaN ATMI, USA www.atmi.com
AXT, USA www.axt.com
Lumilog, USA www.lumilog.com
Marubeni, Japan/USA www.marubeni-sunnyvale.com
Nitride Semiconductors, Japan www.nitride.co.jp/english
Nitronex Corp., USA www.nitronex.com
Phys Tech-WBG, Russia www.ru.com/PhysTech−WBG/index.htm
Picogiga/SOITEC, France www.picogiga.com
Reade, USA www.reade.com
Sumitomo Electric Industries, Japan www.sei.co.jp/sc/English/index−e.html
TDI, USA www.tdii.com
TopGaN Ltd, Poland www.topgan.fr.pl
WaferWorld Inc., USA sales@waferworld.com

SiC ATMI, USA www.atmi.com
CREE, USA www.cree.com
Epigress, Sweden www.epigress.se
Intrinsic Semiconductor Corp., USA www.intrinsicsemi.com
Marubeni, Japan/USA www.marubeni-sunnyvale.com
Nippon Steel Corp., Japan www.nsc.co.jo
SiCrystal AG, Germany www.sicrystal.de
Sterling Semiconductor Inc., USA www.sterling-semiconductor.com
Wafer Technology, UK www.wafertech.co.uk
II-VI Inc., USA www.iiviwbg.com

ZnO Cermet Inc., USA www.cermetinc.com
Cradley-Crystals, Russia www.cradley-crystals.com
Eagle Picher Technologies, USA
EU Project on ZnO www.soxess.uv.es
Hefei Kejing Materials, China www.kmtcrystal.com
MTI Corp., China/USA www.mticrystal.com; www.mtixtl.com
Nimswave Inc., Japan info@nimswave.com
WaferWorld Inc., USA sales@waferworld.com

LiAlO2, LiGaO2

CrysTec GmbH, Germany www.crystec.de
Hefei Kejing Materials, China www.kmtcrystal.com
MTI Corp., China/USA www.mtixtl.com
Toplent Photonics, Australia www.toplent.com
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7.5 LPE RESULTS, CHARACTERIZATION
OF LPE(SOLUTION)-GROWN GaN

The first reproducible growth of GaN layers on sapphire (0001) substrates at ambient
pressure has been achieved by Logan and Thurmond (Logan and Thurmond, 1972). Pure
gallium and Ga-Bi alloys have been used as solvents. The pyrolitic graphite boats in a
horizontal furnace did not cause dissociation of NH3, but devitrified quartz glass had to
be replaced by new silica glass in order to prevent NH3 decomposition. At a growth tem-
perature of 1000 ◦C, P(NH3) around 2 × 10−3 atm and growth times between 16 and 64 h
epitaxial layers up to 40 µm could be achieved. The surfaces were faceted and consisted
of hexagonal hillocks and macrosteps with interstep distances of a few micrometers. At
layer thicknesses over 30µm cracks were observed due to lattice mismatch and thermal
expansion difference between substrate and layer.

LPE of GaN layers up to 10µm thickness on sapphire (0001) substrates has been
achieved by Madar et al. (Madar et al., 1975) in the temperature range 1000–1200 ◦C
and pressure range 1500–5000 bar. The estimated growth rate was 1 µm day−1, and
the surfaces showed a terrace/macrostep structure with interstep distances up to a few
micrometers. Hall and Seebeck coefficient measurements at 300 K gave for n-type σ =
5 × 10−3Ωcm,µ = 70 cm2V−1s−1 and n = 1019, and for p-type (polycrystalline) σ =
50 Ωcm, µ = 3 cm2V−1s−1 and NA − ND = 1017.

Growth of oriented thick GaN films from thin Ga films using plasma-activated nitrogen
was reported by Dyck et al. (Dyck et al., 1999). The layers grown at 700–800 ◦C in a
nitrogen plasma at 5 torr and 400 W of microwave power had a columnar structure with
a high density of stacking faults and a dislocation density of approximately 1010 cm−2.

Rotating substrates of sapphire (0001), LiGaO2 (001) (“LGO”), LiAlO2 (100) (“LAO”)
and of HVPPE-grown GaN films on Al2O3 have been used by Klemenz and Scheel
(Klemenz and Scheel, 2000) in order to reduce the diffusion barrier in growth from low-
concentration GaN solutions in Ga and Ga-Bi melts at ambient pressure. The experimental
set-up is shown in Figure 7.5.

LGO and LAO have limited stability allowing maximum growth temperatures of 900 ◦C
thus leading to very low concentrations of the solutions and corresponding low growth
rates. Furthermore these substrates cracked into pieces after growth and cooling to room
temperature. Best results were achieved on the HVPE seed layers with growth islands
and macrosteps visible in Nomarski microphotographs.

Grzegory et al. (Grzegory et al., 2002) discuss the growth of GaN crystals in a tem-
perature gradient, with nitrogen dissolved from the gas phase at the surface of a vertical
crucible (Figure 7.6). Typical temperatures for growth by this method were in the range
1700–1900 K and the temperature difference between the hotter surface of the liquid
and the lower region where growth occurred was typically 20–50 K. The pressure up
to 1 GPa was maintained above the measured equilibrium so that nitrogen continually
dissolved at the surface and flowed by convection and diffusion to the cooler region near
the base. Crystals grew in the form of hexagonal platelets with dominant {0001} basal
planes. Over a growth period of 100–150 h, the maximum lateral size of the crystals
grown was 10–14 mm with a thickness of 80–120 µm. The crystals were optically clear.

Bockowski et al. (Bockowski et al., 2004) used a similar arrangement to study growth
on SiC, sapphire, and on MOCVD-grown GaN on sapphire. Because of the constraint
on the equipment imposed by the requirement of high pressure, the working diameter is
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Figure 7.5 Arrangement for LPE growth of GaN on a rotating substrate. Reprinted from J. Cryst.
Growth, 211, C. Klemenz and H.J. Scheel, 62, Copyright (2000), with permission from Elsevier

limited to 1 cm. It was found necessary to increase the overpressure of nitrogen in order
to achieve growth by heteroepitaxy. The authors describe their experiments as deposition
of bulk GaN but they could be considered as preliminary studies of the conditions for
LPE. In either case, significant scale-up would be necessary for either bulk crystal growth
or of epitaxial films for usable devices. As in the experiments described in the previous
paragraph, gradient transport of dissolved nitrogen was used to produce supersaturation.
A comparison was made between growth at the bottom and top of the melt, by reversing
the temperature gradient in the latter series so that the substrate was always in the cooler
region. The temperature gradient across the vertical crucible was in the range 20–70 K
cm−1 and the authors reported a large horizontal temperature gradient. Growth on sapphire
was observed to be polycrystalline near the center of the substrate. Similar results were
seen when the sapphire was first coated with a thin layer of GaN using MOCVD. The
conductivity of the material grown under pressure contained native donors at around
5 × 1019 cm−3. The etch pit density was around 1019 cm−2 in the MOCVD layer and an
order of magnitude lower in the pressure-grown material. The growth rate was higher
using the reverse gradient, with the substrate at the top of the melt. On SiC the deposit
cracked and was in the form of small grains about 0.1 mm across and misoriented by a few
minutes. In every case, the growth rate could not exceed about 1 µm h−1 otherwise there
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Figure 7.6 Schematic arrangement for growth of GaN in a positive (a) or negative (b) vertical
temperature gradient. The nitrogen can be supplied from a solid source such as polycrystalline
GaN or supplied continuously from the vapor phase. Reprinted from J. Cryst. Growth, 270, M.
Bockowski et al., 409, Copyright (2004), with permission from Elsevier

was a major increase in defects. Similarly, the morphology deteriorated if the thickness
of the deposit exceeded about 100 µm. In general, much work is still needed before high
pressure growth can be considered a viable challenger for large scale development. The
most promising observation in this study was regions of dislocation density 5 × 107 cm−2

on SiC, but lower values are needed for technical applications.
Morishita et al. (Morishita et al., 2005) and Kawahara et al. (Kawahara et al., 2005)

used a sodium/gallium solvent to study deposition on a sapphire substrate with a GaN
coating deposited by MOCVD. The use of a medium–high nitrogen pressure of 50 atm
necessitated the use of a small crucible, in this case an alumina crucible 9 mm in diameter
and 50 mm tall. The addition of 4 % ammonia to the nitrogen allowed the pressure to be
reduced to 2.5–3 MPa, and the addition of 10 mol % Ca to the flux allowed the threshold
pressure for synthesizing GaN to be reduced further to about 1 MPa. Deposition occurred
at 850 ◦C for 96 h. A significant advance over previous experiments was that these authors
were able to estimate the supersaturation. The solubility of GaN in the 27 at. % Ga/73 at.
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% Na solvent was determined to be 0.11 % at 800 ◦C and 0.23 % at 850 ◦C. Experiments
were conducted to deposit GaN layers in three regions of supersaturation: 36–65 %,
65–85 % and 85–148 %. The variation of growth rate with supersaturation could not be
established quantitatively because of spontaneous nucleation around the surface of the
solution. However it was found that no deposition occurred below 30 % supersaturation,
a high value for most epilayer deposition. As expected, the highest quality films grew in
the lowest supersaturation range. The dislocation density in the 850 ◦C crystals was in
the range 5 − 11 × 104 cm−2, significantly lower than the value of 8 × 106 cm−2 in the
substrates. The detailed growth mechanism leading to the reduction in dislocation density
was not established. Growth at intermediate and high supersaturation exhibited hopper
growth characteristic of a high supersaturation gradient across the face of the substrate.
The layers deposited were transparent, in contrast to deposits at 800 ◦C that were always
black. The coloration was ascribed to native donors. Photoluminescence and reflection
spectra (Omae et al., 2004) showed about 100 times higher integrated intensities of LPE-
grown GaN than MOCVD-grown GaN. The relatively low dislocation density under the
best conditions and the optical data are promising for further development of LPE for
GaN.

7.6 CUBIC GaN

The zinc blende β –GaN is reported to be the thermodynamically metastable phase of GaN
which, in analogy with other cubic III-V semiconductors, is hoped to be more amenable
to doping (Lei et al., 1991) and to be more suitable for fabrication of laser cavities
than α–GaN. Furthermore, the epitaxial growth by MBE on Si (Lei et al., 1991), GaAs
(Mizuta et al., 1986) and β –SiC (Paisley et al., 1989) opens the possibilities of integrated
device structures of nitride with conventional semiconductors. Also MgO has been used
as substrate for MBE growth of cubic GaN (Powell et al., 1993). The dependence of
optical properties on sample morphology was studied by Godlewski et al. (Godlewski
et al., 1998), whereas blue LEDs from cubic GaN were reported by Yang et al. (Yang
et al., 2000). Here the question is whether cubic GaN is really a metastable phase in
which case it would be difficult to grow by LPE as a near-equilibrium growth process,
or whether β –GaN is a low-temperature phase which could be grown by LPE at low
temperatures.

7.7 CONCLUSIONS AND OUTLOOK

LPE of GaN has been demonstrated in several laboratories to achieve layers of high
structural perfection and best surface flatness, i.e. with large distance between growth
steps indicating the Frank–van der Merwe layer-by-layer growth mechanism which one
would not expect in VPE due to the large thermodynamic driving force in MOCVD
and MBE. However, significant developments are required to develop LPE as a mass
fabrication process for nitride-based optoelectronic and microelectronic devices which
one would expect because LPE eventually will become the most economic and ecologic
production method for all nitride structures since thermodynamics allows growth by a
near-equilibrium process. However, LPE cannot be used for growing compositions in the
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GaN-InN-AlN system which show immiscibility. Also, it will not be possible to grow
by LPE small lateral structures of less than 1 µm dimension, whereas by LPE extremely
thin layers, even monolayers and superlattices, can be grown by proper technological
development.

Progress in LPE of nitrides has been slow due to the challenging problems which can
be solved only by data and experience in crystal growth from high-temperature solutions
and the ability to optimize complex processes. In contrast, epitaxy from the vapor phase
by MOCVD and MBE is quite advanced due to the availability of commercial equipment
and the comparatively simple processes, even for mass production of nitride-based LEDs
and lasers.

The greatest challenges in LPE of nitrides are the low solubility at ambient pressure
and the substrate problem. Optimum solvents have to be found and the solubilities deter-
mined, and economic substrates for homoepitaxy must be developed. The latter problem
can be reduced if nitride solid-solutions suitable for applications and fitting commer-
cial substrates like SiC with respect to misfit and thermal expansion difference can be
developed. Eventually, solid-solution substrates will be needed for LPE of nitrides.

The first large-scale application of LPE is expected for the overgrowth of HVPE-grown
GaN substrates to cover micropipe defects and to reduce dislocations and stacking faults
by several orders of magnitude, in order to achieve highest-quality GaN surfaces for
fabrication of highest-performance devices. A modification of a slider-free LPE process
(Scheel, 1977) adapted for VLS growth may be developed for mass production. Another
expected application of LPE of nitrides will prevent the formation and multiplication of
dislocations after an ELO step in device fabrication, thus leading to a combination of
epitaxy from the vapor phase and from the liquid phase.
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8.1 INTRODUCTION

It is generally accepted that liquid phase epitaxy (LPE), which is an equilibrium growth
technique, produces epitaxial material of the highest crystalline perfection containing few
point defects and impurities and is therefore well suited to the fabrication of optoelec-
tronic devices. The main arguments against conventional LPE are: nonuniformity in layer
thickness, inability to grow abrupt junctions or interfaces because of intermixing or cross-
diffusion effects, and the fast initial growth rate which results in poor reproducibility for
thin layer epitaxy. Growth techniques such as molecular beam epitaxy (MBE) and metal-
organic vapour phase epitaxy (MOVPE) which have superior thickness control are now
extensively used for the growth of quantum well lasers and a variety of other optoelec-
tronic devices. However, it is also possible to use LPE to grow multilayer III-V structures
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which exhibit quantum size effects [1–17] and with appropriate modifications LPE can be
successfully employed to grow quantum well heterostructure lasers containing quaternary
III-V layers [3–7]. We also note that it is possible to grow chemically abrupt interfaces by
LPE [11–14] and that quantum wells as thin as 20 Å have been successfully prepared [12,
17]. In this chapter the growth of ultrathin layers from the liquid phase will be considered
and in particular with respect to their potential use in mid-infrared optoelectronic devices.

8.2 LPE GROWTH OF QUANTUM WELLS

The combination of high quality epitaxial layers and the advantages afforded by quantum
well structures is surely very attractive for optoelectronic device applications. However,
for the growth of quantum well structures, precise thickness control is of paramount
importance, and a high growth rate is not advantageous. Nevertheless, by careful control
of the supersaturation it is certainly possible to grow ultra-thin or quantum well layers
using conventional LPE. For example, Becher et al. [18] demonstrated the growth of
In0.88 Ga0.12As0.26P0.74 (λg = 1.05µm) single quantum wells lattice-matched to InP with
thicknesses in the range 30–200 Å. Low temperature photoluminescence and transmission
electron microscopy (TEM) measurements are effective characterisation tools for such
structures and have been effectively used to confirm the thickness and quality of the
resulting quantum wells [18]. Another approach is to exploit the difference in growth
rates between homo- and heteroepitaxy. Homoepitaxy usually proceeds through tangential
movement of growth steps across the surface and does not rely on the formation of nuclei
to produce the first layer. However, because heteroepitaxy does require the formation
of small nuclei, a high initial supersaturation is needed until the first continuous layer
is formed. So, for a given melt supersaturation, homoepitaxy will proceed at a much
greater rate than heteroepitaxy. This leads to the technique of ‘reversed mass transport’,
where two substrates are arranged together, an auxiliary (reversing) GaAs substrate being
placed in parallel with the AlGaAs substrate onto which the ultrathin layer of GaAs is
to be grown. A thin (30–50 µm) capillary layer of melt is introduced and growth ensues
such that the supersaturation becomes zero just as the growth of the thin layer ends. The
technique has not been widely adopted but has been successfully used to grow thin layers
of GaAs on AlGaAs [19].

Although careful control of the supersaturation can yield ultrathin LPE layers this can
be difficult to achieve in practice. Consequently alternative techniques have been devised,
primarily by using very short growth periods, of the order of milliseconds. Instead of
allowing the substrate and melt solution to remain in contact for several seconds (or
minutes) the melt solution is quickly passed over the substrate, (giving rise to the term
‘rapid slider’ LPE). In order to achieve this the conventional graphite boat geometry needs
to be modified accordingly and various designs have been employed. Using a cylindrical
revolving boat as shown in Figure 8.1, it is possible to achieve short growth times (9–100
ms) and grow InGaAsP multilayers [4–7] with a layer thickness of typically 100 Å for
use in InP based lasers (see below). This geometry has also been very successfully used
for the growth of AlGaAs/GaAs quantum wells [14, 20]. Similarly, a centrifugal LPE
technique for the growth of AlGaAs/GaAs and modulation doped GaAs semiconductor
structures with precisely defined unperturbed surface morphology has been developed for
fundamental investigation of interface abruptness and transition layer thickness [21].
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Figure 8.1 The cylindrical-slider graphite boat (2.5 cm in diameter) used for multilayer LPE
growth of ultrathin In1−xGaxAsyP1−y epitaxial layers. After Holonyak et al. [6]. Reproduced from
[6] by permission of the American Institute of Physics

Linear sliding boats have also been successfully employed for the growth of InGaAsP/
InP [16,22], AlGaAs/GaAs [11] and more recently for InAsSb/InAs [23]. These types
of rapid slider graphite boat are of the ‘moving substrate’ type, since rapid movements
of the solutions (as in a ‘moving melt’ boat) would result in melt splashing into the
worktube, or nonuniform melt contact with the substrate. Low friction is essential since
any sticking or judder can cause ripples in the resulting epilayers. During operation the
graphite slider is essentially pushed along such that the substrate makes contact with each
of the growth melts in turn until the desired number of epitaxial layers is deposited on
the substrate wafer. The rapid movement of the substrate is normally achieved by using
a computer-controlled motor. The contact time for growth is made very short by the
combination of a narrow slit (∼1 mm) in the graphite chamber containing the melt and
a high slider speed (∼1 m s−1) provided by the (linear) motor. This essentially results in
a wiping action of the melt across the substrate surface. Figure 8.2 shows a schematic
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12 mm

3 mm

slider

Substrate recess

Figure 8.2 Cross-section of a linear rapid slider boat, showing the sidewalls with knife-edges,
which together can form an adjustable slit of dimensions 1–6mm when pressed into the graphite
carriage. Straight sidewalls were used to create wide melt chambers for epitaxy of thicker layers
in the usual manner

cross-section of the linear rapid slider boat used in our laboratory. The complete boat is
shown in Figure 8.3 together with the removable sidewalls, which were employed to form
the slit in the melt chamber. The sidewalls have carefully machined knife-edges and were
engineered to be a tight resistance fit into the main body of the boat so that they remained
held in place during the growth run. Appropriate pairs of sidewalls are selected to obtain
the required slit dimensions corresponding to the desired structure to be grown. Straight
sidewalls (without knife edges) were used to form chambers for growth of conventional
bulk, cladding or buffer layers in devices. One advantage of this arrangement is that both
quantum wells and thick layers can be grown together in a single growth run within a
short time interval. Owing to the high growth rate of LPE (∼1µm min−1) compared
with MBE (1 µm h−1) a complete quantum well laser with thick cladding layers could be
grown in a few minutes rather than several hours. The knife-edges were used to reduce
the melt carry-over, which is particularly important when producing multi-layer structures
requiring abrupt interfaces [24]. The boat was capable of producing both high quality bulk
and ultrathin layers.

More sophisticated boat geometries, such as the meander type developed by Nohavica
and Teminova have also been used to grow multi-quantum well (MQW) devices [22,

(a)

(b)

(c)

Figure 8.3 Rapid slider linear graphite boat: (a) fully assembled with sidewalls fitted; (b) showing
alternative melt container with sidewalls fitted; and (c) sidewalls removed showing different knife-
edges for adjustable 1–6mm slit widths
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(a)

(b)

(c)

melt

melt

substrate

Figure 8.4 Plan views of meander type boats: (a) and (b) are for the growth of single composition
structures; and (c) is for the growth of alternate layers of two different compositions. After Nohavica
and Oswald [24, 25]. Reprinted from J. Cryst. Growth, 146, Nohavica and Oswald, Preparation of
periodic structures by meander type LPE, 287, Copyright (1995), with permission from Elsevier

24–26]. This type of boat uses a single melt chamber for the growth of a number of
layers of the same composition, and has the advantage that the relative motion of the
melt/substrate is in one direction only (no push–pull motion is necessary) and also that
multiple layers can be grown from a single melt. Results using this arrangement have
shown that a thick layer of InP composed from 31 successive thin layers grown in this
manner did not show any degradation of electrical or optical properties [22]. Examples
of the meander type boats are shown in Figure 8.4 for the growth of single and two com-
position structures. Further modifications [24, 25] enabled the homogenisation of melts
in situ prior to the growth of a device structure containing conventional bulk epilayers
around a MQW structure with three quantum wells and four barrier layers.

8.3 THICKNESS OF RAPID SLIDER LPE LAYERS

Due to quantum confinement the effective transition energy in a quantum well heterostruc-
ture is strongly dependent on the width of the well. For this reason it is essential to be
able to accurately and reproducibly control the layer thickness during epitaxy to produce
the required quantum well energy levels. In LPE the thickness of the epilayer is deter-
mined by a number of parameters, such as contact time and supersaturation, depending on
the growth technique used. Although the step cooling technique has found favour in the
growth of multiple thin layers of InGaAsP, because compositional uniformity from one
layer to the next was desirable, the near equilibrium growth technique employing very
low supercooling (∼0.1 ◦C) has been employed to grow single layers of InGaAsP [27]
and (Al,Ga)As [28].

Early work on InGaAsP layers revealed that the thickness dependence on growth time
differed from that predicted using diffusion limited theory. However, growth occurring
during the first few milliseconds may be considered as transient growth and does not take
place in a steady state. Therefore, it is not surprising that the thickness does not depend
on time as expected, i.e. t1/2 for step-cooled growth (supercooling) or t3/2 for equilibrium
(diffusion-limited) growth using the static model [29]. To investigate this, Rezek et al.
grew a ‘composite’ sample comprised of nine thin layers of InGaAsP grown sequentially
from the same melt solution at constant temperature [7]. A scanning electron microscope
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Figure 8.5 Variation in epilayer thickness and growth rate with contact time for InGaAsP. After
Rezek et al. [36]. Reproduced from [36] by permission of TMS and IEEE

was used to measure the thickness of the total number of layers in the composite sample
and hence the thickness of a single layer was determined. The measured dependence of
layer thickness on growth time, t , is shown in Figure 8.5 and was found to depart signifi-
cantly from the predicted t1/2 dependence for step-cooled growth for growth times shorter
than 200 ms. The growth rate was higher than that predicted by the t1/2 dependence, but
became less with increasing contact time. This enhanced initial growth rate has also been
observed in the AlGaAs system for near equilibrium growth [28]. Rezek et al. proposed
that the transient growth rate was either limited by the attachment kinetics of the solutes
on the surface, or by the melt flow (convection) arising from the relative motion of the
substrate with respect to the solution. There is some evidence for the attachment kinetics
argument, since the incorporation of Ga, As and Zn into LPE grown InGaAsP layers on
InP was found to be sensitive to the substrate orientation by Antypas and Shen [30]. The
fact that the different nucleation sites that are presented by the different crystal orienta-
tions influence the solute incorporation may also lend weight to the importance of surface
attachment kinetics during the growth process. Rezek et al. suggested that the actual time
taken to grow the transient layer was much shorter than the shortest measured contact
time, so that varying the contact time above some critical value would have little effect.

Inserts of graphite or molybdenum have been used in the melt bin to reduce the contact
area between the melt solution and the substrate [16]. However, it was found that melt
bins with slit widths of less than 2 mm resulted in discontinuous layer growth if graphite
inserts were used, due to the inability of the indium melt to wet the graphite, although slits
of 0.4 mm could be tolerated when molybdenum inserts were used instead. To investigate
the effect of different melt bin geometries on the growth rate and layer thickness in more
detail, Garbuzov et al. [1, 2] used straight-sided melt bins of length 1, 3 and 10 mm and a
funnel shaped bin, as shown in Figure 8.6. Figure 8.7 shows that for contact times above
10 ms, the growth rate followed the expected diffusion-limited growth model with the
usual t1/2 dependence. However, in the short growth time regime (<10 ms), the layer
thickness became independent of the contact time. This peculiarity was attributed to a
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1 mm 

(a)

(b) (c)

3 mm 10 mm 

Mo

Deep slit Molybdenum insert

Figure 8.6 Showing the various melt bin geometries employed by Garbuzov et al.: (a) three bins
with a slot width of 1, 3 and 10mm, respectively; (b) a funnel shaped bin; and (c) a bin with a
molybdenum insert. After Garbuzov et al. [1, 2]. Reprinted from J. Cryst. Growth, 110, Garbuzov
et al., On the peculiarities of short time (Tg < 10 ms) solid solution LPE growth onto the moving
substrate, 955, Copyright (1991), with permission from Elsevier
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Figure 8.7 The variation in layer thickness with growth time for samples grown under the same
conditions but with melt chambers of different widths (A, 1; B, 3; C, 10 mm). The contact time
was maintained constant by compensating with the sliding speed through the melt. After Garbuzov
et al. [1, 2]. Reprinted from J. Cryst. Growth, 110, Garbuzov et al., On the peculiarities of short
time (Tg < 10 ms) solid solution LPE growth onto the moving substrate, 955, Copyright (1991),
with permission from Elsevier

melt flow or rolling effect, due to the rapid slider substrate motion, which removes the
depleted melt from the growth interface and replaces it with ‘fresh melt’ which has higher
supersaturation. The layer thickness was found to increase as the width of the melt bin
increased for the rectangular shaped bins. (The contact time was maintained constant by
varying the sliding speed accordingly.) Therefore, the dominant factor in determining
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the thickness of the epilayer should be the melt flow or rolling caused by movement
of the substrate slider, for if surface attachment kinetics were the dominant factor, no
difference in thickness would be expected on changing the boat dimensions. By using the
melt bin geometries shown in Figure 8.6(b) and (c), with either a funnel shaped bin or a
molybdenum insert, the rolling effect of the melt can be suppressed and the layer thickness
decreases with the sliding velocity. Thin epitaxial layers down to 3 nm in thickness have
been obtained, once again consistent with the diffusion-limited mechanism.

The rolling motion of the melt results not only in replacement of the depleted solution
by fresh melt but also in a significant increase of the concentration gradient at the growing
surface (compared with the diffusion-limited case) due to the high normal velocity of
the melt flowing into the slit. The concentration gradient varies more rapidly along the
substrate than at low sliding velocity and as a result the greater part of the layer is
deposited in a rather small fraction of the slit width adjacent to the rear wall of the
slit. The increase of the concentration gradient with sliding velocity may be sufficient
to compensate for the decrease of the growth time, so that the layer thickness should
be independent of the sliding speed. In any case it is evident that the increase of the
layer thickness with slit width cannot be explained by kinetic growth arguments and is
connected with the change of the melt flow structure, namely with the increase of the
effective growth area. Assuming that the initial rapid growth may be attributed to a flow
mechanism in the melt produced by the movement of the slider, the relation between
layer thickness and growth time may be written as:

d(t) = dF(t
′) + 2Ts

Csm
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D

π

) 1
2

(t − t ′)
1
2 + 4

3
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(
D

π
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2

(t − t ′)
3
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where the first term dF represents the constant thickness obtained during the time, t ′
for which the melt is in motion. The second and third terms represent the usual terms
associated with supersaturation and diffusion limited growth in the static case. (Ts is the
supercooling, Cs is the solute concentration, m is the slope of the liquidus, D is the
diffusion coefficient and R is the cooling rate.) Reynolds et al. obtained good agreement
with experiment for this formula applied to the growth of AlxGa1−xAs over a wide range
of contact times [28].

The effect of the slider motion on the growth melt has been simulated using a dye
in an aqueous solution and a transparent plexiglass boat [31, 32]. Using this method the
effect of the crystallisation kinetics is eliminated. It was observed that:

(1) Slider-induced convection played a major role in the mixing of the melt solution.

(2) The motion of the melt causes convective mass transfer and the growth rate is
enhanced.

(3) The dynamic behaviour of the convection depends on the speed and the duration of
the slider motion.

(4) The geometry of the melt reservoir affects the pattern of the convection and the time
for which it is in operation.

(5) The convection can persist for several minutes.
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(6) The mass transfer rate is almost independent of the depth of the solution and therefore
the mass transfer boundary layer is much smaller than the solution depth.

Lueng and Schumaker [31] used the Péclet number, Pe, to ascertain the relative impor-
tance of convective transport in a gallium melt, with a slider velocity of 1 cm s−1 moved
over a distance of 1 cm. The Péclet number is the ratio of the convective to diffusion
mass transport, and is given by Pe = UL/D (where U is the characteristic velocity, L is
the characteristic length and D is the diffusion coefficient), and for the situation described
above has a value of 25 400, implying that convective transport is indeed dominant. The
convection in the melt was thought to enhance the mixing of the melt solution, bringing
the supersaturated solution from the top of the melt to the interface, providing a possible
mechanism for the initial rapid growth of thin layers. Furthermore, it was also thought
that convection improved the mixing of any carried over melt into the melt solution, so
that sharper interfaces were attainable. Brunemeier et al. attributed the difference in layer
thickness uniformity between samples to the dominance of either laminar or turbulent melt
motion [33]. It was suggested that the poor uniformity observed by Reynolds et al. [28]
in the growth of AlGaAs thin layers using slider velocities of ∼ 1 cm s−1 was due to lam-
inar melt flow, which may also give rise to compositional inhomogeneity along the layer.
The superior thickness uniformity of their InGaAsP layers was attributed to the turbulent
nature of the melt solution motion, produced using a slider velocity of 70 cm s−1. Leung
and Schumaker used a Reynolds number of ∼3 × 105 for a rectangular plate moving in a
semi-infinite liquid and a kinematic viscosity of 1.2 × 10−3 cm2 s−1 for gallium at 800 ◦C
to conclude that the flow is laminar, rather than turbulent, for a velocity of 1 cm s−1. (The
Reynolds number indicates the nature of fluid motion and is the ratio of inertial force to
viscous force. It is given by Re = UL/v, where v is the kinematic viscosity.) However,
some velocities used in the growth of thin layers are up to 500 times higher than that
modelled by Leung and Schumaker and the probability of achieving turbulent flow cannot
be discounted.

8.4 INTERFACE ABRUPTNESS

One of the reservations about the suitability of the LPE technique for growing very thin lay-
ers, is that of poor interface quality. Whilst this is important for all LPE growth, it is of par-
ticular interest in the growth of thin layers when the thickness of the epilayers may become
comparable with that of the transition region. The extent of the transition region between
one epilayer and the next has been investigated by a number of researchers. Feng et al. [34]
and Cook et al. [35] used a combination of Auger spectroscopy and ion beam milling to pro-
file the elemental species through InGaAsP/InP and InGaAsP/GaAs heterojunctions. They
estimated the interface widths to be of the order of 90 Å from these measurements but noted
that this figure was perhaps more representative of the resolution of the equipment rather
than of the actual interface width. Rezek et al. suggested that this technique led to an over-
estimation of the transition layer and used transmission electron microscopy to investigate
interface quality, concluding that the transition region may in some cases be of the same
order as the lattice constant [36]. This has been substantiated in several material systems:
InGaAsP/InP, AlGaAs/GaAs [11] and InGaAsSb/GaSb [37]. Arsent’ev et al. [15] reported
the growth of InGaAsP wells as thin as 40 Å and deduced that the transition layers were
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very thin in comparison with the well width, since the PL emission energies observed were
close to those predicted using a rectangular, rather than a parabolic well. Using TEM, Kelt-
ing et al. [17] observed a transition region of 10 Å in a 70 Å AlGaAs well and Moiseev
et al. observed a 10–12 Å transition region in an InGaAsSb/GaSb heterojunction [37]. Mor-
lock et al. grewnarrowGaAs/AlGaAs quantumwells and used photoluminescence lineshape
analysis to quantify the thickness as being two to six monolayers with an upper limit of inter-
face roughness of 0.2–0.4 monolayers [12].

There have, however, been some reports of a discrepancy between the transition widths
of the two interfaces of a double heterostructure. Auger spectroscopy profiling revealed
that in InGaAsP-InP-InGaAsP double heterostructures the width of the transition region
was dependent on the lattice mismatch [34] and is related to the speed of nucleation
for lattice-matched and mismatched epilayers. For the growth of a mismatched epilayer,
the surface energy is increased and nucleation is slow, permitting greater dissolution of
the underlying material. The dissolved material contaminates the melt solution resulting
in a graded epilayer. However, the grading was not found to be solely dependent on
lattice mismatch: reasonably sharp interfaces can be obtained for the growth of a range
of InGaAsP quaternaries on InP, but this is not necessarily true for InP on the qua-
ternaries. Further work revealed that the grading also occurs in lattice-matched systems
under certain circumstances: a lattice-matched InGaAsP-InGaAs-InGaAsP heterostructure
exhibited greater grading at the InGaAsP on InGaAs interface than for that of InGaAs on
InGaAsP. The general conclusion from the work of Feng et al. [34] and Cook et al. [35]
was that there was significant dissolution of a layer if it had a higher arsenic concentration
than the subsequent layer to be deposited. Later work by Arsent’ev et al. supported this
conclusion to some extent, but proposed that a refinement was necessary to explain the
complete absence of etch back in the growth of In0.2 Ga0.8As0.6P0.4/In0.49 Ga0.51P double
heterostructures on <111> GaAs substrates [15]. Meanwhile, Becher et al. were suc-
cessful in growing InGaAsP wells as thin as 50 Å on InP, but the samples exhibited low
photoluminescence intensities and large FWHM values [18]. It was thought these features
were produced as a result of wide transition regions between the InGaAsP and InP lay-
ers [38]. Significant improvements in both the intensity and FWHM were observed after
substituting the InP cladding layers for those of a high bandgap InGaAsP quaternary,
grown with a high supercooling in order to enhance nucleation. Double heterostructures
in the AlGaAs system have also exhibited some asymmetry in their transition widths [39].
A transition width of less than 10 Å was observed at one Al0.35 Ga0.65As/Al0.05 Ga0.95 As
interface compared with a width of 30–50 Å at the inverted interface. The increased width
in this case was thought to arise from the ‘wavy’ interface caused by a nonuniform arrival
of Al and As atoms at the interface in the high Al content melt.

8.5 COMPOSITIONAL HOMOGENEITY

Rezek et al. used Auger spectroscopy to study the homogeneity of a thin InGaAsP epi-
layer and found that away from the interface regions the In, Ga, As and P counts were
unchanged throughout the layer, indicating that the layer was homogeneous [36]. How-
ever, the photoluminescence from a thick sample and a stack of thin layers grown from
an identical melt exhibited different peak wavelengths. The thick sample exhibited a peak
at 1.06µm at low excitation, whereas the composite sample exhibited a peak at 1.075µm
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and at high excitation the bulk sample exhibited both peaks. The difference in peak wave-
lengths was attributed to the layers being of different composition. i.e. the compositions
resulting from transient growth and from diffusion limited growth were different. The
effects of transient growth are not normally observed because this region is very thin
compared with the remainder of the epitaxial layer, but the composite sample used by
Rezek et al. consisted of a stack of 18 such transient growth layers. Brunemeier et al.
also observed and analysed the transient growth and consequent gradient in the InGaAsP
composition [33]. They interpreted this as a fundamental result of the highly nonequi-
librium nature of the first few milliseconds of the LPE growth which leads to layers of
significantly different lattice constant and energy gap than expected from diffusion-limited
growth. The change in PL peak wavelength alone cannot be used to determine the com-
position of the thin layer of quaternary. Brunemeier et al. [33] used a combination of the
PL peak wavelength and the lattice constant determined from X-ray analysis to calcu-
late the composition of the active layer. They studied different compositions of GaInAsP
lattice matched to InP, and concluded that transient growth favoured the incorporation
of the larger size, band gap lowering species, i.e. indium was incorporated preferentially
over gallium and arsenic over phosphorus. This effect has also been observed in the
GaInAsSb/InAs system where the interface region is heavily In- and Sb-rich [37].

Despite the transient growth taking place under nonequilibrium conditions, the layer
homogeneity and crystalline quality can be as good as, if not better than, that of diffusion-
limited conventionally grown samples. Rezek et al. [36] reported a full width at half-
maximum (FWHM) of 25 meV in low temperature photoluminescence (PL) for a
‘composite’ sample of InGaAsP thin layers compared with a value of 33 meV obtained
for a single thick layer grown from an identical melt. Brunemeier et al. suggested that the
improvement in layer quality over a thick sample was due to the elimination of unwanted
thermal convection currents, arising from temperature gradients within the melt [33]. Such
convection currents cannot become established during the very short growth times.

8.6 DEVICES INCORPORATING ULTRATHIN LPE LAYERS

Rapid slider LPE grown quantum wells were first incorporated into LED and laser struc-
tures operating in the 1–1.55 µm spectral range [7, 9, 40] and more recently into quantum
well lasers operating at 880 nm [41]. For example, Rezek et al. [7] reported the threshold
current dependence on temperature of InGaAsP quantum well lasers emitting near 1.1µm.
The characteristic temperature, T0 was 160 ◦C below 20 ◦C and 62 ◦C above 20 ◦C. In the
low temperature range, the T0 was higher than that observed in InGaAsP double het-
erostructure lasers due to the two-dimensional nature of the active region. Above 20 ◦C
the characteristic temperature was rather similar to that of a conventional double het-
erostructure laser and was attributed to a common materials problem (possibly a deep
level in the quaternary alloy), which is often observed in heterostructures in this materials
system. Dutta et al. reported a threshold current of 45–50 mA for double channel planar
buried heterostructure (DCPBH) InP-InGaAsP-InP lasers emitting at 1.3µm as shown
in Figure 8.8 [9]. They were able to measure the temperature dependence of the carrier
lifetime at threshold for their quantum well laser compared with a conventional double
heterostructure laser. The weaker temperature dependence of the quantum well device
confirmed that a temperature dependent loss mechanism had been suppressed.



238 LIQUID PHASE EPITAXY

770

890

R
el

at
iv

e 
em

is
si

on
 in

te
ns

ity

1

2

3

77K
x − 0.12, z − 0.26

1.17 1.18

In1−xGaxP1−zAsz layered DH

1.19 1.20

Energy (eV)

940 A cm−2

Wavelength (µm)

1.06 1.05 1.04 1.03

40

50

Current (mA)

Li
gh

t (
m

w
 F

ac
et

−1
)

T0 ~ 100K

l ~ 1.3 µm
Ith ~ Ie exp (T/T0)

0

2

4

6

8

10

60

70

80

90

100

500 150100

30°C

110°C

l = 1.3 µm InGaAsP

l = 1.03 µm
InGaAsP

l = 1.3 µm InGaAsP

N–InP

P–InP

P–InP

Conduction
band

Valence
band

InP

N–InP (Substrate)

N–InP

N–InP

P–InP

P–InP

P–InP

P–InGaAsP

ACTIVE

(a) (b)

(c) (d)
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Nohavica et al. also obtained DCPBH lasers in this system using their meander type
boat design [42], the lowest threshold current recorded being about 46 mA. But, yield was
reduced due to the strain concentration at the boundary of the active region after double
channel etching and the nonideal planarity of the layers. Sasai et al. were able to improve
on the threshold current, by using InGaAsP barriers instead of InP [40]. The reduction in
threshold current down to 19 mA at room temperature was attributed to improved interface
quality due to reduced etch-back and a lower growth temperature. Carrier leakage was
responsible for the relatively low value of T0 ∼ 60 ◦C observed at high temperatures
(above 20 ◦C). Dutta et al. also adopted InGaAsP barriers and were able to increase the
maximum operating temperature to 110 ◦C with a T0 of 60 ◦C between 10 ◦C and 60 ◦C [8].
The improvement in performance was attributed to more efficient injection into the MQW
active region. Using four InGaAsP quantum wells and three InGaAsP barriers and a
distributed feedback geometry, a characteristic temperature of 95–100 ◦C was achieved
with a threshold current of 25–30 mA for a 1.3µm laser [43]. MQW lasers for 1.55 µm
emission have also been fabricated using this technique and the improved threshold current
density compared with double heterostructure devices was attributed to reduced absorption
losses in the MQW structures [8, 44]. More recently, ‘Al-free’ InGaAsP quantum well
lasers grown by LPE have been shown to compare very favourably with those produced
by MOVPE and MBE [41]. Although the threshold current was somewhat higher at 500
A cm−2 compared with 100–200 A cm−2 (attributed to thickness variations in the well),
the reliability was found to be better than in AlGaAs/GaAs high power laser diodes.
Considering that LPE is capable of producing quantum well lasers comparable with those
using the more expensive thin layer epitaxy methods, and given that the superior material
quality could lead to increased reliability one could speculate that the technique still holds
some promise especially where production costs must be kept to a minimum.

8.7 LPE GROWTH OF InAs QUANTUM WELLS

Although the growth of quantum wells has been successfully demonstrated in the InGaAsP
and GaAs systems, there have been few reports of the growth of thin layers of narrow gap
materials such as InAs and InAsSb by a liquid phase technique. This has arisen due to the
successful advent of MBE and MOVPE but also partly due to the requirement for suitable
lattice-matched barrier materials. The InAsSbP quaternary system contains a miscibility
gap but is highly suitable since it is capable of providing alloys with energy gaps up to
∼0.5 eV which are lattice-matched to InAs. The details of the procedures used for the LPE
growth of this quaternary alloy have been described in detail elsewhere [45]. Recently,
the InAs/InAsSbP system has been used to investigate the growth of InAs quantum wells
for use in mid-infrared optoelectronic devices. A linear rapid slider boat of the type
shown in Figure 8.3 was used and the growth was initiated at 568 ◦C using a slow ramp
rate of 0.2 ◦C min−1. Typically four to six thin layers were grown in one growth cycle.
The InAs quantum well layers were sandwiched between InAs0.36Sb0.20P0.44 confinement
layers a few hundred nanometres in thickness and closely lattice matched to the InAs.
The compositions of the corresponding liquid phases were calculated using phase diagram
data obtained from the literature [46, 47]. The quaternary melts were always saturated
to 573 ◦C, but the InAs melt saturation point (and therefore the supersaturation) was set
differently in the different growth runs to investigate the effects of melt supercooling on
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Figure 8.9 Cross-sectional TEM photographs of a series of InAs quantum wells grown by LPE.
Light regions are InAs quantum wells; the dark regions are lattice matched InAs0.36Sb0.20P0.44

barriers. Measured InAs quantum well thicknesses are (from top to bottom) 25,11,19 and 16 nm,
respectively, g indicates crystal growth direction. Reprinted from Appl. Phys. A, Photoluminescence
from InAs quantum wells grown by liquid-phase epitaxy, Krier et al., 71 (3), 249, Copyright (2000),
with permission from Springer-Verlag GmbH

the resulting epitaxy. Figure 8.9 shows a cross-sectional TEM photograph obtained from
a sample containing a typical stack of layers. The bright regions are the InAs quantum
wells which have thickness in the range 10 nm to 30 nm. In a similar manner to the
other alloys, by using careful boat design and by selecting appropriate contact times and
supercooling, InAs quantum wells as thin as 25 Å were readily obtained. From the high
contrast between the layers it is apparent that the rapid slider LPE technique has the
capability of growing uniform, ultrathin InAs epitaxial layers with abrupt interfaces and
that solid phase interdiffusion was negligible. It is important to note that these are valid
observations either in the case of InAs on InAsSbP or InAsSbP on InAs heteroepitaxy.

The kinetics of the ultrathin layer growth obtained for InAs is rather similar to that
obtained for InGaAsP described above. Figure 8.10 shows the measured InAs layer thick-
ness plotted against the effective contact time, calculated from the slit width and the sliding
speed. (Different symbols indicate different growth conditions, i.e. different slit widths
and slider speeds.) Once again the expected square root dependence becomes evident only
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for sufficiently high values of supercooling. The layer thickness becomes independent of
contact time as the supercooling is reduced. Below a critical value of approximately 25 ◦C
the layer thickness becomes independent of the contact time, while above that the layer
thickness steeply increases. Again the results can be explained by assuming that a small
amount of melt inside the slit rolls over the wafer such that the initial growth is deter-
mined by the formation of a localised depleted region at the melt-substrate interface. This
results in a supercooling dependent delay time after which diffusion controlled growth
begins. A mathematical description of this process using a least squares error function to
fit the measured layer thicknesses has been used to arrive at an empirical expression for
the layer thickness [48].

8.7.1 PL characterisation

The PL emission spectrum obtained at 4 K from a sample containing a 33 nm InAs
quantum well is shown in Figure 8.11. The lower curve shows two emission peaks at
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Figure 8.11 Temperature dependence of the PL emission from the 33 nm InAs quantum well
sample. Reprinted from Appl. Phys. A, Photoluminescence from InAs quantum wells grown by
liquid-phase epitaxy, Krier et al., 71 (3), 249, Copyright (2000), with permission from Springer-
Verlag GmbH

2.5µm and at 2.65 µm that originate from the InAs0.36Sb0.20P0.44 quaternary barriers. A
more intense PL peak from the InAs quantum well is observed at 3.3µm [49]. Note
that PL emission from bulk InAs is normally obtained at a shorter wavelength of around
3.0µm. We therefore conclude that the 3.3µm PL arises from the InAs quantum well,
which is consistent with emission from the type II InAsSbP/InAs system and comprising
a deep conduction band well with good electron confinement This is consistent with
conduction band and valence band offsets of 278 and 39 meV, respectively, obtained
using a linear interpolation of the parameters of Adachi [50] within the framework of the
model solid theory of Van der Walle and Martin [51].

The relative intensity of the InAs quantum well emission is almost four times higher
than that of the InAs bulk. From the temperature dependence of the PL emission it is
evident that as the temperature increases the barrier emission quenches rapidly compared
with the emission from the InAs quantum well and has vanished altogether at 40 K. This
indicates a competition between photo-generated carrier diffusion, capture and recombina-
tion mechanisms at different temperatures. As the temperature increases further additional
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peaks appear in the InAs quantum well spectrum. At 160 K four peaks (3.26, 3.00, 2.82
and 2.61 µm) become evident. These peaks are attributed to recombination from the four
confined states in the 33 nm InAs conduction band quantum well, which become popu-
lated at higher temperatures. There is also a small but noticeable blue shift in these peaks
with increasing temperature which is further evidence for the quantum confined origin of
the emission. Assuming that the E1 ground state wavefunction is a maximum at the centre
of the InAs quantum well and in a type II system the holes are confined in the InAsSbP
barrier regions adjacent to the quantum well interface, the electron–hole wavefunction
overlap would be substantial for a thin well but could be much less for a well as thick
as 33 nm. This indicates that in this case it is perhaps more likely that there is significant
band bending within the 33 nm InAs layer so that the conduction band essentially occu-
pies two different regions near the two interfaces. The quantised levels should then be
strictly regarded as two-dimensional states confined near each interface rather than states
spread over the entire quantum well. These results are encouraging for the development
of sources and detectors for the mid-infrared spectral range.

8.8 LPE GROWTH OF QUANTUM DOTS FOR MID-INFRARED
OPTOELECTRONIC DEVICES

There is currently much interest in strain induced islands or ‘quantum dots’ (QDs), which
form during the early stages of heteroepitaxy in many materials systems via Stran-
ski–Krastanov (S–K) growth [52]. These nanoscale structures can be used for basic
studies of quantum confinement, but also have considerable potential for the fabrication of
novel electronic and optoelectronic devices [53, 54]. The narrow gap III-V semiconduc-
tor materials InAs, GaSb, InSb, their alloys and nanostructures are particularly interesting
and useful materials in this respect since they offer the promise of being able to access
the 2–10 µm wavelength region and should provide the next generation of light emitting
diodes (LEDs), lasers and photodetectors for applications such as infrared gas sensors,
molecular spectroscopy and thermal imaging [55]. Self-assembled InAs and GaSb based
QDs have attracted particular interest and investigation in the past few years [56–58]. In
this section the growth of InSb and InAsSb QDs by LPE on InAs and GaAs substrates is
briefly considered.

If the lattice mismatch between QD layer and substrate were chosen to be large enough
for S–K growth then it would appear that the rapid slider technique should be capable
of QD growth. In our laboratory, both InAs (100) and GaAs (100) substrates were used
to study the possibility of growth of InSb QDs [54]. In either case, the substrate was
cleaned in situ with a wash melt, of either undersaturated As in Ga solution for GaAs
substrates, or undersaturated As in In solution for InAs substrates, immediately before
the InSb QD melt was wiped across it. The melts were baked at 50 ◦C above the liquidus
point for 1 h to produce a homogeneous melt and to purify the material. Initially, the
temperature was lowered quickly towards the growth temperature at a ramp rate of 2 ◦C
min−1, followed by a second slower ramp at 0.2 ◦C min−1 for about 30 min to avoid
overshoot and to induce a well defined amount of supercooling before the growth was
initiated.
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8.8.1 InSb QDs on GaAs (100) substrates

Figure 8.12(a) shows a high magnification atomic force microscopy (AFM) image of InSb
QDs grown on a GaAs(100) substrate at 330 ◦C with 16 ◦C supercooling and 60 s contact
time [59]. The InSb QDs are 5 nm in height and 50 nm in diameter with an area density
of 1 × 1010 cm−2 which is generally similar to the results obtained for InSb QDs grown
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Figure 8.12 AFM image of InSb QDs grown on a GaAs(100) substrate: (a) grown at 330 ◦C with
16 ◦C supercooling; (b) the same region at low magnification showing the large dots. (The image
areas are: (a) 2380 nm × 2380 nm; (b) 35µm × 35µm, respectively. Note that height and length
scales differ). Reproduced from [59] by permission of IOP Publishing Ltd
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on GaAs(100) at ∼400 ◦C by MBE [60–62]. An AFM image of the same region at low
magnification is shown in Figure 8.12(b). Large ‘needle-shaped’ InSb QDs are clearly
distinguishable; they are 50 nm in height and 300 nm in diameter with a lower density
of 2 × 107 cm−2. Although grown from the liquid phase, these large InSb QDs are again
quite similar to those grown by MBE at similar substrate temperatures. Closer examination
reveals that the height and diameter of the large QDs grown by LPE are about twice as
large as those grown by MBE, while the density is one order of magnitude lower [60,
61]. As mentioned above, the coexistence of both small and large QDs is consistent with
thermodynamic considerations of formation energy, which typically results in bimodal
states at low growth temperature [61, 63–65].

Figure 8.13(a) shows an AFM image of unencapsulated InSb QDs on InAs(100) grown
at 465 ◦C with 10 ◦C supercooling and using a 1 ms melt–substrate contact time. There
are two kinds of QDs visible on the surface. The small QDs are 4 nm in height and 20 nm
in diameter with a high area density of 4 × 1010 cm−2. The large QDs are 12 nm in height
and 60 nm in diameter, but with a much lower density of 8 × 108 cm−2. The large QDs are
about three times smaller than those grown by MBE, but the density is about three times
higher [60, 61]. During the early stages of epitaxial layer growth onto lattice-mismatched
substrates, a wetting layer is usually formed and the deformation energy increases with
increasing thickness. Self-assembled QDs are then obtained above some critical thickness
to reduce the deformation energy. The larger the lattice mismatch between the substrate
and epitaxial layer, the smaller the size of the resulting dots. The deformation energy is
not only affected by the lattice mismatch but also by the atomic interactions, substrate
temperature, etc. As the layer thickness increases further, larger islands can form, again
to minimise the deformation energy. This behaviour is essentially known as bimodal
growth. High-density small dots should be self-assembled and dislocation-free, whereas
the larger dots may contain defects, which help to consume the residual strain. By way of
comparison, we note that in the Si-Ge system, the growth rate is determined by diffusion
of Si-Ge atoms from the Bi melt across the boundary layer [62]. This is a much slower
process than the interface segregation in the InSb/InAs or GaAs system investigated here.
Consequently, the growth rate is relatively small, which enables the evolution of QD
growth to be readily investigated. Unfortunately this is not possible in this III-V system.

In contrast to the QDs shown in Figure 8.13(a), the InSb QDs shown in Figure 8.13(b)
are more coalesced together. These QDs were grown at 320 ◦C with 26 ◦C supercooling
and with a longer contact time of 60 s. The QDs are 5 nm in height and 80 nm in diameter
with a density of 1 × 1010 cm−2. Clearly, the above AFM results confirm that the rapid
slider LPE technique can be used to prepare high density and uniformly distributed InSb
QDs from the liquid phase, which are comparable with those produced by MBE, despite
the higher mass transport. Figure 8.14 shows the dependence of average height and density
of the InSb QDs grown on InAs using different amounts of melt supercooling. The average
height (taken over the whole AFM image) mainly represents the height of the small QDs
due to the lower density and surface coverage of the large QDs. The average height
was observed to increase by about a factor of two as the supercooling increased from
10 to 20 ◦C, principally due to the growth of the smaller QDs. However, the average
height decreased as the supercooling was increased further from 20 to 30 ◦C because the
small QDs then become partly coalesced and spread out to cover the surface rather than
increase in height. Therefore, in order to grow InSb QDs on InAs from the liquid phase
with a maximum (average) height but without significant coalescence, it would appear
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Figure 8.13 AFM images of InSb QDs grown by LPE on an InAs(100) substrate: (a) grown at
465 ◦C with 10 ◦C supercooling and 1ms melt–substrate contact time. The image area is 1000 nm ×
1000 nm, and exhibits both small and large QDs; (b) grown at 320 ◦C with 26 ◦C supercooling and
60 s contact time. Reproduced from [59] by permission of IOP Publishing Ltd

that the optimum supercooling should be 20 ◦C for a given melt-substrate contact time. By
extrapolating the average height to zero, the critical minimum supercooling necessary to
obtain QD formation in this system is obtained at a value of 6 ◦C. The density of the large
QDs increases slowly but continuously with increasing supercooling, which suggests that
high supercooling is favourable for the formation of large QDs. The density of the small
QDs on the other hand reaches a maximum and decreases slightly at high supercooling.
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Figure 8.14 Average height and density of small and large InSb QDs grown on InAs and their
dependence on supercooling. The samples were grown using 1ms contact time. Reproduced from
[59] by permission of IOP Publishing Ltd

The densities of both the small and large QDs are changed only relatively little with
respect to the supercooling which leads us to suppose that the density of InSb QDs is
dominated by nucleation and strain consistent with self-assembled QD formation.

8.8.2 Investigation of InAsSb QDs

Although it is possible to grow InSb QD on InAs, subsequent encapsulation with InAs
was difficult to achieve due to the higher melt temperature required for InAs epitaxial
overgrowth of sufficiently high quality, which has the effect of etching the underlying
InSb dots. Consequently, InAsSb QD were grown instead which could be produced at
higher temperature, compatible with the requirement for subsequent InAs encapsulation.
InAs1−xSbx quantum dots with x ∼ 0.2 were grown on n-type (S doped 1 × 1018 cm−3)
InAs (100) substrates. The InAs buffer and encapsulation layers were grown from an In-
rich melt, whereas the InAs1−xSbx was grown from a pseudo-binary melt [66]. AFM was
used to investigate the resulting morphology and to obtain the fundamental parameters of
the InAs1−xSbx QDs at different positions (along the passing direction of the melt) across
the substrate.

Figure 8.15 shows three AFM images taken from regions P3, P5 and P7, respectively,
at different positions along the sample as shown in the inset [67]. Even though the contact
time is very short (1 ms), with 25 ◦C supercooling there is still local depletion of As from
the InAs1−xSbx melt at the growth interface, resulting in a variation in solid composition
across the sample along the passing direction of the melt (i.e. Sb increases P3–P7). This
means one is conveniently able to examine the resulting morphology and PL properties
corresponding to different InAs1−xSbx compositions having different amounts of lattice
mismatch to the InAs substrate. AFM and PL measurements on an InAs epitaxial control
layer grown using the same techniques revealed a flat surface without any dots and PL
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Figure 8.15 AFM images obtained from unencapsulated InAs1−xSbx QDs with increasing Sb
composition grown by LPE and corresponding to the passing direction of the melt across the
substrate. Approximate compositions are: (a) x = 0.20; (b) x = 0.25; (c) x = 0.30. Reproduced
from [67] by permission of the American Institute of Physics
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characteristic of near band edge recombination, and only weak emission associated with
defects. One may observe the onset of three-dimensional growth of isolated QDs from
a coalesced (quantum well) layer as a function of strain. Consequently, the InAs1−xSbx

in region P3 [Figure 8.15(a)] has a relatively small Sb content (x = 0.2) and associ-
ated strain. The AFM image of P3 shows quite a smooth continuous InAs1−xSbx layer.
Some islands about 300 nm in diameter and 100 nm in height are visible. This means
that a strained epilayer covers most of the area in the vicinity of P3, but some large
dots have nucleated to help consume the local strain energy. The image from region P5
[Figure 8.15(b)] (x = 0.25) shows a relatively uniform self-assembled layer of coalesced
QDs with a few larger islands. The coalesced QDs are about 150 nm in diameter and
50 nm in height, with an area density of ∼5 × 109 cm−2. Region P7 [Figure 8.15(c)] has
the highest Sb composition (x = 0.3) of the three and the AFM image shows isolated
QDs, some of which have coalesced together. The area density of the isolated dots shown
here is ∼2 × 109 cm−2.

8.9 MID-INFRARED LUMINESCENCE OF ENCAPSULATED
InAsSb QDs

As mentioned above, InAs and its alloys are promising materials for the fabrication of
mid-infrared (2–5 µm) optoelectronic devices for use in gas sensors and many other
applications [68]. There is increasing interest in accessing this spectral region using a
variety of materials engineering approaches and techniques. In recent years, InSb, GaSb,
AlSb and InAs QDs have been grown on GaSb and GaAs substrates by MBE and MOVPE.
For example, self-assembled InSb QDs have been grown at 400 ◦C by MBE on GaAs and
AlGaSb substrates [61, 62], and at 460 ∼500 ◦C by MOVPE on GaSb [69]. However,
the resulting PL emission from these QDs was observed in the near infrared [59–62,
69–71]. By comparison there have been very few, if any, reports of InSb or InAs1−xSbx

QDs exhibiting emission in the spectral range > 2 µm.
A schematic diagram of the type II InAs1−xSbx /InAs QD system is shown in

Figure 8.16. The PL of InAs is normally dominated by transitions between shallow
donors ES, deep donors ED and deep acceptors (EA1 and EA2). At low temperature,
the PL of undoped and n-type InAs generally shows two peaks A and B. However,
additional peaks C and D corresponding to the transitions from ED to EV and from ES

to EA2, are observed in p-type material [72]. The system affords deep hole confinement
(Ev ∼ 100 meV) in the QD based on band offset considerations. Figure 8.17 shows the 5
K PL spectra measured from the QD encapsulated sample at several different positions
P1–P9 along the wafer, again corresponding to increasing Sb composition [where P3, P5
and P7 relate approximately to the corresponding AFM images in Figure 8.15(a)–(c)]. The
PL spectra at P1 and P2 show two peaks A and B located at 418 and 406 meV, associated
with band–band transitions and donor–acceptor transitions in InAs, respectively. These
originate from the capping and buffer layers. But, in the PL at P3, another peak (F) located
at 378 meV is observed, which correlates with the InAs1−xSbx ‘quantum well’ layer
[shown in the AFM image in Figure 8.15(a)]. At P2 the ‘quantum well’ layer is thinner
than at P3 and peak F shifts to higher energy and enhances peak B compared with the
PL observed at P1. In the spectra observed from positions P3 to P7, peak F shifts from
378 meV to 316 meV, and decreases in intensity as the 289 meV peak G increases in
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Figure 8.16 Schematic diagram showing the type II InAs1−xSbx /InAs encapsulated QD energy
band diagram. Reprinted from Physica E, 15, Krier and Huang, Mid-infrared electroluminescence
from InAsSb quantum dot light emitting diodes grown by liquid phase epitaxy, 159, Copyright
(2002), with permission from Elsevier

intensity. This suggests that moving across the sample with increasing Sb composition
(x) and hence strain, the emission is initially representative of a strained quantum well
layer and gradually becomes characteristic of self-assembled coalesced QDs. Then finally
at some critical composition (x ∼0.25) PL is observed mainly from isolated QDs of
fixed size at P7. The two dips in the broad peak G at around 290 meV (4.3µm) are due
to CO2 absorption in the unpurged laboratory atmosphere. Moving further along from
position P7 to P9, peak G decreases in intensity, while the defect related peak D and its
phonon replica peak E, as well as peak B increase in intensity. This is consistent with
the overgrowth of the isolated QDs resulting in the production of more deep states in the
InAs in the immediate vicinity outside of the dots, which enhances peaks B and D, as
well as introducing recombination centres within the QD to quench peak G.

The peak F blue shifts by 6 meV as the laser excitation intensity increases which is
consistent with a type II band alignment for the coalesced QDs. The blue shift of the
isolated QDs (peak G) is found to be even larger than that of peak F with increasing
excitation energy, as would be expected from the smaller density of states in the isolated
QDs compared with the coalesced QDs. By comparison, the InAs related peaks exhibit
only a small blue shift (1.2 meV), consistent with type I recombination. The peak energy
of peak G is always about 35 meV lower than that of peak F, because the confinement
in the three-dimensional isolated QDs is stronger than the two-dimensional confinement
in the coalesced dots. The integrated intensity of peak G also increases almost linearly
with excitation intensity, whereas the intensity of the InAs related peak shows a strong
saturation. The temperature dependence of the integrated intensities of these PL peaks
provides additional evidence of the strong quantum confinement inside the QDs. The PL
intensity of the isolated QDs increases slightly from 5 to 80 K (peak G) before quenching
at a temperature above 100 K with an activation energy of 89 meV. The quenching is
associated with holes being thermally excited out of the QD confinement potential. The
behaviour of peak F is similar. By comparison the integrated intensity of the InAs-related
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Figure 8.17 Photoluminescence spectra measured at 4 K from the InAs1−xSbx QDs with increas-
ing Sb content from positions P1 to P9 along the sample. (Top curves: P1, P2, P3; middle curves: P4,
P5, P6; lower curves: P7, P8, P9). Reproduced from [67] by permission of the American Institute
of Physics

peak B quenched rapidly with increasing temperature above 5 K, with an activation energy
of only 4.6 meV.

8.10 ELECTROLUMINESCENCE OF InAsSb QD LEDs

By introducing a layer of InAsSb QD into the active region of an InAs homojunction
p-i-n diode it is possible to investigate electroluminescence (EL). Figure 8.18 shows the
4 K EL spectrum obtained from one such QD LED using 250 mA injection current. The
broad peak in the region near 4µm is due to QD-related transitions. The large FWHM
is characteristic of the inhomogeneous broadening from the size distribution. By using
Gaussian line shapes for fitting, three peaks (s, p, d) can be deconvoluted from the
spectrum, which are attributed to recombination involving confined hole states in the
QD. The remaining peaks (2.98, 3.08 and 3.24µm) can be assigned to characteristic
recombination in the InAs encapsulation based on previously observed results in the
literature. We note that the QD emission is wider in EL than in PL due to the higher
carrier injection level, which suggests that more QD sublevels are populated. As the
injection level is increased Pauli blocking causes a saturation of the carrier number in
lower energy states inside the QD and the relaxation rate from higher states decreases
leading to observable emission from the excited levels. Two additional peaks P3 (3.16µm)
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Figure 8.18 Electroluminescence emission spectrum obtained from an InAsSb QD LED measured
at 4 K using 250mA injection current. Reprinted from Physica E, 15, Krier and Huang, Mid-infrared
electroluminescence from InAsSb quantum dot light emitting diodes grown by liquid phase epitaxy,
159, Copyright (2002), with permission from Elsevier

and P5 (3.33µm) can also be deconvoluted, but these are much weaker and are difficult
to identify with certainty. However, these two peaks are each shifted down in energy
by ∼10 meV from P2 and P4, respectively, and so may be associated either with a thin
wetting layer or a strained InAs layer covering the InAsSb QD. Figure 8.19 shows the
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Figure 8.19 The 4 K electroluminescence spectrum of the QD LED at various injection currents.
Reprinted from Physica E, 15, Krier and Huang, Mid-infrared electroluminescence from InAsSb
quantum dot light emitting diodes grown by liquid phase epitaxy, 159, Copyright (2002), with
permission from Elsevier
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QD LED emission spectra and the dependence on injection current at 4 K. It is evident
that at 30 mA there is essentially no QD emission and the injection has to be increased to
100 mA before any significant QD emission is observable. This is evidence of a phonon
bottleneck where there are insufficient phonons available to scatter holes into the deep
QD potential and the dots can become populated essentially by Auger scattering, which
only becomes significant at high carrier densities.

8.11 SUMMARY

Despite the far-reaching success of MBE and MOVPE growth technologies it has been
shown that it is possible to use a modified ‘rapid slider’ LPE growth technique to form
quantum well and QD nanostructures. This is made possible essentially by employing a
thin slit in the graphite boat melt chamber to enable short contact times between the melt
and substrate for epitaxy from the liquid phase. Various researchers have demonstrated
single and multiple quantum wells in a number of different III-V systems where the
thickness of the resulting epitaxial structures is limited only by the thickness of the
transition regions at the heterojunctions, which is typically less than 40 Å. High efficiency
InGaAsP/InP quantum well lasers have been demonstrated with performance suitable
for a wide variety of applications and excellent reliability. More recently, rapid slider
technology has been used to investigate growth of QDs from the liquid phase. In(As)Sb
quantum dots can be successfully grown onto InAs or GaAs substrates. AFM examination
shows that in some cases the density and surface morphology of these Sb-based QDs are
generally similar to those prepared by MBE and MOVPE techniques. The density, size
and shape of the dots is dependent on growth temperature, supercooling and growth time
interval, as well as the choice of substrate, in much the same manner as for the other
methods. Although the degree of precision and control over the growth is by no means
as high, the capability to grow InAs quantum wells and InAsSb QDs by LPE potentially
opens up a promising route towards the practical realisation of inexpensive mid-infrared
optoelectronic devices which are required for a wide variety of industrial and commercial
gas sensor applications. For these applications at least, where component volumes are
envisaged to be relatively small LPE represents a highly attractive route to manufacture
and the possibilities of this traditional method are far from being exhausted.
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9.1 INTRODUCTION

This chapter describes the growth of the ternary Hg1–xCdxTe (MCT) by liquid phase
epitaxy (LPE). The chapter is an update of this author’s previous summary [1] with recent
additions in the areas of growth, layer annealing, doping, reactive ion etching (RIE) and
device applications, where there has been notable progress in the last few years. Baker [2]
and Reine [3] have given recent summaries of infrared (IR) detector types made in MCT
and this chapter draws on these two sources for some material.

MCT is the most widely used material for high-performance IR detectors at present
and, as a consequence, is the third most studied semiconductor after Si and GaAs. By
changing the composition, x, the detector spectral response can be made to cover the
range from 1 to beyond 17 µm. The advantages of this system arise from a number of
features, notably: high optical absorption coefficient, low carrier generation rate, high
electron mobility and readily available doping techniques. These advantages mean that
very sensitive IR detectors can be produced at relatively high operating temperatures.

Liquid Phase Epitaxy of Electronic, Optical and Optoelectronic Materials Edited by P. Capper and M. Mauk
Ò 2007 John Wiley & Sons, Ltd
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MCT continues to be developed as the material of choice for high-performance long-
wavelength (8–12 µm) arrays and has an established market at the medium (3–5 µm)
and short wavelength (1–2.5 µm) ranges.

While photoconductive IR arrays have mainly used bulk material [4] photovoltaic
arrays mainly use epitaxial layers. Photovoltaic arrays have inherently low power con-
sumption and can be easily connected to a silicon integrated circuit to produce a retina-like
focal plane array. Such arrays are key for so-called second-generation thermal imaging
cameras that break through the performance limits imposed by photoconductive arrays
in first-generation cameras. Photovoltaic devices tend to fall into two categories: long
linear arrays of long-wavelength (LW) (8–12 µm) diodes and matrix arrays of medium
wavelength (MW) (3–5 µm) diodes and short-wavelength (SW) diodes (1.5–3µm).

Long linear arrays are required for systems with just one dimension of scanning. Here
MCT is the sensor material of choice because the stringent sensitivity requirements of
these systems demands a high quantum efficiency and near background limited infrared
photoconductor (BLIP)-limited performance detectors. Development work in the 1980s
and 1990s in the USA and Europe has led to a family of detectors for long-waveband
thermal imaging, such as the US SADA II system based on a 480 × 6 format or the
UK STAIRS ‘C’ system based on a 768 × 8 array format (producing a high-definition
1250 × 768 image). In the detector examples quoted there are six or eight rows of diodes
and the signal from each row is delayed in time and added to provide an enhancement.
This is called time-delay and integration (TDI).

Long linear arrays can also use the MW band but the flux levels are over an order
less than the LW band and the performance is compromised by the short integration
time in a scanned system. MW detectors therefore tend to use matrix arrays where the
integration time can approach the frame time. The problem of point defects is consider-
ably reduced in the medium waveband and large two-dimensional (2D) arrays are more
practical. The emphasis for MW detectors is to develop wafer-scale processes to provide
large, economical 2D arrays for staring thermal imaging cameras. The MW band ther-
mal imaging market is concentrated on arrays using half-TV (320 × 256 or 384 × 288)
or full-TV formats (640 × 480 or 640 × 512) and is divided between indium antimonide
(InSb), MCT and platinum silicide. Broadly, manufacturing companies from USA and
Israel tend to prefer InSb, and European and some US companies have specialized in
MCT. Currently, IR cameras based on MCT arrays are in production and are producing
remarkable sensitivities, over an order better than first-generation cameras.

Considerable progress has been made in the last two decades in the epitaxial growth
of MCT. Bulk growth methods are still used for providing good-quality material for
photoconductor arrays but for photovoltaic arrays there are problems associated with
crystal grain boundaries, which are electrically active, and cause lines of defects. Also,
there are limitations in the boule size, which makes bulk-grown material suitable for only
small arrays.

Several epitaxial growth techniques are in use today. Manufacturers will select a tech-
nique that suits their device technology and the type of detectors they are trying to make.
For instance, high-performance LW arrays will call for the best possible crystal quality,
whereas, large-area MW arrays can probably accept poorer material but must have large,
uniform wafers. It is the aim of most manufacturers to produce high-quality layers in
large areas at low cost but this ideal has been elusive. At the present time the best struc-
tural quality material is grown using LPE onto lattice-matched substrates of CdZnTe, and
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this has been used successfully in homojunction technologies where the photosensitive
junction is diffused into a homogeneous monolith of material. There is a trend to move
away from expensive CdZnTe substrates and both LPE and vapor phase epitaxy (VPE)
are now used on a variety of alternative substrates.

LPE of MCT at present provides the lowest crystal defect levels, and very good short-
and long-range uniformity. LPE layers are grown using an isothermal supersaturation or
programmed cooling technique or some combination of these. A detailed knowledge of
the solid–liquid–vapor phase relation is essential to control the growth particularly in
view of the high Hg pressure. Challenges include: the compositional uniformity through
the layer, the surface morphology, the incorporation of dopants and the specifications for
thickness, wavelength, etc. A common component leading to high structural quality is the
use of lattice-matched substrates of CdZnTe. These are grown by Bridgman and vertical
gradient freeze (VGF) processes and can supply slices as large as 6 × 8 cm. The CdZnTe
substrates must be of the highest quality and often this is a significant cost driver for the
process.

Two different technical approaches are used: growth from a Hg-rich solution and
growth from a Te-rich solution. Advantages of the Hg-rich route include: excellent sur-
face morphology, a low liquidus temperature, which makes cap layer growth more feasible
and the ease of incorporation of dopants. Also, large melts can provide for very good
compositional and thickness uniformity in large layers and give consistent growth charac-
teristics over a long period of time. Growth from Te-rich solutions can use three techniques
to bring the melt into contact with the substrate: dipping, tipping and sliding. Sliding boat
uses small melt volumes and is very flexible for changing composition, thickness and dop-
ing. Tipping and dipping can be scaled up easily and can provide thick, uniform layers
but the large melts limit flexibility.

Most manufacturers have taken their chosen growth system and tailored it to provide
optimum material for their device technology. In particular the use of dopants and the
deliberate introduction of compositional grades are very specific to the device structure.
A crucial figure of merit, however, is the dislocation count that controls the number
of defects in 2D arrays. Etch pit densities of 3–7 × 104 cm−2 are typically seen in the
Te-rich sliding boat process, reproducing the substructure of the CdZnTe substrate [5].
The etch pits are associated with threading dislocations that appear to be normal or near
normal to the layer surface. The substrate defect level can be as low as mid-103 cm−2 in
some horizontal Bridgman CdZnTe but this is not easy to reproduce. Device processing
therefore must expect to cope with defect levels in the mid-104 cm−2 range for routine
MCT epilayers and this will set the ultimate limit on the number of defects in MCT
2D arrays. Several groups have used the LPE process on low-cost substrates including:
CdZnTe or CdTe on GaAs/Si wafers [6] or the PACE technology on sapphire [7].

9.2 GROWTH

9.2.1 Introduction

Historically, crystal growth of MCT has been a major problem mainly because a rela-
tively high Hg pressure is present during growth, which makes it difficult to control the
stoichiometry [y in (Hg1–xCdx)yTe1–y] and composition (x) of the grown material. Low-
temperature growth processes, such as molecular beam epitaxy (MBE) and metal-organic
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vapor phase epitaxy (MOVPE), and high-temperature processes, including bulk growth
and LPE, all suffer from this problem. Proper Hg vapor pressure must be furnished and
controlled during growth. LPE technology has advanced to the point where material can
now be routinely grown for high-performance photoconductive (PC), photovoltaic (PV),
and laser detector devices in the entire 2–18 µm spectral region.

Two different technical approaches have been pursued, with virtually equal success:
growth from Te solutions and growth from Hg solutions. The pioneering work on the Te
corner of the phase diagram of the Hg-Cd-Te system [8] and the associated LPE growth
experiment [9] provided the necessary groundwork that led to several variations of open-
tube LPE from Te solutions [10]. Santa Barbara Research Center (SBRC) pioneered the
phase diagram study of the Hg corner of the Hg-Cd-Te system [11]. This knowledge was
used to design equipment and experiments before a reproducible Hg-solution technology
was developed [12]. One major advantage of the Hg-solution technology is its capability
to produce layers of excellent surface morphology due to the ease of melt decanting. Two
additional unique characteristics have now been widely recognized as essential for the
fabrication of high-performance double-layer heterojunction (DLHJ) detectors by LPE:
low liquidus temperature (<400 ◦C), which makes the cap-layer growth step feasible, and
ease of incorporating both p-type and n-type, temperature-stable impurity dopants, such
as As, Sb and In, during growth.

Early layers were grown on very small CdTe substrates, <1 cm2, but lattice match-
ing was soon realized to be very important and Cd0.96Zn0.04Te was then used [13].
Because of the high cost of bulk substrates, fragility, and poor thermal matching between
the silicon processor and MCT/CdZnTe, alternative substrates such as CdTe/GaAs [14],
CdTe/GaAs/Si and CdTe/sapphire have also been used [7]. CdTe/sapphire substrates are
in production for near infrared (NIR) and mid infrared backside illuminated devices [15].
MCT layers grown on alternative substrates, however, tend to have higher dislocation
densities and as a result, the predominant substrate material used is still CdZnTe grown
by vertical or horizontal Bridgman techniques [16, 17].

While layers grown from Hg-rich solutions are easily doped with group VB elements
with high solubility [18], layers grown from Te-rich solutions are not [19]. Group VB
dopants have low solubility and are not 100 % active electrically. Group IIIB elements,
indium in particular, are easily incorporated from both solutions. Indium doping from
Te-rich melts, however, has the one advantage that the segregation coefficient is near
unity (i.e. 1–4 depending on x value–unpublished results from the author’s laboratory).

A number of LPE techniques have been used to grow both thin and thick films. The
principal LPE techniques used are tipping, dipping and sliding boat techniques. Schematic
diagrams of these three processes are shown in Figure 9.1. The tipping and dipping
techniques have been implemented by using both Te- and Hg-rich solutions, whereas
only Te-rich solutions have been used with the sliding boat.

9.2.2 Phase diagram and defect chemistry

The major difficulty in the growth of homogeneous alloy crystals from dilute or stoichio-
metric melts results from the differences in the equilibrium compositions of the liquid
and solid phases, which leads to segregation during solidification and compositional vari-
ations. Knowledge of the solid–liquid phase relation is essential for proper use of solution
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Figure 9.1 Schematic diagram of the three principal LPE growth techniques. Reprinted from
Narrow-gap II-VI Compounds for Optoelectronic and Electromagnetic Applications, 1997, p. 32,
P. Capper et al., Figure 2.1. Copyright (1997) with kind permission of Spinger Science and Business
Media

and bulk growth processes. In addition, the solid–vapor and liquid–vapor phase relations
are of practical importance, especially in view of the high Hg pressure in the growth
process [20] and the effect of the vapor of constituent components upon post-growth
annealing and the consequent electrical properties [1].

Extensive experimental phase diagram and thermodynamic data have been critically
reviewed, along with the results calculated by the associated solution model [21]. The
associated solution model has been developed successfully to describe and predict the
phase diagram of the entire Hg-Cd-Te system. A significant portion of the thermodynamic
data for this system consists of the partial pressures of Hg, Cd, and Te for both the metal-
saturated and the Te-saturated solid solution, and quantities derived from these. All these
partial pressures, especially the predominant Hg vapor pressures, are crucial for defect
chemistry analysis.

Astles [10] has reviewed the experimental data of Te-rich LPE growth at 460–550 ◦C.
As an example, to compare growth parameters for Te solutions with those for Hg solutions,
consider the growth of LWIR MCT (x = 0.2) at 500 ◦C from both Te and Hg solutions.
The xCd for Te-rich solutions is 8.3 × 10−3 while xCd for Hg-rich solutions is 2.6 × 10−4.
This is one of the difficulties encountered in LPE growth from Hg-rich solutions. Use of
large melts, however, overcomes the Cd-depletion problem.

The net hole concentration of bulk Hg0.8Cd0.2Te equilibrated under Te-saturated con-
dition (PHg = 0.13 atm) at 500 ◦C is 1018 cm−3, while that of Hg-saturated Hg0.8Cd0.2Te
(PHg = 7.3 atm) is 8 × 1016 cm−3. The net hole concentration at 77 K of SBRC’s undoped
MCT (x ∼ 0.2) layers grown from the Hg-rich solution at 515 ◦C, is ∼ 1–2 × 1017 cm−3,
while that of undoped layers grown from Te-rich solution at 450–500 ◦C is significantly
higher (2 × 1017 –2 × 1018 cm−3) [10, 22]. It has been accepted that excess Te is accom-
modated in the MCT lattice through the formation of metal vacancies acting as doubly
ionized acceptors. It is expected, therefore, that internal microprecipitation as a result
of the retrograde solubility of Te in MCT should occur more readily in Te-saturated
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material than in Hg-saturated material [23, 24]. It is also possible that electrically neu-
tral native defects are significant in Te-saturated material, as indicated by self-diffusion
measurements [21, 25]. The measurements have been interpreted as showing Hg-vacancy
concentrations 20 to 100 times larger than inferred from Hall measurements [21].

9.2.3 LPE growth techniques

9.2.3.1 Introduction

It has been difficult to prepare homogeneous, high-quality epitaxial layers even from Te-
rich solutions, mainly because of the relatively high vapor pressure of Hg (∼ 0.1 atm) at
typical growth temperatures (∼ 500 ◦C). The initial growth solution composition can be
drastically changed during the growth cycle due to Hg being absorbed into or evaporated
from the growth solution [26]. Unless provision is made during the growth process to keep
the growth solution composition constant, MCT epilayers of uniform composition cannot
be grown reproducibly. Several approaches have been adopted to overcome this problem:
reducing Hg loss from the melt by applying a high argon or hydrogen overpressure [27];
by confining the melt in a tight-fitting slider containing extra HgTe [28]; use of a sealed,
closed-tube tilting technique [29] and active control of the Hg vapor pressure over the
growth solution by means of a two-temperature-zone system [30, 31] (one zone controls
the solution temperature while the other controls the Hg pressure over the solution). For a
particular growth temperature and solution composition, the three-phase diagram can be
used to choose a partial pressure of Hg such that the composition of the growth solution
remains constant with time [26].

LPE growth from Hg-rich solutions was first attempted with unsatisfactory results
by Bowers et al. [32]. Despite the very high Hg vapor pressure (>10 atm) and the
extremely low solubility of Cd in the Hg solution (<10−3 mol%), the ‘infinite melt’
vertical LPE (VLPE) growth from Hg solution was selected by SBRC for MCT growth.
Other researchers also realized that this approach had some advantages over Te-melt
LPE. Chandra et al. [33] deposited thin doped layers at relatively low temperatures. They
used the method to form heterojunctions on base-layers grown from Te-rich solutions for
photovoltaic focal plane arrays (PV FPAs).

Growth of MCT from Te-rich solutions was first used in the 1970s to grow layers as the
required equipment was fairly simple and easy to implement. The quality was poor due to
microstructure, dislocations and low substrate purity, mainly copper contamination [34,
35]. Copper contamination is largely responsible for the anomalous transport properties
of MCT [35]. This has been the subject of much study but the source is now understood
and solutions implemented [36].

The difficulties with substrates and the details of the MCT phase diagram were not
well known in the early phases of the technology development and this gave problems
in run-to-run composition reproducibility, and composition gradient control. It was not
until Brebrick et al. [37] completed their phase diagram studies that accurate control of
the composition was established. Composition uniformity and reproducibility was also
complicated by the lack of good temperature control [38]. LPE growth from Te- and
Hg-rich melts is usually carried out in quartz crucibles when using the dipping or tipping
techniques, mainly because quartz is available in very high purity, the melt does not
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interact with the quartz and it can be easily formed. IR detectors require puritylevels ≤
1015 cm−3 and quartz makes this achievable. Growth from the sliding boat, however, has
been carried out in high-purity graphite boats also with great success [5, 31, 39, 40].

9.2.3.2 Hg-rich growth

The design and operation of a system for MCT growth from Hg-rich melts is dominated
by consideration of the high vapor pressure of Hg, which comprises ≥90 % of the growth
solution. A secondary but related factor is the requirement to minimize melt composition
variation during and between growths due to solvent or solute loss. These factors led to
the evolution of a vertical high-pressure furnace design with a cooled reflux region. A
simplified vertical liquid phase epitaxy (VLPE) system design is shown schematically in
Figure 9.2 [11].

The furnace should provide a controllable, uniform and stable thermal source for the
melt vessel capable of maintaining at least 550 ◦C continuously. The cylindrical melt
vessel consists of a high-strength stainless steel chamber lined with quartz. Such systems
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Figure 9.2 Schematic diagram of a simplified Hg-melt VLPE system. Reprinted from Narrow-
gap II-VI Compounds for Optoelectronic and Electromagnetic Applications, 1997, p. 36, P. Capper
et al., Figure 2.3. Copyright (1997) with kind permission of Springer Science and Business Media
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are capable of containing about 10–20 kg of melt at 550 ◦C for several years with no
degradation in melt integrity or purity.

To keep the Hg-rich melt from boiling or oxidizing at temperatures above 360 ◦C
the system must be pressurized and leak-free. Typical pressures range up to 200 psi and
the pressurization gas may be high-purity H2 or a less-explosive reducing-gas mixture
containing H2. The melts are always kept saturated and are maintained near to the growth
temperature and pressure between successive runs. The prepared substrates are introduced
into the melt through a transfer chamber or air lock. Prior to growth, the transfer chamber
is evacuated and filled to pressure at which time the gate valve can be opened. A high-
purity graphite paddle with externally actuated shutters holds the substrates. The paddle
assembly can be lowered into the melt and rotated to stir the melt.

In general, the high-purity melt components are introduced into the clean melt vessel
at room temperature. The system is sealed, evacuated and pressurized. The temperature
of the furnace is raised above the predicted melting point and held constant until all the
solute dissolves. The use of large melts results in a near-constant saturation temperature
from run-to-run and ensures excellent reproducibility of layer characteristics. The amount
of material removed from the melt during each growth run is relatively insignificant.

Optimum layer smoothness occurs on lattice-matched CdZnTe substrates oriented close
to the <111> plane. Both sides of the substrate are mechanically and then chemically
polished to optimum parallelism and planarity. A typical growth procedure begins by
lowering the paddle plus substrates into the melt and allowing thermal equilibrium to be
reached while stirring. After reaching equilibrium, a programmed ramp reduces the melt
temperature to the required level at which point the shutters are opened and the substrates
are exposed to the melt. The growth rate and layer thickness are determined mainly by
the exposure temperature relative to the saturation point and the total growth range. The
composition of the layer and its variation are determined mainly by the melt composition
and its thermal uniformity. Upon completion, the paddle is withdrawn into the transfer
chamber and the isolation valve is closed.

Large melts allow the production of layers up to 30 cm2 with excellent compositional
and thickness uniformity and allow dopant impurities to be accurately weighed for incor-
poration into layers and to maintain stable electrical characteristics over a long period of
time. Four layers (30 cm2 each) with a total area of 120 cm2 can be grown in a single
run [12]. Norton et al. [41] have also scaled up for the growth of cap layers from Hg-rich
solutions, each reactor capable of growth on four 24 cm2 base layers per run.

9.2.3.3 Te-rich growth

MCT growth from Te-rich solution solves a number of problems encountered with bulk crys-
tal growth techniques. The most important being the reduction of the Hg vapor pressure over
the liquid by almost two orders ofmagnitude at the growth temperature. Large-area layers can
be grown with thicknesses up to ∼ 150µm reproducibly. Since the early 1980s the CdZnTe
substrate and corresponding LPE layer size have increased considerably, from 2 cm2 in 1983
to over 80 cm2 in 1995. Growth from Te-rich solutions is widely used in three embodiments,
dipping, tipping and sliding-boat technologies. While the tipping process may be used for
low-cost approaches, it is not as widely used in production as the sliding boat and the dipping
techniques. A comparison of the three techniques is shown in Table 9.1.
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Table 9.1 Comparison of the three LPE growth techniques. Reprinted from Narrow-gap II-VI
Compounds for Optoelectronic and Electromagnetic Applications, 1997, p. 39, P. Capper et al.,
Table 2.1. Copyright (1997) with kind permission of Springer Science and Business Media

Technique Advantages Disadvantages

Sliding boat thickness control thick layers difficult to grow
large area substrate thickness/planarity control
double layers high cost

Tipping thickness control high cost
lowest investment for experimental

investigation
scale up

closed system/good PHg control
Dipping thick layer growth thin layer thickness control

high throughput double layers
low cost
large/flexible area

Dipping LPE reactors were initially very simple, utilizing small transparent gold-coated
furnaces with melts of ∼ 200 g allowing growth on ∼ 5 cm2 substrates [42]. As LPE
moved from R&D to production reactors became larger and more sophisticated. Current
reactors are capable of growing in excess of 60 cm2 per growth run and are kept at
temperature for long periods (>6 months). Melts, on the other hand, last a very long
time (>5 years). Westphal et al. [38] described a sensor-based reactor capable of growing
MCT thick layers at relatively high production volumes and excellent reproducibility
(Figure 9.3). The temperature can be controlled within a maximum range of ±0.005 ◦C
at a temperature of ∼ 480 ◦C. The melts weigh about 4 kg with a liquidus temperature
of ∼ 480 ◦C for a solid MCT composition x = 0.225. The mercury reservoir is essential
and accurate mercury vapor pressure control ensures constant liquidus and thus constant
liquid composition.

Sliding-boat LPE is the most widely used technique for compound semiconductor LPE.
It normally consists of a graphite boat with a recess in the base for holding the substrate
wafer and a movable block with wells that contain the LPE solution and that allows the
solution to be brought into contact with the substrate and then wiped off after growth.
Advantages of the technique are the efficient use of solution and the ease of growing
multi-layers. Disadvantages are the need for careful machining of the boat components
in order to get efficient removal of the solution after growth and the need for precisely
sized substrate wafers to fit into the recess in the boat.

Layers grown from Te-rich solutions are usually grown by isothermal supersaturation
or programmed cooling techniques or a combination of both. The details of the mass
transport of Hg-Cd-Te solutions during LPE growth have been presented by Shaw [43].
He predicted that isothermal growth of thin layers from supersaturated solutions would
yield layers with uniform composition but the growth rate would change during growth.

Colombo et al. [30] used a melt-tracking technique to control the composition of
the solid. The technique utilizes the phase diagram to calculate the Hg partial pressure
and melt additions required to maintain the composition of the growing layers constant.
Table 9.2 shows a comparison of reactors with and without sensors.
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Figure 9.3 Schematic diagram of a dipping LPE reactor showing the Te-rich melt, the mercury
reservoir and position of the sensors [38]. Reprinted from Narrow-gap II-VI Compounds for Opto-
electronic and Electromagnetic Applications, 1997, p. 40, P. Capper et al., Figure 2.5. Copyright
(1997) with kind permission of Springer Science and Business Media

The sliding-boat growth process has several variants [10] but essentially, a polished
substrate is placed in the well of a graphite slider and the Te-rich solution is placed in a
well in the body of the graphite boat above the substrate and displaced horizontally from
it (Figure 9.4). Normally, a separate well contains the HgTe charge to provide the Hg
vapor pressure needed during growth and during cool-down to control the stoichiometry.
The boat is loaded into a single-ended silica tube that can be flushed with nitrogen/argon
prior to the introduction of Pd-diffused H2 for the growth phase. The furnace surrounding
the work tube is slid over the boat and the temperature is increased to 10–20 ◦C above
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Table 9.2 Comparison of LPE layer properties between a reactor with and without sensors.
Reprinted from Narrow-gap II-VI Compounds for Optoelectronic and Electromagnetic Applications,
1997, p. 43, P. Capper et al., Table 2.2. Copyright (1997) with kind permission of Springer Science
and Business Media

Property Without sensors With sensors

Temperature control ( ◦C) ±0.1 ±0.005
Pressure control (torr) ±10 ±1
Composition control ±0.2265 ± 0.0033 (1111 films) ±0.225 ± 0.0013 (1500 films)
Thickness (µm) 105 ± 26 (±25%) 111 ± 22 (±25%)

Growth

Anneal
HgTe

210
52

Figure 9.4 Schematic of Te-rich sliding-boat arrangement, dimensions in mm [44]. Reproduced
from P. Capper et al., in Growth and Processing of Electronic Materials, editor N. McN Alford
(1998) (ISBN 1-86125-072-X published by IOM Communications, London) p. 38, Fig. 1, by per-
mission of Marcy Publishing

the relevant liquidus. A slow temperature ramp (2–3 ◦C h−1) is initiated and when the
temperature is close to the liquidus of the melt the substrate is slid under the melt and
growth commences. After sufficient time has elapsed to grow the required thickness
of MCT (typical growth rates are 9–10 µm h−1) the substrate is withdrawn and the
temperature is decreased to an annealing temperature before being reduced rapidly to
room temperature [5]. Thicknesses of 25–30 µm are normally produced for loophole
diode applications, see [2]. Capper et al. [44] showed wavelength uniformity over a 2 × 3
cm LPE layer (see Figure 9.5 for more recent similar examples on 2 × 4 cm LW and
MW layers). In that same paper the importance of Zn distribution in substrates (for
lattice-matching purposes) was stressed. This aspect was discussed in more detail by
Gower et al. [45] who presented Zn maps produced by NIR and X-ray diffraction (XRD)
techniques (Figure 9.6) where good agreement was seen.

Destefanis et al. [46] have described their current Te-slider process onto 20-cm3-sized
areas, where array sizes are now up to 640 × 512 (20µm pitch), 1500 × 2 (30 µm pitch)
long linears and 1000 × 1000 (15 µm pitch) MW arrays. Recently, Denisov et al. [47]
carried out a numerical study of convection in the Te-slider arrangement. They predicted
the occurrence of convection cells and linked these to x nonuniformity.

9.3 MATERIAL CHARACTERISTICS

LPE technology has demonstrated excellent control of critical material properties (cut-off
wavelength, thickness, surface morphology, crystal quality, defect density, wafer size,
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Figure 9.5 Wavelength uniformity plots of (a) LW and (b) MW 2 × 4 cm LPE layers from Te-rich
sliding-boat growth. Courtesy of SELEX

electrical properties, and junction quality) in terms of run-to-run reproducibility and
across-wafer uniformity. Test structure analysis reveals excellent focal plane array per-
formance parameters, including leakage current, quantum efficiency, capacitance, spectral
response, operating temperature, uniformity, operability, optical cross-talk, array format,
and pixel size [2, 3]. Data on material properties realized by both Hg- and Te-rich tech-
nologies are described below.
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Courtesy of SELEX

9.3.1 Composition and thickness

Good composition uniformity, both laterally and in depth, is essential to obtain the required
uniform device performance. Growth parameters that need to be optimized in Hg-rich LPE
to obtain good composition uniformity include the degree of supercooling and mixing of
the melt, the geometrical configuration of the growth system, the melt size, and the phase
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diagram. The standard deviation of the cut-off wavelength, measured and calculated for
12 spots by Fourier transform infrared (FTIR) transmission measurements at 80 K across
a 30 cm2 LWIR layer, is 0.047µm. The standard deviation of the layer thickness is
<0.27µm. Both the cut-off wavelength of the layer and the layer thickness are measured
by FTIR [48].

Growth of low composition gradient, thick LPE layers from small Te-rich melts has
been demonstrated [49] and in large melts by isothermal supersaturation where the com-
position gradient was as low as 1.5 × 10−5µm−1. Layers grown by programmed cooling,
however, showed composition gradients ranging from 0.7 to 2 × 10−4µm−1 at a growth
temperature of ∼ 480 ◦C [49]. Composition control and uniformity of layers grown by dip-
ping Te-rich LPE is one of the strengths of this process. The layer composition is measured
using FTIR, as above [49]. The cut-off wavelength reproducibility is 10.05 ± 0.18µm (or
±8.5 × 10−5 moles of cadmium). Dipping Te-rich LPE is used mainly to grow thick films,
about 100µm, hence thickness control is not one of its advantages. Thickness control is
about ±15 % and ±20 % for layers <20µm thick due to the relatively large amount of
solidified material even at small values of undercooling.

For Te-rich sliding boat LPE layers of ∼ 30µm thickness can show wavelength uni-
formity at room temperature of 6.5 ± 0.05µm over 90 % of the area of 20 × 30 mm
layers [5] and equivalent values over MW layers [44, 50].

9.3.2 Crystal quality and surface morphology

Substrate growth technology has been continuously improved and CdZnTe substrates of
excellent characteristics, including large size (>50 cm2), high crystal quality (full width
at half maximum, FWHM <30 arcsec), low dislocation density (<3×105 cm−2), and high
purity, are now produced in support of LPE production [35, 51, 52]. The latter group [52]
has shown how to produce Te-precipitate-free material from ∼12-cm diameter crystals via
annealing slices in a Cd atmosphere. They also demonstrate that switching from a quartz
to a pyrolytic boron nitride growth crucible reduces etch pit densities to <1×104 cm−2

reproducibly. Good crystal quality and excellent surface morphology of LPE materials
have been routinely achieved with these substrates. The FWHM of X-ray double-crystal
rocking curves of typical LPE layers is ∼ 40 arcsec. X-ray topography shows uniform
contrast with a typical cross-hatch pattern due to misfit dislocations generated near the
interface. The threading dislocation density of the LPE layer as measured by the etch pit
density (EPD) technique coincides with that of the CdZnTe substrate.

The ease of decanting the Hg-rich melt after layer growth results in smooth and specu-
lar surface morphology if a precisely oriented, lattice-matched CdZnTe substrate is used.
There are two additional factors contributing to the excellent surface morphology: (1)
excellent thermal stability of the large Hg-melt growth system; (2) low etching or disso-
lution of the substrate as a result of the low solubility of CdTe or Cd in the Hg solution.
Good morphology is essential to meet the stringent operability requirements of large high-
density arrays. Epitaxial growth essentially reproduces the substructure of the substrate
especially in the case of homoepitaxy [53]. Zhu et al. [54] showed how surface morphol-
ogy was improved in a Te-dipping system by increasing the temperature by 4 ◦C just prior
to wipe-off.

The dislocation density of LPE MCT and its effects on device characteristics has
received much attention [55, 56]. The dislocation density is dominated mainly by the
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dislocations of the underlying substrate as demonstrated by Yoshikawa [57]. Yoshikawa
further reported that the dislocation density of MCT on CdZnTe did not depend greatly
on the degree of lattice mismatch for ZnTe mol % ranging from ∼ 2.5 to 4.25. Colombo
et al. [58] found this to be true but also found that for ZnTe >4.25% there was a dra-
matic increase in dislocation density. Further, the dislocation density of MCT layers grown
simultaneously under identical growth conditions varied as a function of depth. Figge-
meier et al. [59] show the effect of EPD in their Te-dipper layers where LW diode yields
increased as dislocation density decreased. For layers grown on substrates with ZnTe
∼ 3–4 % the dislocations are limited to the interface region and the dislocation density
is close to that of the substrate.

For LPE material grown in a sliding-boat system, Baker et al. [5] showed this same
variation of dislocation density with depth (typical values are 3–7 × 104 cm−2) and the
effect of dislocation density on diodes is discussed in Baker [2].

9.3.3 Impurity doping and electrical properties

Impurity doping is one of the key elements in the development of complex semiconduc-
tor devices. In order to produce heterostructure detectors with MCT epitaxial layers,
it is essential that suitable impurity dopants be incorporated during growth to form
well-behaved and stable p-n junctions. An ideal impurity dopant should have low vapor
pressure, low diffusivity, and small impurity ionization energy. Since the initial exper-
iments in doping layers grown from Hg solution [60], many studies (for reviews see
Capper [22, 61]) have established the group V and the group III dopants, As, Sb for
p-type, and In for n-type, as the dopants of choice for MCT. It was evident that Hg-
rich melts could readily be doped to produce n- and p-type temperature-stable layers.
Compared with impurity doping in layers grown from Te-rich solutions (for reviews see
Capper [22, 61]), it was evident that Hg is a preferred solvent. Solubilities of most of the
useful dopants are significantly higher than in Te-rich solutions, most notably for group
V dopants, which are among the most difficult to be incorporated into MCT.

Determination of dopant concentration in the solid involves the use of Hall effect
measurements as well as corroboration with secondary ion mass spectrometry (SIMS)
concentration profiles. The correspondence in the concentration of a dopant measured by
SIMS and Hall effect or capacitance–voltage (C –V ) methods is an indication of activity
of that dopant. Measurements on the same sample by the two techniques are required to
unequivocally substantiate the electrical activity of impurity dopants.

Figure 9.7 is a plot of the acceptor concentration measured by the Hall effect and
C –V methods versus the As concentration measured by SIMS for Hg-rich LPE. It is
clear that the measurements correlate and that As is 100 % active over three orders mag-
nitude (1015 –1018 cm−3). Indium is also found to be 100 % active over at least two orders
of magnitude (1015 –1017 cm−3), as shown in Figure 9.8 [62]. If the desired dopant con-
centration is lower than the native defect concentration dictated by the growth conditions,
the layer must be annealed at low temperatures (<300 ◦C) under saturated Hg vapor to
remove the native defects (Hg vacancies).

The doping characteristic of an LPE growth process is best described by the distribution
coefficient (k) of an impurity dopant, defined as the ratio of the impurity concentration
incorporated into the solid to that dissolved in the melt. Values of k vary with growth
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Figure 9.7 Comparison of As concentration (SIMS) and acceptor concentration (Hall effect and
C–V measurements) in intentionally doped MCT epitaxial layers grown from Hg-rich solution.
Reprinted from Narrow-gap II-VI Compounds for Optoelectronic and Electromagnetic Applications,
1997, p. 49, P. Capper et al., Figure 2.13. Copyright (1997) with kind permission of Springer
Science and Business Media
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Figure 9.8 Comparison of In concentration (SIMS) and donor concentration (Hall effect mea-
surement) in intentionally doped MCT epitaxial layers grown from Hg-rich solution. Reprinted
from Narrow-gap II-VI Compounds for Optoelectronic and Electromagnetic Applications, 1997, p.
50, P. Capper et al., Figure 2.14. Copyright (1997) with kind permission of Springer Science and
Business Media
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conditions, e.g. the composition of the melt. In the case of In, k has been measured as
100–10 for Hg-rich LPE. For As, values range from 10 to 0.1. In all cases, k decreases
with increasing Te content in the melt. Values of k are also a function of nonstoichiometry.
In the case of group V dopants, k values in MCT grown from Hg-rich melts at about
500 ◦C and from pseudobinary melts at 830 ◦C [63] are ≥ 100 times those from Te-rich
melts at 500 ◦C [64].

There has been a great deal of work in recent years in the area of As doping in Te-
rich LPE [65–68]. Schaake [65] gives a quantitative analysis of this process, in which it
is assumed that As′

Hg and As′
Te are the only As species present at equilibrium. A high-

temperature (400 ◦C) Hg anneal creates an inward net flux of Hg interstitials, Hgi, which
initiate the reaction sequence:

Hgi + As′
Hg → HgHg + Asi

followed by:
Asi + TeTe → As′

Te + Tei

where Asi and Tei are the As and Te interstitial species, respectively. Involvement of the
Te vacancy was excluded in favor of Hgi and Tei because of separate evidence for self-
diffusion by both self-interstitials. Schaake [65] assumed that the transfer rate was limited
by the out-diffusion of Tei and obtained numerical solutions to the diffusion equation for
the local build up of As′

Te, ∂cTe(x, t)/∂t , where cTe(x, t) is the As′
Te concentration at depth

x below the surface at time t . This model of site transfer was tested further by Chandra
et al. [66] who showed that As could be 50–100 % active even under Te-saturated con-
ditions. This same group [69] have studied As doping at low levels (1015 cm−3) using the
same site-transfer anneal procedure and showed some preliminary results of I –V curves
at 120–280 K, i.e. in HOT (higher operating temperature) devices.

It is expected, however, that MCT grown under both Hg- and Te-saturated conditions
can be readily doped with group I and group III elements, which substitute on the metal
sublattice. The concentration of available Hg vacancies is relatively high for MCT grown
under Hg- as well as Te-saturated growth conditions at temperatures above 350 ◦C. Ease
of incorporating group I and group III dopants into MCT irrespective of nonstoichiometry
has been confirmed experimentally [22, 61].

The excess carrier lifetime is one of the most important material characteristics of
MCT since it governs the device performance and frequency response. The objective is
to routinely produce material with lifetime that is limited by Auger processes, or by the
radiative process in the case of the wider bandgap medium-wavelength infrared (MWIR)
and short-wavelength infrared (SWIR) material. It has been reported that intentionally
impurity-doped LPE MCT material grown from Hg-rich melt can be obtained with rela-
tively high minority-carrier lifetime [70]. A clear inverse linear dependence of the lifetime,
measured by the photoconductive decay technique at 77 K, on the doping concentration
was observed for both LWIR and MWIR As-doped MCT layers from Hg-rich solutions.
The 77 K lifetimes for As-doped MWIR (x = 0.3) MCT layers are significantly higher
than those for undoped bulk MCT [71] and, furthermore, are within a factor of two of
theoretical values of the radiative lifetime for MCT. Lifetimes in In-doped MWIR MCT
were also found to exhibit an inverse linear dependence on the doping concentration [70],
with NDτ products similar to NAτ products observed for the As-doped material (where



276 LIQUID PHASE EPITAXY

ND is the donor concentration. NA is the acceptor concentration and τ is the lifetime).
Lifetimes of LWIR In-doped LPE material are limited by the Auger-recombination process
typically at doping levels above 1 × 1015 cm−3.

Electrical properties of impurity-doped, large-size, Hg-rich melts are very stable over
time. Several such melts have maintained virtually constant electrical properties (dop-
ing concentration, carrier mobility, etc.) for a period of 6 years. Electrical properties of
impurity-doped LPE layers are also very uniform across the layer. Standard deviation
of carrier concentration and mobility measured for nine selected Hall samples across a
typical 15 cm2 LWIR In-doped MCT layer is less than 5 % [12].

Unintentionally doped n-type MCT grown by Te-rich LPE was initially very difficult to
produce because of a high background acceptor concentration (copper). Indium is normally
used as a donor dopant. The motivation for donor doping was to reduce the anomalous
behavior of the transport properties at low temperatures [29]. Chen and co-workers [72,
73] have shown that once the background acceptor effects have been overcome at mid-
1014 cm−3 levels by indium the transport properties of MCT are well behaved down
to 20 K. Pelliciari et al. [40], on the other hand, achieved classical transport properties
without indium, presumably by using higher-purity substrates and/or improved handling
techniques to increase process cleanliness, as has the present author’s group [44]. Con-
siderable effort in determining which elements are electrically active in MCT [44] has led
to new chemical analysis techniques, such as laser scan mass spectrometry (LSMS) [74]
but the sensitivity of these techniques is still not sufficient to measure impurities down to
the 1 × 1014 cm−3 level. Nevertheless, Table 9.3 shows results of an LSMS analysis of a
layer grown on an in-house produced substrate. This is a technique specifically developed
to produce a survey of impurities in thin epitaxial layers. A Nd:YAG laser is rastered over
the surface where it ablates material and produces a high yield of positive ions suitable for
mass spectrometry. It has several important advantages over other mass spectrometry tech-
niques, particularly with regard to MCT analyses, such as having relative ion sensitivities
near unity, making calibration unnecessary. There is also a marked reduction in multiply
charged ion species, thus reducing spectral interferences. Impurity levels, including O, in
the center of the layer are extremely low, as are those in the CdZnTe substrate, with the
exceptions of C and O. There is also no evidence of interface concentration enhanced
peaks that have been observed by other groups. This layer yielded a mid-1014 cm−3 n-type
background level after Hg annealing at 200 ◦C.

Table 9.3 LSMS impurity survey in LPE layer grown on in-house CdZnTe substrate (×1015 cm−3)

Element Distance from surface (µm)

0–1 1–5 5–9 9–17 17–21 21–25a 25–27

C 1500 1000 3000 150 30 100 150
O >300 15 5 1 1 1 10
Na 30 1.5 0.2 0.1 0.1 0.1 0.1
Si 600 1 1 1 <1 <1 <1
K 1.5 1 0.2 <0.03 <0.03 0.2 0.2

From Adv. Mater. Opt. Electron., F. Grainger et al. 1995. Ò John Wiley & Sons Limited. Repro-
duced with permission. a Layer/substrate interface region.
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In Te-rich LPE MCT indium is 100 % active, it can be uniformly distributed within the
LPE layer and is easily reproduced. The segregation coefficient of indium during Te-rich
LPE growth at ∼480 ◦C is ∼1–4. Colombo et al. [30] reported the carrier concentra-
tion at 77 K over 100 growth runs indicating only a small melt depletion as a result of
melt dilution. Overall, indium is a well-established dopant, particularly for DLHJ devices
where the photon collection volume is n-type MCT. Indium has the additional advan-
tage of controlling the minority carrier lifetime and thus the minority carrier diffusion
length. The diffusion length is an important parameter for controlling FPA character-
istics such as cross-talk when the collection volume is not bound as is the case for
DLHJ. Chen et al. [73] have studied the minority carrier lifetime of MCT:In in the range
∼ 1014 –1016 cm−3. The hole lifetime for n-type MCT is Auger-limited down to about mid
1014 cm−3. Below 5 × 1014 cm−3 background impurities and native defects are believed
to dominate.

Group IB doping has also been investigated with various degrees of success [75].
Recently, Shih et al. [76] investigated doping with In (2 × 1014 cm−3) for the n-type side
and gold (7 × 1015 cm−3) for the p-type side. These group I elements, in general, have
been avoided as they tend to have high diffusion coefficients, are thought to be unstable in
device structures, and have been reported to have low segregation coefficients. However,
Shih et al. [76] report on VLW (13.2 µm at 77 K) diodes, where the Au-doped material
shows better thermal stability (and theoretical lifetime values) than equivalent Cu-doped
layers. This group have since reported on low As doping to replace the more mobile
group I elements, with equivalent diode results being found [77]. A later paper also
showed equivalent lifetime values in this As-doped material [78].

For vacancy-controlled as-grown p-type LPE from the sliding-boat system, Baker
et al. [5] reported that uniformity of vacancy concentration is critical for loophole junc-
tion depth control. This control has been demonstrated, via post-growth, in situ annealing,
between 0.1 and 2 × 1017 cm−3 to within ±5 % of the mean over 20 × 30 mm layers.
Conversion to <5 ×1014 cm−3 n-type after 66 h at 200 ◦C in Hg vapor is usually found
in these layers. Several studies have been carried out in recent years on the properties
of undoped LPE layers. Capper et al. [79] presented a summary of p to n conversion,
developed the original Schaake et al. model [80] and explained earlier results of Jones
et al. [81] and Dutton et al. [82]. A discussion was also presented on the relative effects
of Hg vacancies and Hg interstitials as possible Shockley–Read traps (following the sug-
gestion of Vydyanath [83]). Annealing schedules (e.g. 250 ◦C MCT + 150 ◦C Hg) were
proposed to minimize the concentrations of these two defects and subsequent unpublished
work in the author’s lab suggested that there may be a slight beneficial affect on lifetime
using such anneals. Shaw and Capper [84] extended the p to n conversion discussion
to include the skin/core boundary of Bogoboyashchii et al. [85] and drew together work
on conversion by annealing, ion beam milling, reactive ion etching and anodic oxidation.
Chandra et al. [67] have carried out a detailed study of annealing Te-rich LPE layers with
x = 0.18–0.51. The diffusion rate (rate of conversion) decreased as x increased (agreeing
with the findings of McAllister et al. [86]), with a marked change in slope at x ∼ 0.3.

There has also been a great deal of work on the effects of reactive ion etching (RIE),
both from the materials perspective and the device-processing point of view. Agnihotri
et al. [87] provide a good summary of this area, where it is thought that Hg interstitials
on the sample surface diffuse in and fill Hg vacancies. A kick-out mechanism is also
proposed, as is an effect of hydrogen from the plasma on the type-conversion process.
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The proposals that H may passivate Hg vacancies, may act as an acceptor and may
interact with In donors were first put forward by Hughes et al. [88] and these ideas
have been built upon by several groups since that time. Kim et al. [89] found that for
x ∼ 0.21 diode performance increased by a factor of 30 after H2 treatment (thought to
be due to passivation of Hg vacancies). White et al. [90] discuss the same features of H
neutralizing acceptors in x ∼ 0.3 material. Nguyen et al. [91] used quantitative mobility
spectrum analysis (QMSA) [92] to study in detail the electrical properties of both undoped
and Au-doped LPE layers after RIE.

Lee et al. [93] have reported on an automated noncontact lifetime measuring system,
using millimeter wave reflections, at 80 K in double layers grown by Te-rich (for In
doping) and Hg-rich (for As cap formation) LPE. Tobin et al. [94] used XRD as a non-
contact method to measure thickness and composition profiles in such double layers, with
the results confirmed with FTIR and SIMS.

9.3.4 Multiple-layer heterojunction structures

The first heterojunction detectors were formed by Hg-rich LPE [95]. The structure was
a single-layer heterojunction (SLHJ) consisting of an n-type layer grown on p-type bulk
MCT slices that were polished down to 20 µm thickness. Further work advanced the
technology and basic understanding of MCT heterojunctions [96]. For DLHJ, a second
LPE (cap) layer is grown over the first (base) layer. The key is to grow the cap layer
doped with slow-diffusing impurities. For n-on-p DLHJ structures, the dopant of choice
for the n-type cap layer is In, while for p-on-n DLHJ structures the p-type cap layer uses
As or Sb.

SIMS measurements on both n-on-p and p-on-n DLHJ structures have established
that the p-n junctions are abrupt (<0.1 µm), while the heterojunctions were centered
on the electrical junctions and graded over a 0.6–1.3 µm-wide region [96]. The MCT
HJ is formed by Hg-rich LPE growth of a cap layer of In-doped n-type wide-bandgap
Hg0.7Cd0.3Te onto a As-doped p-type narrow-bandgap Hg0.77Cd0.23Te base layer. The
HJ is graded due to interdiffusion between Hg and Cd during growth, which is usually
carried out at 400–420 ◦C. A different approach was developed to form an n-on-p DLHJ
structure by LPE [97]. The undoped narrow-bandgap base layer is capped by a top layer
doped with both In at high-1016 level and Cu at low-1016 level. The base layer is grown
in a horizontal tipping/sliding system from a Te-rich melt, while the cap layer is grown
from Hg solution. Since In diffuses slowly and Cu diffuses rapidly, In remains in the cap
layer while Cu diffuses throughout both the cap and base layers during growth.

9.4 DEVICE STATUS

Table 9.4 summarizes the various MCT photodiode designs and processes used by the
major FPA manufacturers today for both back-illuminated bump-interconnected FPAs
(BAE North America, RIRCOE, Rockwell/Boeing and Sofradir), and front-illuminated
loophole FPAs (DRS, SELEX).

The largest MCT FPAs yet produced are the staring SW 1024 × 1024 and 2048 × 2048
units developed by Rockwell for astronomy applications [98]. These backside-illuminated
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Table 9.4 Summary of the various MCT PV detector technologies used for 2D hybrid focal
plane arrays. Reprinted from Infrared Detectors and Emitters: Materials and Devices, 2001, p. 321,
P. Capper and C. T. Elliott (eds), Table 1. Copyright (2001) with kind permission of Springer
Science and Business Media

Photodiode configuration Junction-formation method Company

P-on-n mesa Two-layer LPE on CdZnTe
Base: Te-solution slider,
indium-doped Cap:
Hg-solution dipper,
arsenic-doped

BAE North America

P-on-n mesa Two-layer LPE on CdZnTe or
Si Base: Hg-solution dipper,
indium doped Cap:
Hg-solution dipper,
arsenic-doped

Raytheon Infrared Center of
Excellence (RIRCoE,
formerly SBRC) and Hughes
Research Laboratories (HRL)

P-on-n planar buried-junction
heterostructure

Arsenic implant into
indium-doped N-n

Rockwell/Boeing

n+-n−-p planar homojunction Boron implant into Hg-vacancy
p-type, grown by
Hg-solution tipper on ∼7.6
cm diameter sapphire with
MOVPE CdTe buffer; ZnS
passivation

n+-on-p planar Ion implant into
acceptor-doped p-type LPE
film grown by Te-solution
slider

Sofradir (Societe Francaise de
Detecteurs Infrarouge)

n-on-p VIP Ion implantation forms n-on-p
diode in p-type MCT layer,
grown by Te-solution LPE
on CdZnTe and epoxied to
silicon ROIC wafer; over the
edge contact

DRS Infrared Technologies
(formerly Texas Instruments)

n-p loophole Ion beam milling forms n-type
islands in p-type
Hg-vacancy-doped layer
grown by Te-solution LPE
on CdZnTe, and epoxied
onto silicon ROIC wafer;
cylindrical lateral collection
diodes

SELEX Sensors and Airborne
Systems Infrared Ltd
(formerly BAE SYSTEMS
Infrared Ltd)

Upper case P and N denote wider-gap layers, e.g. P-on-n denotes a wider-gap p-type layer grown
onto a narrow-gap n-type absorber layer. Adapted from [3].
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FPAs have a unit cell size of 18 × 18µm2 and cut-off wavelengths near 2.5 µm, and
operate at temperatures around 77 K. The MCT array size for the 2048 × 2048 FPA is
3.7 × 3.7 cm2. The detector array architecture is the planar ion-implanted ZnS-passivated
n-on-p photodiode, fabricated from p-type single-layer MCT films grown by LPE onto
∼ 7.6 cm diameter sapphire substrates, which incorporate an MOVPE-deposited CdTe
buffer layer. Avalanche gain had been demonstrated previously in SW MCT photodiodes.
Shin et al. [99] reported avalanche gains of 15 in planar boron-implanted n-on-p homo-
junctions, fabricated in LPE MCT films, with cut-off wavelength of 1.25 µm at 300 K.
Hwang et al. [100] grew x ∼ 0.75 layers (λ = 1–1.7 µm) by Te-rich slider at 440 ◦C for
fiber-optic communications and avalanche photodiodes. They used meltback at the end of
growth, prior to wipeoff, to improve surface morphology. Terterian et al. [101] described
the growth of x ∼ 0.5 layers (λ = 2.5 µm) LPE As-on-In double layers for both planar-
and mesa-type devices.

The VLW spectral region, defined roughly as those wavelengths beyond 12 µm (just
beyond the edge of the 8–12 µm atmospheric window) and extending to around 25 µm, is
critical for a number of applications such as spaceborne remote sensing. Here the unique
advantages of MCT detector technology–variable band gap, high quantum efficiency and
high operating temperature–make it the best choice for spaceborne applications.

The process flow of the via-hole device using LPE material is illustrated in Figure 9.9
[5, 102]. The process has two simple masking stages. The first defines a photoresist film
with a matrix of holes of, say, 5 µm diameter. Using ion beam milling, the MCT is eroded
away in the holes until the contact pads are exposed. The holes are then backfilled with a
conductor, to form the bridge between the walls of the hole and the underlying metal pad.
The junction is formed around the hole during the ion beam milling process. The second
masking stage enables the p-side contact to be applied around the array. Figure 9.9 shows
a photomicrograph of one corner of the hybrid illustrating the membrane-like nature of
the MCT on the silicon. The device structure inherently produces low crosstalk in small
pixels.

The planar device structure is the simplest device structure currently used. It is consis-
tent with a number of junction-forming processes, e.g. ion implantation, diffusion and ion
milling. The matrix of junctions is mass connected to an underlying silicon multiplexer
using indium bumps. The strength of the process is the simplicity and the compatibility
with epitaxially grown materials. A process based on high-quality LPE material and ion-
implanted junctions is conducive to good-quality detectors and volume production [103].
In the simplest form, the process needs three masking stages, for the junction and pixel
contact, and one for the contact to the p-side. The device is backside illuminated, i.e. it
is illuminated through the substrate, and so this must be of high optical quality. Careful
control of the junction geometry is needed to avoid crosstalk due to the diffusion of
minority carriers into adjacent pixels especially in the case of small pixel sizes. The ther-
mal expansion mismatch between the MCT/CdZnTe substrate combination and the silicon
multiplexer is another important consideration in this device structure and can restrict the
practical size of the array unless the CdZnTe substrate is thinned.

DLHJ devices have been developed mainly in the USA for LW detectors with low
thermal leakage currents [or high zero-bias dynamic resistance–junction area (R0Aj) val-
ues]. A number of elegant device structures have been reported with R0Aj values an order
higher than that of via-hole or planar diodes. The back-illuminated mesa P+-n heterojunc-
tion, illustrated in Figure 9.10, is a widely used device and has been reported from both
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HgCdTe layer grown on
CdZnTe substrate using
LPE growth method

HgCdTe monolith
bonded to silicon
multiplexer

Via-hole cut by ion beam or plasma etch method, back-
filled with metal. Junction around via-hole created by ion
beam or ion implantation

Monoliths of HgCdTe (10 µm
thick) chemo-mechanically
polished from layer and
surface passivated

Photomicrograph of corner of loophole array

n p

Figure 9.9 Processing of MCT arrays using LPE material and loophole technology [2]. Reprinted
from II-VI narrow bandgap semiconductors: optoelectronics in Handbook of Electronic and Opto-
electronic Materials, 2007, 1. Baker, Figure 13. Copyright (2007) with kind permission of Springer
Science and Business Media

LPE and MBE material. This structure makes good use of the n-type absorber to give high
fill factor. Devices have been made using a vertical dipper LPE process from a Hg-rich
solution [104] and using a horizontal slider LPE process from a Te-rich solution [41, 93,
105]. The p-type layer is doped with arsenic to around 1–4 × 1017 cm−3 and is grown by
the vertical dipper LPE process from a Hg-rich solution.

Another approach, known as PACE, has also been used [7]. The process uses a 75-mm
diameter substrate of highly polished sapphire, which remains with the device throughout.
The thermal expansion problem is overcome by using a carrier substrate of sapphire so
the silicon multiplexer is sandwiched in the middle. The process starts with a buffer layer
of CdTe deposited using a MOVPE process to 8.5 µm thickness followed by a 10-µm
thick p-type MCT layer grown by LPE. The n-p diodes are formed by ion implantation.
This process has been used to fabricate 1024 × 1024 arrays with 3.2 µm cut-off [106]
and 2048 × 2048 SW arrays of 16 cm2 in area [107].

Important applications in the SW (1–2.5 µm) waveband include: thermal imaging
(using nightglow), spectroscopy and active imaging using lasers. Other materials can be
used for SW detectors but products such as InGaAs tend to have high noise beyond 1.7
µm due to defects arising from the lattice mismatch with the InP substrate. Most MCT
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Figure 9.10 Schematic of a DLHJ [2]. Reprinted from II-VI narrow bandgap semiconductors:
optoelectronics in Handbook of Electronic and Optoelectronic Materials, 2007, 1. Baker, Figure
15. Copyright (2007) with kind permission of Springer Science and Business Media

technologies can be extended to SW with little change to the processing. Carrier lifetimes
should be dominated by radiative recombination but in fact Shockley–Read centers and
technological-related limits probably apply in practice. SW detectors can produce good-
quality diodes in the presence of fairly high levels of misfit dislocations and so can be
made using some of the newer technologies. For imaging and spectroscopy applications
typical operating temperatures are around 200 K and thermo-electric coolers are often
offered as standard products.

In most SW applications the photon flux is low and it is difficult to achieve reason-
able signal-to-noise performance. However, it is relatively easy to enhance the signal by
providing some avalanche gain in the device. Electron avalanching in MW MCT via-
hole diodes has been described [108, 109]. The electron and hole ionization rates are
very different in MCT and this allows almost pure exponential, noise-free avalanche gain
at fairly moderate voltages. So avalanche gain can readily be achieved for wavelengths
above about 2.5 µm when the absorber region is p-type and electrons are the minor-
ity carriers. Typically, a gain of 10 is observed for around 5 V at a cut-off of 5 µm.
An alternative structure uses SW material (1.6 µm) and a resonant enhancement of the
hole impact ionization rate when the bandgap equals the spin-orbit split-off energy [110].
Gains of 30–40 have been seen with voltages of 85–90 V.

SW laser-gated imaging systems using avalanche gain in MCT are now being reported
for use in long-range identification applications [111]. Here the combination of sophisti-
cated readout integrated circuits and high-quality Te-slider LPE MCT device processing
is producing 320 × 256 arrays with a sensitivity down to 10 photons rms.

Tobin et al. [112] reported R0Aj data for a VLW LPE P-on-n MCT diagnostic array
at 60 K, with a cut-off wavelength of 16.3 µm. Krueger et al. [113] reported back-
illuminated 350 µm diameter LPE P-on-n MCT photodiodes with cut-off wavelengths as
long as 17.5 µm at 70 K, with nonantireflection coated quantum efficiencies of 61–73
%. The R0A products of 0.7 ohm cm2 at 70 K are within a factor of two of the one-
dimensional n-side thin-base diffusion current limit.

It is also notable that LPE from Hg-rich solution has been designed to grow a four-
layer MW/LW bias-selectable dual-band n+-p-p+-n structure [114], and data have been
reported for a more producible three-layer n-p+-n bias-selectable structure [115, 116],
with growth temperatures of 400–450 ◦C. Numerical modeling of LPE film growth has
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allowed band-gap engineering of the compositional gradients due to alloy interdiffusion
at the higher LPE growth temperatures [116].

9.4.1 LPE growth on Si-based substrates

Si-based substrates are being developed as a replacement for bulk CdZnTe substrates. This
effort is directed at improvements in substrate size, strength, cost, and reliability of hybrid
FPAs. These alternative substrates, which consist of epitaxial layers of CdZnTe or CdTe on
GaAs/Si wafers [117, 118] or directly on Si wafers [119], are particularly advantageous
for the production of large arrays. High-quality epitaxial MCT has been successfully
grown on the Si-based substrates by the Hg-melt LPE technology for the fabrication
of p-on-n DLHJ detectors [119, 120]. The first high-performance 128 × 128 MWIR and
LWIR arrays have been demonstrated [120]. MWIR arrays as large as 512 × 512 and
1024 × 1024 have also been produced [121].

P-on-n DLHJ detectors fabricated on Si-based substrates show performance comparable
with that of detectors fabricated on bulk CdZnTe substrates at high temperatures but
not at low temperatures. To determine the mechanisms that limit the performance at
low temperatures, the R0Aj product was measured as a function of temperature. The
results show that an increased dislocation density, associated with heteroepitaxial thin-
layer substrates, has a much stronger effect on device performance at lower temperatures,
where the R0Aj product is not diffusion-limited but rather generation-recombination or
tunneling-limited [117, 120, 122]. This is illustrated by the comparison of R0Aj versus
temperature for MWIR detectors co-fabricated on thin-layer and bulk CdZnTe substrates
as shown in Johnson et al. [117]. These results are consistent with a recent study of the
effect of dislocations on the electrical and optical properties of LWIR PV detectors [56].

480 × 640, 256 × 256, and 480 × 4 LWIR arrays of MCT grown by Hg-melt LPE
on Si-based substrates have been demonstrated [118, 121, 122]. LWIR imagery has
been demonstrated for a 480 × 640 staring array with 20 µm pixels fabricated on a
Si-based substrate [121]. The first LWIR 256 × 256 FPA using a CdZnTe/Si substrate
showed the following 78 K performance: average D∗ = 2.6 × 1011 cm Hz0.5 W−1, aver-
age responsivity = 1.0 × 1012 mV photon−1 cm−2 s−1, average NEDT = 56 mK, mean
R0A0product = 613Ω cm2, quantum efficiency = 64 % without antireflection coating,
cut-off wavelength = 9.4 µm. A further reduction in the dislocation density for MCT
grown on Si-based substrates is needed to improve the LWIR detector performance mar-
gin at 78 K and to improve detector performance at lower temperatures [122]. The growth
of epitaxial MCT on CdZnTe/GaAs/Si and CdTe/Si substrates by Te-rich slider LPE has
also been reported with reasonable detector performance at 78 K [123].

9.5 SUMMARY AND FUTURE DEVELOPMENTS

LPE from both Te-rich and Hg-rich solutions is one of the most successful technologies
for the preparation of epitaxial MCT of excellent material characteristics. LPE materials
are being grown routinely for PV and photoconductive detectors with state-of-the-art per-
formance in the entire 2–18 µm spectral region. The DLHJ is the key element to further
improvement in PV MCT detector performance. The high throughput and high yield have
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enabled production of high-performance second-generation FPAs at affordable cost. Pho-
todiode structures with excellent performance, including p-on-n as well as n-on-p DLHJs,
have been manufactured. The trend for developing multiple-layer heterojunction struc-
tures, including DLHJ and triple-layer heterojunction as well as heteroepitaxial growth,
is toward application of vapor-phase epitaxial techniques. LPE will, however, continue
to play a major role in the development of such structures because of its simplicity and
maturity.

Knowledge of fundamental material properties for the Hg-Cd-Te system has been estab-
lished and utilized for better understanding and control of the growth process. Four key
areas are phase diagram, defect chemistry, impurity doping and heterojunction formation.
Such knowledge provides a basis for evaluating material characteristics that are dictated
by thermodynamic equilibrium conditions. Native defects are ubiquitous in MCT and
are often found to deteriorate material characteristics. Further work is needed to eluci-
date the origin and nature of various native defects and the complex interaction between
native defects and impurity dopants. Dislocations, precipitates and certain impurities are
detrimental to detector performance, especially at low temperatures. Significant progress
has been made in reducing these extended defects and undesirable impurities. Further
work is still needed to unequivocally identify the key defects for their effective reduc-
tion, especially for low-temperature, low-background applications. Both Hg- and Te-rich
LPE can produce material of excellent compositional uniformity and crystalline quality.
While donor doping is under control acceptor doping is still not well understood in Te-rich
growth. Acceptor doping using group V elements has been explored but it is very difficult
to achieve success. The same is not true for group IB dopants, which may still provide
an opportunity that has not been completely explored. Acceptor doping with group V
elements in Hg-rich LPE leads to improved lifetime, stable electrical properties and the
successful fabrication of DLHJ devices.
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10.1 INTRODUCTION

The liquid phase epitaxy (LPE) method is well known and widely applied as an effec-
tive technique in fabricating light emitting diodes (LEDs), laser diodes (LDs) and other
devices in several binary, ternary and quaternary III-V group compounds. On the other
hand, widegap II-VI compounds are expected to be one of the most vital materials for
high-performance optoelectronic devices such as LEDs and LDs operating in the blue or
ultraviolet spectral range. Additionally, the high ionicity of these compounds makes them
good candidates for high electro-optical and electromechanical coupling. Investigation on
LPE of widegap II-VI compounds was begun in the 1970s.

10.2 BASIC PROPERTIES

Widegap II-VI compound semiconductors have higher melting points, volatilization and
ionicity than III-V compounds and elemental semiconductors. Therefore, before introduc-
ing the film growth by LPE technique, it is necessary to review their physical and chemical
properties. Table 10.1 shows some fundamental properties of widegap II-VI compound
semiconductors [1–14].
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Table 10.1 Properties of some widebandgap II-VI compound semiconductors

Property ZnS ZnO ZnSe ZnTe CdS CdSe

Melting point (K) 2038 2248 1797 1513 2023 1623
(WZ,150 atm) (WZ, 100 atm)

Eg at 300 K (eV)(ZB*/WZ*) 3.68/3.91 —/3.37 2.7 2.26 2.50/2.50 —/1.75
dEg/dT (×10−4 eV K−1)

ZB/WZ
4.6/8.5 —/9.5 4.0/— 5.5/— —/5.2 —/4.6

Structure ZB/WZ WZ ZB/WZ ZB WZ WZ
Bond length (µm) 2.342 (WZ) 1.977 (WZ) 2.454 (ZB) 2.636 (ZB) 2.530 (ZB) 2.630 (ZB)
Lattice constant (ZB) a0 at 300

K (nm)
0.541 — 0.567 0.610 0.582 0.608

ZB nearest-neighbor distance at
300 K(nm)

0.234 — 0.246 0.264 0.252 0.263

ZB density at 300 K (g cm−3) 4.11 — 5.26 5.65 4.87 5.655
Lattice constant (WZ) at 300 K

(nm)
a0 = b0 0.3811 0.32495 0.398 0.427 0.4135 0.430
c0 0.6234 0.52069 0.653 0.699 0.6749 0.702
c0/a0 1.636 1.602 1.641 1.637 1.632 1.633
WZ density at 300 K (g cm−3) 3.98 5.606 — — 4.82 5.81
Symmetry ZB/WZ C6me/F43m —/C 6me —/F 43 m —/F 43 m C6 me/F 43m C6 me/F4 3m
χ (eV) 4.09 3.53 4.79 4.95
Phase stable at 300 K ZB & WZ WZ ZB ZB ZB & WZ ZB & WZ
Solid–solid phase transition

temperature (K)
1293 — 1698 — — 403

�HLS (kJ mol−1) 44 62 52 56 58 45
CP (cal mol−1 K−1) 11.0 9.6 12.4 11.9 13.2 11.8
Ionicity (%) 62 62 63 61 69 70
Equilibrium pressure at c.m.p

(atm)
3.7 — 1.0 1.9 3.8 1.0

Minimum pressure at mp (atm) 2.8 7.82 0.53 0.64 2.2 0.4–0.5
Specific heat capacity (J g−1

K−1)
0.469 — 0.339 0.16 0.47 0.49

Thermal conductivity (W cm−1

K−1)
0.27 0.6 0.19 0.18 0.2 0.09

Linear expansion coefficient
(×10−6 K−1) ZB/WZ

—/6.9 2.9/7.2 7.6/— 8.0/— 3.0/4.5 3.0/7.3

Poisson ratio 0.27 0.28
ε0/ε∞ 8.6/5.2 8.65/4.0 9.2/5.8 9.3/6.9 8.6/5.3 9.5/6.2
Refractive index ZB/WZ 2.368/2.378 —/2.029 2.5/— 2.72/— —/2.529 2.5/—
Absorption coefficient

(including two surfaces)
(λ = 10.6 µm)(cm−1)

≤0.15 — 1−2 × 10−3 — ≤0.007 ≤0.0015

Electron effective mass
(m∗/m0)

—0.40 —0.27 0.21 0.2 0.21 0.13

Hole effective mass m∗
dos/m0 — — 0.6 Circa 0.2 0.8 0.45

Electron hall mobility (300) K
for n = lowish (cm2/V−1 s−1)

165 125 500 340 340 650

Hole hall mobility at 300 K for
p = lowish (cm2/V−1 s−1)

5 — 30 100 340 —

Exciton binding energy (meV) 36 60 21 10 30.5 15
Average phonon energy (meV)

ZB/WZ
16.1/17.1 — 15.1/— 10.8/— —/13.9 18.9/25.4

Elastic constant (1010 N m−2)
C11 1.01 ± 0.05 — 8.10 ± 0.52 0.72 ± 0.01 — —
C12 0.64 ± 0.05 — 4.88 ± 0.49 0.48 ± 0.002 — —
C44 0.42 ± 0.04 — 4.41 ± 0.13 0.31 ± 0.002 — —
Knoop hardness(N cm−2) 0.18 0.5 0.15 0.13 — —
Young’s modulus 10.8 Mpsi — 10.2 Mpsi — 45 Gpa 5 × 1011

dyne cm−2

Eg, energy gap; χ , electron affinity; �HLS, heat of crystallization; CP, heat capacity; ε0/ε∞, dielectic constant
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10.3 LPE TECHNIQUE

Before the 1970s, the films of widegap II-VI compound semiconductors were mainly
grown from solid phase [15] and vapor phase epitaxy (VPE) [16–20]. With the success
of LPE in growing high quality epilayers of III-V compounds for device application,
it began to be applied for growing widegap II-VI compounds [21–24]. For the sake of
comparison, some epitaxial growth methods have been summarized in Table 10.2.

There are two methods to contact the substrate with the solution. One is the dipping
method and a schematic diagram is shown in Figure 10.1. The other is the slide-boat
method and its schematic diagram is presented in Figure 10.2. Both of the LPE growths
occur at near-thermodynamic equilibrium conditions.

There are two ways to control the supersaturation of the solution in the LPE process.
One way is equilibrium cooling. After contact between the saturated solution and the
substrate, the temperature is slowly lowered and the solution becomes supersaturated,
which enables a slow epitaxial growth on the substrate. Another way is step cooling. The
saturated solution is cooled down a few degrees to obtain a supersaturated solution. The
substrate is inserted into the supersaturated solution, and epitaxial growth occurs due to
the supersaturation, but the growth rate gradually decreases and the growth finally stops.
For both techniques, if the substrate is contacted in sequence with several different melt
sources, multi-layer structures can be grown.

Table 10.2 Comparison of several epitaxial growth techniques

LPE
Thermodynamic equilibrium growth
Easy-to-use materials
Low temperature growth
High purity
Multiple layers
Thickness control not very precise
Poor surface/interface morphology
HWE
Easy-to-use materials
Low cost
Thermodynamic equilibrium
Hard to growth thick layer
Thickness control not very precise
VPE
Easy to operate
Economic
Thinner layers
High growth rates
Easier composition control
High temperature (800–1000 ◦C)
ALE
Gaseous reaction for deposition
Low temperature growth
Precise composition

Low growth rate
Need safety precautions
MOCVD
Gaseous reaction for deposition
Precise composition
Patterned/localized growth
Potentially easier large area multiple wafer
scale-up
Low temperature growth
High vapor pressure materials growth allowed
About 1 monolayer s−1 deposition rate
Expensive equipment
Need safety precautions
MBE and MOMBE
Physical vapor deposition
Ultra-high vacuum environment
About 1 monolayer s−1 deposition rate
In situ growth front monitoring
Precise composition
Low growth rate
Sophisticated equipment
Limit for high vapor pressure materials growth
(MBE)
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Figure 10.2 Schematic diagram of a typical slide-boat method

By LPE, homo- and heterostructures can be successfully and inexpensively grown. As
the growth is carried out under thermal equilibrium, an epilayer with very low native defect
density can be obtained. From the above description, it could be said that temperature
control is the key in LPE growth.

10.4 REVIEW OF SOME EXPERIMENTAL RESULTS

As widegap compound semiconductors have high melting points and vapor pressures,
the selection of solvent is very important in LPE growth. The development process of
LPE for widegap II-VI compound semiconductors is a process of searching for suitable
solvents.
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10.4.1 Growth from Zn, Zn-Ga and halide solvents

Since wide gap II-VI compounds have higher ionicity, higher melting points and higher
vapor pressures, it is very easy to deviate stoichometry when the bulk or film crystal is
grown. For example, ZnSe crystals contain zinc vacancy (VZn) with high concentration.
These vacancies easily associate with the donor (D) impurities to form a so-called self-
activated center (VZn-D). This results in a high-resistivity and a weak band-edge emission.
It was reported that the intensity of blue emission could be enhanced by doping Ga into
ZnSe crystals [25, 26]. LPE growth is expected to overcome this problem by selecting
the solvent. Since Ga has a very low melting point, it is very suitable as a solvent in LPE
growth. Is the late 1970s Fujita et al. [27] reported LPE growth of ZnSe. LPE growth
was carried out by a tiliting method using a graphite boat in a vacuum quartz ampoule
under the pressure of 10−6 Torr (Figure 10.3). ZnSxSe1−x single crystal grown by iodine
transport method was used as the substrate. The solvents are 6N grade Zn-Ga alloy with
Ga mole fraction of 0–76 %. Undoped ZnSe crystal pre-heated at 950 ◦C for 48 h was
used as a solute. Growth temperature was varied from 850 to 1050 ◦C; cooling rate was
0.27–1 ◦C min−1 cooling interval was 200–350 ◦C; the holding duration for dissolving
the ZnSe in the solvent was 3 h. Undoped or Ga doped ZnSe single crystal layers with
thicknesses between 3 µm and 13 µm were grown on ZnSxSe1−x substrates from Zn
or Zn-Ga solvents. Smooth and uniform epitaxial layers with high crystal perfection
were obtained on the (111)- and (100)-oriented substrates. All the epitaxial layers showed
n-type conductivity and low resistivity. A remarkable enhancement of the blue emission in
the photoluminescence (PL) spectra was observed at room temperature for the epitaxial
layers grown from Zn-Ga solvents. The results show that LPE method is effective in
controlling VZn concentration in ZnSe epilayer by using a suitable solvent.

At the beginning of the 1980s, Ido and Miyasato [28] grew ZnSe films using the LPE
technique in a closed tube from a Ga solvent. They compared the surfaces of substrate
that were thermally etched in Ga and Ga+Zn solutions. In the case of Ga solution, the
surface had many etch pits with island-shape. On the other hand, the substrates were
scarcely changed when Zn was added into Ga solution. Therefore, mixing Ga+Zn was
used for growing ZnSe epilayers. The undoped, semi-insulating ZnSe (111) and undoped
ZnSe0.4S0.6 single crystals were used for substrates. The ZnSe crystals as the source
were cut from the same boule as the substrates. The growth ampoule containing ZnSe

Graphite
boat

Quartz
tube

ZnSe
solute

Furnace Quartz
cap

Vacuum

Sealed
off

Sealed
off

Exhaust

ZnSxSe1–x
       substrate

Zn–Ga
           solvent

H2 gas

Figure 10.3 Experimental arrangement of the growth ampoule for LPE. Reprinted from J. Cryst.
Growth, 45, Fujita et al., 281, Copyright (1978), with permission from Elsevier
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Figure 10.4 PL spectra measured at room temperature on ZnSe LPE layers with excitation by a
N2 laser. (a) Gradual temperature lowering method; (b) temperature difference method (TDM) at
Tsub = 900 ◦C and �T = 15 ◦C; (c) TDM at Tsub = 1000 ◦C and �T = 10 ◦C. Reprinted from J.
Cryst. Growth, 59, Ido and Miyasato, 178, Copyright (1982), with permission from Elsevier

source, ZnSe substrate, Zn grains and Ga was sealed after the ampoule was evacuated
to 10−6 Torr. The substrate temperature and the temperature difference between substrate
and source were varied from 850 to 1000 ◦C and from 10 to 40 ◦C, respectively. After 5 h
growth, the ampoule was quenched rapidly to room temperature. The PL spectra at room
temperature are shown in Figure 10.4. The epilayer grown at 1273 K showed a strong
blue emission even at room temperature. On the other hand, the layer grown at a lower
substrate temperature or that grown by the gradual temperature lowering method showed
orange color luminescence at room temperature, which was thought to be related to the
Zn vacancy.

The differences of above PL spectra were thought to be a result from the difference
of Zn vapor pressure during growth. Furthermore, the growth rate also influenced the
properties of epilayers. However, authors thought the difference of the vapor pressure of
Zn is more important than the growth rate. Therefore, blue emission at room temperature
from ZnSe epitaxial layer was obtained by controlling Zn vapor pressure during the crystal
growth.

From the above experimental results, auto-doping of Ga is inevitable when Ga is used
as a solvent. This makes it difficult to study the effect of impurities on the properties
of ZnSe. For this reason, Sano et al. [29] tried to grow homo-ZnSe epilayers from Zn
solvent and studied the electrical and optical properties of the ZnSe layers doped with
various impurities, although the saturation solubility of ZnSe in the Zn solvent is low
at the growth temperature usually used in LPE. The results showed that the group-VII
elements (Cl, Br, I) were much more suitable for preparing a low resistivity n-type ZnSe
than the group III elements (Al, Ga, In). It has also been proven that the Hall mobility and
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the intensity ratio of the deep and edge emissions in the PL spectrum depended on the Se
pressure applied during the annealing of the ZnSe source crystal. The deep emission in the
PL spectrum was suppressed by using a ZnSe source material annealed under Se pressure
of 8 atm prior to growth. The maximum Hall mobility was 380 cm2 V−1 s−1 at a carrier
density of 1.6 × 1017 cm−3. They thought that LPE is suitable to grow a high-purity ZnSe
epilayer from Zn solvent for a blue LED.

In general, ZnSe epilayer is grown by LPE from a metal solution such as Zn [29] and
Zn+Ga solvents [28], and the growth is usually carried out at 1000 ◦C. From the viewpoint
of thermal defect theory, it is well known that the higher the growth temperature, the
higher the native defects such as Zn vacancies, Se interstitials, and incorporated acceptor
impurities or residual impurities. To avoid these problems caused by high temperature
growth, the growth should be done at a temperature as low as possible. Halide solvents
were used in LPE growth due to their advantages that the solubility of II-VI compounds
in them is higher than that in metal solvents at the same temperature, they do not react
with conventional graphite container materials, and they are easily dissolved in water,
alcohol and other solvents.

Simashkevich and Tsiuyanu [30] grew CdSe, ZnTe and ZnSe epilayers on ZnTe and
ZnSe substrates from halide solvents. The LPE growth was carried out in an open system
with an argon atmosphere. In order to prevent the evaporation of the solvents, B2O3 was
used for encapsulant. In the case of CdSe layers, the starting temperature of growth was
580 ◦C, the cooling rate was 1 ◦C min−1 and the cooling span was 50–60 ◦C. Under these
growth conditions, a CdSe layer with a thickness of 25µm was grown. In the CdSe/ZnTe
heterostructure, ZnTe crystal has a cubic structure and CdSe has two kinds of crystal
structures, namely cubic and hexagonal. When both crystals have cubic structure, the
lattice mismatch is 0.3 %. For this reason, the growth conditions for cubic CdSe were
examined. The experimental results showed that the CdSe layers have both cubic and
hexagonal modifications when pure CdCl2 was used. When CdI2 was mixed with CdCl2,
the CdSe layer with cubic structure was easily grown.

It was verified by X-ray microanalysis that CdSe-ZnTe solid solutions exist on the
interface between substrate and epilayer. When the solvent consists of 90 % CdCl2 and
10 % CdI2, the solid solution is as thick as 6 µm. The formation of CdSe-ZnTe solid
solutions at the interface shows that the solvent has high viscosity. Addition of KCl up
to 7 % into the solvent overcame this problem.

On the other hand, ZnTe layers were also grown from the solvent containing CdCl2 and
CdI2. X-ray microanalysis showed that the solid solution of ZnTe-CdTe existed throughout
the epilayer, and its composition was changed. When epilayer thickness increased, the
content of ZnTe also increased. When the epilayer thickness was 10µm, the epilayer had
a composition of Zn0.7Cd0.3Te. In addition, ZnSe epilayer was also grown from ZnCl2 on
ZnTe substrate, but details were not reported.

Ido [31] examined the dependence of ZnSe solubility in ZnCl2 on temperature in the
range of 500–700 ◦C. At 700 ◦C, the solubility of ZnSe in ZnCl2 solution was larger than
that in metal solutions such as Zn and Ga at 1000–1100 ◦C [32, 33]. In this study [31],
ZnSe epilayers were grown on (111), (1 1 1) and (110) ZnSe substrates in a closed tube in
the range of 550–700 ◦C. The growth started at 700 ◦C and ended at 550 ◦C. The cooling
rate was 1–5 ◦C min−1. The epilayers were 40–60 µm in thickness and the surfaces
were smooth. The X-ray diffraction showed that the epilayers were single crystals. The
resistivity and the Hall mobility of as-grown layers were 104 –106Ω cm and about 80 cm2
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V−1 s−1 at room temperature, respectively. The PL spectra showed both a sharp blue edge
emission and a broad red emission in all epilayers. The blue emission was identified to
be related to intrinsic emission, and the broad red emission to the self-activated center.

Although CdSe, ZnTe and ZnSe epilayers could be grown from halide solutions by
LPE at a temperature below 600 ◦C, the results are unsatisfactory. The main problem is
the formation of solid solution at the interface, even throughout the epilayer.

10.4.2 Growth from Te and Se solvents

Since ZnSe, ZnTe and ZnS have suitable solubilities in liquid Te and Se, their epi-
layers were also grown by the LPE technique from Te [21] and Se [34, 35] or Te-Se
solvents [36].

Washiyama et al. [37] measured the solubility of ZnS, ZnSe and CdS in liquid Te.
The results are shown in Figure 10.5(a). Furthermore, Nakamura et al. [36] measured
the solubility of other II-VI compounds, as shown in Figure 10.5(b). According to this
figure, Nakamura and Aoki [21] successfully grew ZnS, ZnSe and ZnSSe layers on ZnS
substrates by LPE from Te solvent with an open-tube slide-boat system (Figure 10.6).
ZnS substrates with different orientations were cut from an ingot grown by the high-
pressure Bridgman technique. The solvent material was 6N-grade Te. The ZnS as a solute
was a sintered ingot prepared from 5N-grade powder. A suitable starting temperature
was 850 ◦C for ZnS and 700–800 ◦C for ZnSe, and the cooling rate was 5 ◦C min−1 for
ZnS and 2–4 ◦C min−1 for ZnSe growth. The surface of ZnS epilayers grown on ZnS
with {111}A and {111}B with about 1µm thickness was smooth, but the surfaces of ZnS
layers grown on {110} and {100} ZnS were rough. Measurement by X-ray microanalyser
showed that these epilayers contained Te with a concentration of about 0.1 at. %. The
PL spectra at 77 K and room temperature showed strong whitish-blue emission. In the
case of ZnSe layers, the thickness was 15–30 µm. Although the surfaces were smooth, Te
concentration in ZnSe epilayer was higher than that of ZnS. PL spectra at 77 K showed
efficient green and weak red emissions.

The phase diagram is very important for LPE growth. Aoki et al. [38] and Nakamura
et al. [36] presented the ternary phase diagram of Zn-Se-Te (Figure 10.7). Based on this
diagram, Nakamura et al. [36] grew ZnSe layers on ZnTe {111}B substrates using closed-
tube tipping LPE from a Te-Se solution at 800 ◦C. The ZnSe epilayers grown had good
surface morphology and serious melt-back of the substrates was not found. They estimated
the concentration of Te in the epilayer and results showed a value of less than 1 at. %.
Furthermore, a solar cell fabricated from the n-ZnSe/p-ZnTe heterojunction showed high
open-circuit voltage of 0.9 V. This result suggests that the ZnSe epilayer is effective also
as a window material for the solar cell.

The above results showed that epilayers grown from Te or Te + Se solvent con-
tained a small amount of Te, and the epilayers were actually ZnSe1−xTex . Nakamura
et al. [23] summarized the molar solubilities of ZnSe in various kinds of solvents as
shown in Figure 10.8 [33, 37–40]. They tried to grow ZnSe epilayers from solvents of
As0.4 Se0.6 [38] and Sb0.4 Se0.6 [23]. Owing to the high vapor pressure of As0.4 Se0.6, it
is very difficult to apply this solvent to open-tube LPE growth. In the case of Sb0.4 Se0.6

solvent, the LPE growth of ZnSe epilayers was successfully carried out by the open-
tube slide-boat method. The growth conditions were: growth temperature over 800 ◦C
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Figure 10.5 Solubilities of various II-VI compounds in liquid Te. (a) Reproduced from [37] by
permission of the Institute of Pure and Applied Physics. (b) Reproduced from [36] by permission
of the Institute of Pure and Applied Physics
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and cooling rate lower than 1 ◦C min−1. PL spectra of epilayer with thickness more than
30 µm were similar to that of the bulk crystal grown from Sb-Se solution. Nakamura et al.
considered this technique a promising method to obtain high purity epilayers of ZnSe.

The deviation from stoichiometry in II-VI compounds is a severe problem. Since the
temperature difference method under controlled Zn vapor pressure (TDM-CVP) has been
proved to be effective in growing films of III-V compounds [41], Sakurai et al. [34, 35]
grew ZnSe epilayers by TDM-CVP from a Se solvent. Figure 10.9 shows the schematic
figure of the epitaxial growth system and the temperature distribution of the furnace. LPE
growth was carried out in a quartz ampoule with dimensions of 8 mm in inner diameter
and 50–80 mm in length. The ampoule can be divided into three zones: Zn partial pres-
sure zone, Se solvent zone containing polycrystal ZnSe source crystal, and growth zone
containing substrate. To grow p-type ZnSe layers, Na2 Se, Na2S and LiN3 were added as
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Figure 10.8 Molar solubilities of ZnSe in various kinds of solvents. Reproduced from [23] by
permission of the Institute of Pure and Applied Physics

dopants into Se solvent. The growth ampoule was sealed in vacuum below 2 × 10−6 Torr.
The growth was performed at 950 and 1060 ◦C. In the case of growing at 950 and 1060 ◦C,
Zn partial pressure was controlled at 3.0 and 8.2 atm, respectively. The temperature gra-
dient between substrate and source zone was 1–5 ◦C cm−1. At these growth conditions,
the growth rate was 2–10 µm h−1. The electrical measurements showed that the ZnSe
epilayers doped with Na2 Se, Na2S and LiN3 showed p-type conductive features. The
highest hole concentration was 1 × 1018 cm−3 in Na2 Se-doped ZnSe layer. Furthermore,
the p − n junction diodes were fabricated by Ga diffusion into the Na2S-doped p-type
ZnSe epilayer. The fabricated LED emitted blue light at 471 nm at room temperature.

10.4.3 Growth from Sn solvent

In LPE growth, unintentional doping from the solvent is inevitable. Therefore, the high-
purity solvent is necessary. Since high purity Sn is commercially available, and Sn has the
lowest vapor pressure as well as a suitable solubility for ZnSe, Sn was used as a solvent
in LPE growth [22, 42–44]. Werkhoven et al. [22] grew ZnSe layers on ZnSe substrates
from Sn solvent using a conventional slider boat of high-purity graphite. Appropriate
amounts of Zn and Se were added to ensure saturation of the melt at the starting tem-
perature of growth. Growth temperature was varied from 900 to 830 ◦C and the cooling
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Figure 10.9 Schematic drawing of the epitaxial growth system and the temperature distribution
of the furnace. Reprinted from J. Cryst. Growth, 172, Sakurai et al., 75, Copyright (1997), with
permission from Elsevier

rate was 0.5 ◦C min−1. Epitaxial layers with thickness from 5 to 10 µm were grown. PL
spectra of these samples were employed to study the origin and nature of background
compensating impurities in undoped ZnSe layers. The width of bound exciton lines in PL
spectra was used to define the quality of the material, and the energy of the lines was
used to identify these low-level impurities. The sharpest spectrum was obtained in lay-
ers grown on a buffer layer, indicating the importance of impurity outdiffusion from the
substrate into the growing layer. Furthermore, they estimated that the total concentration
of electrically active impurities (NA + ND) was < 1017 cm−3 from the sharpness of the
bound exciton emission lines and mass spectroscopy. This showed that the control of
substrate autodoping by selection of the buffer layer resulted in a reproducible growth of
the material. These results suggested that the n-type conductivity of ZnSe is actually due
to extrinsic impurities rather than native defects and the p-type ZnSe may be achieved
by appropriate doping.

Heurtel et al. [42] calculated the ternary equilibrium phase diagram of Zn-Sn-Se for a
liquid with composition from XZn = XSe = 10−2 to 5 × 10−2 and estimated the solubility
of ZnSe in Sn. Figure 10.10 shows the part of the liquidus line corresponding to XZn =
XSe. Furthermore, authors designed an apparatus to measure solubility and to make LPE
growth. The measured results were consistent with the theoretical calculation. Electrical
and PL measurements of the grown ZnSe epilayers on ZnSe substrates from a Sn solvent
showed that pure ZnSe epilayer could be obtained by this method.
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Figure 10.10 Solubility of ZnSe in Sn. Reprinted from J. Cryst. Growth, 59, Heurtel et al., 167,
Copyright (1982), with permission from Elsevier

In order to study deep centers in ZnSe, Ido and Okada [44] prepared ZnSe layers on
ZnSe (111) substrates in a closed tube from an Sn solution by the temperature difference
method. Ga and P were used as dopants. The traps in ZnSe epitaxial layers grown on
(111) ZnSe substrates were investigated by photocapacitance and deep level transient
spectroscopy (DLTS) methods. The photocapacitance study revealed a electron trap at
0.14 eV and two hole traps at 0.57 and 0.10 eV, which were identified as a self-activated
center and Na or Li acceptors, respectively. The DLTS study elucidated a 0.32 eV trap in
a P-doped sample and a 0.30 eV trap in an undoped sample, which seems to be due to
Se vacancy. Traps were found also at 0.15, 0.29 and 0.52 eV in a Ga-doped sample. The
DLTS spectra of the first two traps changed remarkably under light irradiation.

10.4.4 Growth from Bi solvent

Several papers were published on ZnSe layers grown by LPE from Bi system sol-
vent [45–49]. These works mainly focused on studying the behavior of some acceptor
impurities. Kosai et al. [46] grew ZnSe epilayers doped with Li, Na, N and P from Bi sol-
vent on ZnSe < 111 > substrates in a horizontal slider reactor which was used for GaAlAs
laser structures. The growth temperature interval was in the range of 950–800 ◦C at a
cooling rate of about 0.5 ◦C min−1. These epilayers were proved to be p-type by esti-
mating the position of the Fermi levels through photocapacitance and photoconductivity
measurement. This result showed that the shallow acceptors, Li, Na, N and P, had been
effectively incorporated in ZnSe. Furthermore, in order to identify unintentional donor
impurities in ZnSe and to understand their roles in the compensation, Kosai [49] studied
deep donor impurities occurring in variously doped n-type ZnSe layer grown by LPE
from Bi solution. Electron traps were observed with activation energies of 0.17, ∼ 0.3,
0.64 and 1.4 eV below the conduction band. These data are very helpful in understanding
intrinsic defects as well as extrinsic defects in ZnSe.
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Beside the solvents mentioned above, the solvents of In [33, 40], Pb [50], LiF [51],
etc. were also used for preparing epilayers of ZnSe, ZnTe, etc.

10.5 CONCLUSION

The epilayers of some widegap compounds, such as ZnSe, ZnTe and CdSe, have been
grown by the LPE method. Some valuable results have been obtained. Low resistivity
p-type ZnSe epilayers with carrier concentration of 1018 cm−3 were grown and LED was
fabricated. These results are comparable with advanced metal-organic chemical vapor
deposition (MOCVD) or the molecular beam epitaxy (MBE) technique.

Although some successful examples have been shown, there is a viewpoint that the LPE
technique is not a very suitable method for epitaxial growth of widegap II-VI compounds.
The number of published papers has gradually reduced in recent years. This is mainly
due to some difficulties, such as high melting point and volatilization. These difficulties
cannot be overcome by the LPE technique.
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11.1 INTRODUCTION

The electronic and optoelectronic application of magnetic garnets was initiated in the
1950s in the field of microwave communication technology, due to its very narrow reso-
nance absorption width �H . Typical compositions were Y3Fe5O12 and Ca2xBi3−2xFe5−x

VxO12, with polycrystalline materials employed, as well as spherical single crystals. Trig-
gered by the invention of bubble memory devices [1], epitaxial technologies, in particular
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Position
c
a
d

Figure 11.1 Garnet crystal (only cations are shown; the oxygen ion is eliminated for conve-
nience). Reprinted from Bell Labs Technical Journal, S. Geller, H.J. Williams, G.P. Espinosa and
R.C. Sherwood, 365, Copyright (1964), with permission from John Wiley & Sons, Ltd

liquid phase epitaxy (LPE), of garnet materials have been successfully developed on a
wide scale [2]. By applying the LPE technique, material design can be facilitated more
easily than with other techniques. The garnet crystals have considerable freedom for
designing functions, due to the three cation sublattice sites, i.e. 24c (dodecahedral), 16a
(octahedral) and 24d (tetrahedral) sites, as shown in Figure 11.1, where only cations are
shown for convenience. Depending on the ionic radius, many kinds of cations can enter
the garnet crystal lattice, as shown in Table 11.1. The crystal lattice of a family of natural
and synthetic garnets represents the body-centred cubic (bcc) of oxygen ions and the space
group is O10

h (Schoenflies) or Ia3d (international) [3]. These characteristics of garnet mate-
rials allow many electronic and optoelectronic applications. For magnetic garnets, they are
microwave devices, bubble domain memory [1], magnetostatic wave devices [4, 5], an
optical isolator [6] and a magnetic sensor [7]. For nonmagnetic garnets, such as Y3Al5O12

and Gd3 Ga5O12 garnets, applications were laser hosts, cathode luminescence devices and

Table 11.1 Metallic ions incoporated in garnet crystals

C (sublattice 24 c) Y3+, rare-earth ions, such as La3+, Gd3+, Sm3+, Lu3+, . . .

Ca2+, Bi3+, Pb2+, . . .

A (sublattice 16 a) Fe3+, Ga3+, Al3+, Mn3+, . . .

D (sublattice 24 d) Fe3+, Ga3+, Al3+, Ge4+, Si4+, V5+, . . .
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substrates of an epitaxial layer of magnetic garnets. Although various preparation methods
for garnet films have been attempted, i.e. LPE, radio frequency (rf) sputtering [8], vapor
phase epitaxy [9], hydrothermal growth [10], LPE techniques have significant advantages
compared with other techniques.

Liquid phase epitaxial growth has been most successful in supplying chips for bub-
ble domain memories. LPE magnetic garnet single crystal films were prepared from the
PbO-B2O3 fluxed melts using a rotating nonmagnetic garnet substrate, such as GGG
(Gd3 Ga5O12) of diameter up to 3 in. (75 mm). This technique assures a high growth
rate, homogeneous distribution of the film thickness and magnetic properties, and no
defects [11, 12]. Increasing the wafer diameter required a clear understanding of the heat
and mass transport phenomena in the LPE crucible and large diameter substrate garnet
crystals. However, research and development on LPE growth has been mainly carried out
with the aim of designing and developing new garnet films with superior magnetic prop-
erties for use in bubble domain devices; combining rare-earth ions which substitute into
the 24c-site and nonmagnetic ions into the 16a- and 24d-sites [13].Growth temperature,
a degree of undercooling and the substrate rotation rate are also important in controlling
the magnetic properties, because they are closely related to the distribution coefficient of
cations, which enter three sublattice sites independently: namely 24c, 16a and 24d sites.
Growth induced magnetic anisotropy, one of the most important magnetic properties for
bubble memory applications, is also sensitive to the aforementioned growth condition.
For the bubble memory application of LPE garnet films, growth direction was mainly
<111>. Although the {111} is not a natural surface of garnet crystals, {111} growth is
preferentially employed, because an easy magnetisation axis perpendicular to the films
surface is required for the magnetic bubble application. This requirement is satisfied by an
appropriate combination of rare-earth ions; growth-induced uniaxial magnetic anisotropy
perpendicular to the surface was obtained by selecting the growth direction as <111>,
although the garnet system is cubic and isotropic [14, 15]. This magnetic anisotropy can-
not be obtained for a garnet film prepared using a chemical vapor deposition (CVD)
technique, because the CVD garnet film is prepared at a higher temperature. Growth-
induced magnetic anisotropy includes the feature of a nonequilibrium phenomenon and
cannot be obtained at such a high temperature as 1225 ◦C [9]. This is a significant advan-
tage of the LPE technique. Using the latter, a very flat surface was obtained from the
perspective of the magnetic bubble application, because the required film thickness was
in the order of micrometers, although {111} is a non-natural surface (singular surface).

Given the diminishing development of bubble memory devices, the LPE technique has
been applied to magneto-optic applications since the early 1980s, corresponding to the
development of fiberoptic communications of wavelength of 1.3–1.5 µm [16]. There were
also attempts to apply the LPE growth technique to cathode luminescence devices [17].
Figure 11.2 shows a laser diode for a light source of fiberoptic communications, which is
equipped with an optical isolator. Critical specifications from a material design perspec-
tive for the optical isolator application are relatively uncomplicated compared with those
for bubble memory applications; namely the Faraday rotation, its temperature coefficient,
saturation magnetization, uniaxial magnetic anisotropy, whose easy magnetization axis is
perpendicular to the surface, optical absorption at a specific wavelength and liberation
form of optical birefringence. In particular, uniaxial magnetic anisotropy is indispens-
able for optical isolator applications, where light impinges perpendicular to the surface
(Figure 11.3). In order to reduce the production cost of isolator chips, an LPE wafer with
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Figure 11.2 Distributed feedback laser diode module for dense wavelength division multiplexing
equipped with an optical isolator (wavelength 1.55µm). Courtesy of NEC Compound Semicon-
ductor Devices

a larger diameter is required. Currently, LPE wafers 100 mm in diameter are available
(Figure 11.4).

From the perspective of crystal growth, the objective involved how to prepare LPE
films more than 300µm thick, satisfying the aforementioned specification. In the case of
{111} growth, growth-induced uniaxial magnetic anisotropy can be obtained by selecting
an appropriate combination of rare-earth ions; this was an established technique and
considerable knowledge has been amassed through designing bubble memory garnets.
However, {111} growth results in numerous problems to be solved, when thick films, of
thickness exceeding 100 µm, are required for magneto-optic applications.

Magnetic field

Forward

Polariser BPolariser A Faraday rotator

Backward

Figure 11.3 Optical isolator using an LPE garnet chip for a Faraday rotator. Linear polarised
light rotates 45◦, passing through LPE garnet film. The rotation direction depends on the direction
of the magnetic field



LPE OF GARNETS 309

(a) (b)

Figure 11.4 (YbTbBi)3Fe5O12 garnet LPE wafers 75mm in diameter and 540µm in thickness (a)
and 100mm in diameter and 540µm in thickness (b). Stain at the surface is caused by a residue of
flux melt after growth. For Bi-substituted garnet films, flux remains on the wafer surface after high
speed rotating of the wafer for flux removal due to wetting. Courtesy of Sumitomo Metal Mining

The fundamentals, as well as the preparation, characterisation, and application of mag-
netic garnets, were comprehensively reviewed for the first time by Winkler [18]. The basic
concept of crystal growth from high temperature fluxed melts is outlined by Elwell and
Scheel [19]. LPE technologies are reviewed by Görnert and Sinn [20], Görnert [21] from
the perspective of growth kinetics, Fratello and Wolfe [22] the magneto-optical applica-
tions, Tolksdorf and Klages [23] the growth of Bi-substituted garnets and Hibiya [24] the
morphology control for thick films. In this chapter, the LPE growth of magnetic garnets
is reviewed from the perspective of thermodynamics, crystal growth mechanism, material
design and application.

11.2 LPE GROWTH

Liquid phase epitaxial garnet layers are grown on nonmagnetic garnet substrates, using a
horizontal dipping technique. Figure 11.5 shows a typical dipping apparatus. This consists
of a vertical three-zone furnace, a platinum crucible, a scavenging duct to extract fumes,
mechanisms to handle substrate crystals and electronics for control [25]. The temperature
distribution within the furnace is measured and controlled by thermocouples and a pro-
portional integral derivative (pid) system, while fluxed melts are contained by a crucible
made of platinum or a platinum alloy. Details of the chemical components of fluxed
melts are explained in the next section and the temperature of the liquids range from 800
to 1000 ◦C; with LPE garnet layers grown using 5–10 K of undercooling. Nonmagnetic
Gd3 Ga5O12 (GGG) and substituted GGG, e.g. Ca, Zr, Mg-doped GGG wafers are used for
substrate crystals and the diameter of a substrate is 75 mm. Nowadays, substrates 100 mm
in diameter are used for the production of LPE garnet films for use in optical isolators.
Single or multiple substrates are sustained by a jig made of platinum or platinum alloy,
as shown in Figure 11.6. The GGG and substituted GGG wafers are prepared using the
Czochralski method (crystal pulling) and sliced and polished (Figure 11.7). Liquid phase
epitaxial garnet films grow on the substrates by dipping substrates into the slightly under-
cooled flux melts. By rotating substrates at a rotation speed of 50–100 rpm, garnet films
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Figure 11.5 LPE growth furnaces [25]. Reprinted from Radio Electron. Engin., 45, E.A.D. White
and J.D.C. Wood, Bubble materials–composition, growth and evaluation, 711, Copyright (1975),
with permission from the Institution of Engineering & Technology

Figure 11.6 Substrate holder [25]. Reprinted from Radio Electron. Engin., 45, E.A.D. White and
J.D.C. Wood, Bubble materials–composition, growth and evaluation, 711, Copyright (1975), with
permission from the Institution of Engineering & Technology



LPE OF GARNETS 311

(a) (b)

Figure 11.7 Ca, Zr, Mg-doped Gd3 Ga5O12 bulk crystals 100mm in diameter (a) and substrate
wafers 75mm and 100mm in diameter (b). Courtesy of Sumitomo Metal Mining

of uniform thickness are obtained. After the growth of LPE films, substrates are withdrawn
from the melt and residual fluxed melts are removed by rotating the wafers at high
speed. For Bi-substituted garnet films, however, the residual melt tends to adhere to the
melt surface due to wetting, even after high-speed rotation [26]. The surfaces of the Bi-
substituted garnet films are stained with this residual fluxed melt, as shown in Figure 11.4.
Since fluxed melt contains PbO and Bi2O3, with relatively high vapor pressure at LPE
temperature, fumes from these substances must be extracted through a scavenging duct,
gathered and treated appropriately.

11.3 PHASE DIAGRAM AND CHEMISTRY

11.3.1 Phase diagram

To grow garnet single crystals or single crystalline films, knowledge of phase equilib-
ria between the crystals and environment phases is indispensable. The phase relationship
between Fe2O3 and YFeO3 has been reported by van Hook [27]; Y3Fe5O12 can be formed
through a peritectic reaction between YFeO3, which is a primary phase, and a melt, which
contains more Fe2O3 than the Y3Fe5O12 composition. Based on this phase diagram, high
quality Y3Fe5O12 single crystals were grown between the peritectic (1555 ◦C) and eutectic
(1469 ◦C) temperatures, either by a top-seeded solution growth [28] or a travelling-
solvent-floating-zone method [29]. Single crystal growth of Y3Fe5O12 has been attempted
for the first time from a PbO fluxed melt by Nielsen and Dearborn [30], i.e. a flux method.
Through the flux growth of Y3Fe5O12 single crystals, they prepared a phase diagram for
the PbO·B2O3-Y2O3-Fe2O3 system. Later, Jonker reported precise phase diagrams for
the pseudo-ternary PbO·B2O3-Y2O3-Fe2O3 system, as shown in Figure 11.8 [31]. The
solubility of rare earth oxides can be enhanced by a factor of about ten if mixtures of
PbO-PbF2 are used as solvents [32]. An improvement in quality and size was obtained
by the addition of a small amount of B2O3 in PbO [33] and in PbO-PbF2 [34]. PbF2 has
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Figure 11.8 Phase diagram for pseudo-ternary PbO·B2O3-Y2O3-Fe2O3 system [31]. Reprinted
from J. Cryst. Growth, 28, H. D. Jonker, Investigation of the phase diagram of the system PbO-
B2O3-Fe2O3-Y2O3 for the growth of single crystals of Y3Fe5O12, 231, Copyright (1975), with
permission from Elsevier

significant volatility and cannot be used in open crucibles. Therefore, the current garnet
films are grown using solvents of PbO-B2O3-(Fe2O3) or PbO-Bi2O3-B2O3-(Fe2O3) for Bi
substituted magneto-optical garnets. For the LPE growth of Bi-substituted garnet cases,
Bi ions play a role, both as solvent and constituent.

The systems have sometimes been described as pseudo-binary of solvent and garnet
constituents for convenience, as shown in Figure 11.9 [35, 36], where abscissa shows
a garnet concentration, or the parameter R4, which represents the ratio of constituent

1400

1200
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1800

T(K)

1600

5

GGG (mol %)

10

1,3

4

2

Pb0

Figure 11.9 Pseudo-binary phase diagram for the garnet–solvent system: (1) ideal solution model;
(2) quasi-regular solution model; (3) bare ion model; (4) bare complex ion model [36]. Reprinted
from J. Cryst. Growth, 89, M. Nevriva and K. Fischer, Modelling of equilibrium solid–liquid curves
in the pseudobinary PbO-Gd3Ga5O12 system, 571, Copyright (1988), with permission from Elsevier
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Table 11.2 Parameter R describing compositions for LPE growth of garnets [35]

R1 = [Fe2O3]/Σ[Ln2O3]
R2 = [Ga2O3]/([Fe2O3] + [Ga2O3])
R2 = [GeO2]/([FeO1.5] + [GeO2])
R3 = [PbO]/[B2O3]
R4 = (Σ[Ln2O3] + [Fe2O3] + [Ga2O3])/(Σ[Ln2O3] + [Fe2O3] + [Ga2O3] + [PbO] + [B2O3])
R4 = (Σ[Ln2O3] + [Fe2O3] + [CaO] + [GeO2])/(Σ[Ln2O3] + [Fe2O3] + [Ga2O3]

+[CaO] + [GeO2] + [PbO] + [B2O3])
R5 = [CaO]/([CaO] + [GeO2])

concentration to total melt. Other parameters are defined as shown in Table 11.2. Melt
compositions can be designed using these parameters.

Metastable behavior in the system, including garnet and perovskite phases, is sometimes
confusing and troublesome. During the LPE growth of magnetic garnet (Gd0.2Y2.8Fe5O12

Gd:YIG), thick garnet films (> 100 µm), once grown on the GGG substrate, were found
to be dissolved, while small crystallites of perovskite (yttrium orthoferrite: YFeO3) were
found to be adhered to the LPE crystal films, even though thin garnet films were repro-
ducibly grown, as shown in Figure 11.10 [37]. This suggests that the melt can be super-
saturated, for both the garnet and perovskite phases, and that garnet can grow more easily
than perovskite, because of the existence of a substrate; whereas for perovskite to appear,
the nucleation process is required. Once the perovskite phase has appeared, the unstable
garnet phase disappears (Figure 11.11).

THIN, GREEN

THICK, BLACK

23 MM DIA

SUBSTRATE APPEARED

Figure 11.10 Photograph showing dissolution of the thick garnet layer, which has once grown,
and crystallites of orthoferrite appeared [37]. The amount of dissolved YIG layer thickness depends
on the distance from the center of the LPE layer. At the center, the thick garnet layer was dissolved
completely and the GGG substrate appeared. A thin green layer was observed near the center,
whilst a thick YIG LPE layer (black) remained at the edge of the LPE crystal. Reprinted from
J. Cryst. Growth, 64, T. Hibiya, Growth and dissolution of liquid phase epitaxial garnet films in
orthoferrite primary phase melt, 499, Copyright (1984), with permission from Elsevier
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Figure 11.11 Metastable behavior of the garnet phase. The composition denoted by x can be
supersaturated, for both the garnet and orthoferrite phases [37]. Reprinted from J. Cryst. Growth,
64, T. Hibiya, Growth and dissolution of liquid phase epitaxial garnet films in orthoferrite primary
phase melt, 499, Copyright (1984), with permission from Elsevier

11.3.2 Chemical thermodynamics of LPE

The base to understand the growth kinetics of any crystal in solution is the knowledge of
the liquidus curve. Liquidus curves are mostly defined in terms of pseudo-binary systems,
consisting of solvent, e.g. PbO-B2O3-(Fe2O3) and solute, e.g. Y3Fe5O12. Therefore, the
phase transition liquidus (l)–solid (s) is described in terms of a so-called single-molecule
model:

Y3Fe5O12(l) ↔ Y3Fe5O12(s) (11.1)

where concentrations are defined in terms of a Y3Fe5O12 molecule. Physico-chemical
studies of different flux melts showed, however, that the garnets decompose in cation-
oxygen complexes:

3 YOn
3−2n(l) + 5FeOm

3−2m(l) ↔ Y3Fe5O12(s) + (3n + 5m−12)O2−(l) (11.2)

where solubility products are defined in terms of such species, which were
comprehensively surveyed earlier [20, 21]. In order to check these results, Nevriva and
Fischer investigated the fairly simple pseudo-binary system PbO-Gd3 Ga5O12 (GGG)
(Figure 11.9) [36]. GGG is congruently melting and no other phase exists in this system.
The authors discussed the ideal and quasi-regular solution model according to phase
transition [Equation (11.1)], where Y3Fe5O12 has to be replaced by Gd3 Ga5O12. As eight-
particle systems, they considered a bare ion model, where Y in Equation (11.2) is replaced
by Gd, Fe by Ga and n = m = 0, and a bare-complex model:

3 Gd3+(l) + 2 Ga3+(l) + 3 GaO45−(l) ↔ Gd3 Ga5O12(s) (11.3)

The complex ions GaO4
5− (l) are thought to be incorporated into tetrahedral,

Ga3+ (l) into octahedral, and Gd3+ (l) into dodecahedral sites. Curve 4 in Figure 11.9
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reveals that model 3 [Equation (11.3)] provides the best explanation for the differen-
tial thermal analysis (DTA) results of GGG. This is in agreement with the conclusions
of physico-chemical investigations with YIG, such as electrical conductivity, viscosity,
electromotive force and cryoscopy [38, 39]. According to Equation (11.3), solubility prod-
ucts are defined for GGG as LGGG = [Gd3+]3 [Gd3+]2 [GaO4

5−]3 and correspondingly
LYIG = [Y3+]3 [Fe3+]2 [FeO4

5−]3 for YIG. In fact, considerable experimental data are
plotted in terms of different types of solubility products. De Gasperis and Marcelli [40]
used the activities a[YOn] and a[FeOm] of yttrium-oxygen and iron-oxygen complexes
and defined LYIG = a[YOn]3a[FeOm]5 using Equation (11.2). Figure 11.12 shows the
corresponding data for YIG [40] and GGG [41]. The solubility product L is written as
follows:

ln L = ln L0 − �H/RT with ln L0 = �S/R (11.4)

where the heats of the solution are �H = 301 kJ mol−1 (YIG) and �H = 306 kJ mol−1

(GGG), and entropy change of solution �S = 109 J mol−1 K−1 (YIG) and �S = 96 J
mol−1 K−1 (GGG).

Furthermore, it has been found that the concentration of free oxygen ions in oxi-
dic flux melts play a key role in understanding both the actual species and the primary
crystallisation fields [38]. A concentration cell has been developed to measure the elec-
tromotive force of low viscous melts in order to estimate the free oxygen concentration
[O2−]rel = [O2−]/[O2−]PbO related to PbO [42]. Figure 11.13 illustrates the change in
the relative oxygen ion concentration [O2−]rel of PbO after the stepwise addition of
B2O3, Fe2O3, Y2O3 forming a flux melt for the LPE of YIG at 920◦C [43]. Figure 11.14
shows the primary crystallisation fields of YFeO3, YIG and PbFe12O19 in the solvent
(1 − x)PbO · x(0.5 PbF2 · 0.5 B2O3) with the corresponding oxygen ion concentration
[O2−]rel for different mole fractions of solute YIG [38].
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Figure 11.12 Solubility of ln L of YIG (•) [40] and GGG (�) [41] as a function of the recipro-
cal liquidus temperature 1/TL [21]. Reprinted from Prog. Cryst. Growth Charact., 20, P. Görnert,
Kinetics and mechanisms of flux crystal growth, 263, Copyright (1990), with permission from
Elsevier
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Figure 11.13 Change of the relative ion concentration [O2−]rel of PbO after the stepwise addition
of B2O3, Fe2O3, Y2O3, forming a flux melt for the LPE of YIG at 920◦C. Reproduced from [43]
by permission of Wiley-VCH
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(1 − x)PbO ·x (0.5PbF2· 0.5B2O3) with corresponding oxygen ion concentration [O2−]rel and dif-
ferent mole fractions of solute z(YIG). Reproduced from [38] by permission of Wiley-VCH
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Figure 11.15 Saturation magnetisation 4πMs (a) and uniaxial magnetic anisotropy energy Ku

(b) as a function of the oxygen partial pressure (PO2) of the ambient atmosphere during the LPE
growth [44]. Reprinted with permission from AIP Conf. Proc., No. 34, T. Hibiya, H. Makino and
Y. Hidaka, Growth atmosphere effects on Ca, Ge-substituted garnet LPE film bubbles properties,
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11.3.3 Effect of oxygen partial pressure on magnetic properties

Other important oxygen-related phenomena are the effects of oxygen partial pressure
on the LPE growth of garnets [44]. When (YSmLuCa)3(FeGe)5O12 LPE garnet films
were grown under various oxygen partial pressures, the properties of LPE films showed a
marked dependence on the oxygen partial pressure of an ambient atmosphere, as shown in
Figure 11.15; lattice constant, saturation magnetisation increased and Curie temperature
and uniaxial magnetic anisotropy energy decreased with an increase in oxygen partial
pressure. These effects are mainly attributable to the substitution of Pt4+ for Fe3+ at the
16a-site; Pt4+ is dissolved from a crucible wall and its amount depends on the oxygen
partial pressure of the ambient LPE growth atmosphere. As for the decrease in uniaxial
magnetic anisotropy energy with an increase in oxygen partial pressure, it is unclear
whether or not Pt4+ substitution decreases anisotropy energy. The growth atmosphere
effect is noticeable for Ca, Ge-substituted garnets, which contain divalent and tetravalent
cations, but is not the case for garnets, which consist of only trivalent cations [45, 46].

11.4 GROWTH MECHANISM AND MORPHOLOGY

11.4.1 Mass transport and growth rate

The growth species characterised by Equations (11.1)–(11.3) are transported and incor-
porated into the crystal phase via bulk transport and interfacial processes. Convection
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and diffusion occur in the bulk melt; surface diffusion and so-called desolvation pro-
cesses at the interface [47], where desolvation stands for all chemical and steric reactions
of growth species at the interface. Because of a lack of information on these sophis-
ticated elementary processes in the bulk liquid and at the interface, explanation using
Equations (11.2) or (11.3) does not function well. Instead, the single-molecule model
[Equation (11.1)] is normally applied, which is a suitable approximation to describe the
growth rate v from diluted solutions [48]:

v = �H1cL�T

csRgTLTe

(
δ

D
+ 1

k

)−1

(11.5)

where c represents the concentrations of garnet molecules, cL of the bulk liquid and cs

of the solid state, �H1 is the solution enthalpy, which is about 100 kJ mol−1 in terms
of the single-molecule model [49], �T = TL − Te is the undercooling, defined as the
difference between the liquidus temperature TL and the equilibrium temperature Te, Rg is
the gas constant, δ the thickness of the so-called diffusion boundary layer, D the diffusion
coefficient and k the kinetic coefficient of garnet species. Since LPE growth is generally
carried out by the dipping of horizontally rotating substrates, we may use the thickness
δ:

δ = 1.6D1/3ν1/6 ω−1/2 (11.6)

of the diffusion boundary layer [50] of a rotating disk; with ν kinematic viscosity,
ω(rad s−1) = 2πr/60 (rotations min−1) angular frequency and r rotation rate. A typi-
cal value is δ = 100 µm for r = 100 rpm. According to mass conservation, the kinetic
coefficient k is defined as:

D
∂c

∂z

∣∣∣∣
z=0

= k(ci − ce) (11.7)

with the interfacial concentration gradient (∂c/∂z)z=0 and the interfacial supersaturation
(ci − ce), where ci stands for the interfacial concentration.

To characterise the growth rate v as a function of the integral undercooling �T =
TL − Te, which can be larger than 100 K for some hours without spontaneous nucle-
ation, we have to distinguish principally between atomically rough and atomically smooth
faces, expressed phenomenologically by different kinetic coefficients k in Equation (11.5).
A representative example of the dependence of growth rate v of YIG films on atomi-
cally rough {111} Gd3 Ga5O12 (GGG) faces on the growth temperature Te is shown in
Figure 11.16, where the corresponding compositions are given in Table 11.3 [20]. Figure
11.16 presents the well known linear relation between the growth rate and undercool-
ing near the thermodynamic equilibrium. The saturation-like behavior of the growth
rate in Figure 11.16 (curves 1 and 2) can be explained in terms of viscosity increase
and changes in some other parameters at lower temperatures, which has been compre-
hensively discussed by Sure [51]. Increasing the content of B2O3 and decreasing that
of Y2O3 reduces the liquidus temperature TL, which is defined in the limit v → 0.
Obviously the negative slope of growth rate against temperature (dv/dTe)v→0 increases
with increasing Y2O3 content and liquidus temperature TL. The same conclusions are
valid for the Bi containing flux melts, although the growth temperatures are quite
different.
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Table 11.3 Composition of flux melts 1–6 for
the growth of Y3Fe5O12 films [21]

Flux melt no. Mass ratio

R1 R3 R4

1 20.1 6.5 0.130
2 20.2 18.3 20.1 11.3 0.104
3 16.8 18.3 8.5 0.129
4 11.3 0.130
5 6.5 0.172
6 11.7 0.165

Definition of parameter R is the same as that in
Table 11.2. Reprinted from Prog. Crystal Growth
Charact., 20, P. Görnert, Kinetics and mechanisms
of flux, 263, Copyright (1990), with permission
from Elsevier
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Figure 11.16 Growth rate of YIG films on atomically rough {111} GGG substrates as a function of
the temperature of flux melts 1–6, defined in Table 11.3. Rotation rate r = 100 rpm [21]. Reprinted
from Prog. Cryst. Growth Charact., 20, P. Görnert, Kinetics and mechanisms of flux crystal growth,
263, Copyright (1990), with permission from Elsevier

For practical applications, the LPE on atomically rough faces–such as {111} and to
some degree {100}-is preferred because of the excellent homogeneity of the film thickness
obtained using horizontally rotating substrates. The growth rate on atomically smooth (or
singular) garnet faces, such as {110} and {211}, is primarily lower, depends nonlinearly
on the undercooling, and is strongly dependent on the crystallographic orientation–at
least at low undercooling as illustrated in Figure 11.17(a) [48]. It should be stressed that
the growth rate on crystallographically perfect singular faces, such as {110} or {112},
is extremely low under small undercooled conditions, as shown in Figure 11.17(b). At
the higher undercooled conditions, such as over 20 K, however, the growth rate v of
the {110} and {112} face becomes larger due to two-dimensional nucleation, which is
termed kinetic roughening. In addition, growth hillocks due to spiral growth can appear,
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Figure 11.17 (a) Dependence of growth rate on crystallographic direction for (YSm)3(FeGa)5O12

film [48]. Reprinted from J. Cryst. Growth, 52, P. Görnert, Bulk transport and interfacial growth
processes of garnets, 88, Copyright (1981), with permission from Elsevier. (b) Growth rate of
(YSm)3(FeGa)5O12 films versus misorientation angle with regard to <110> for different under-
coolings �T [49]. Reprinted from Current Topics in Materials Science, 11, P. Görnert and F. Voigt,
Ch. 1, Copyright (1984), with permission from Elsevier

as shown in Figure 11.18 [52]. The vicinal faces near the singular orientations consist of
terraces, which are more or less separated, and the growth occurs via a step mechanism.
Here the growth rate is described by the simple geometric relation v = vst sin α, where
vst is the step velocity and α the vicinal angle. Therefore, the film thickness is prone to
in praxis inhomogeneities. Through careful analysis of the surface processes under low
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Figure 11.18 Hillocks and macrosteps observed for a thick {110} Gd2.71Bi0.29Fe5O12 film [52].
Reprinted from NEC Res. Dev., No. 80, T. Hibiya, T. Ishikawa, Y. Morishige, J. Nakashima and
Y. Ohta, 1, Copyright (1986), with permission from NEC

undercooled conditions, the kinetic coefficients of faces k and steps kst, as well as the
anisotropy of the step motion of vicinal faces, have been clarified [49]. Typical values of
kst for garnets are in the order of 10−2 cm s−1.

11.4.2 Control of morphology

Magneto-optic applications for optical isolators require homogeneous, thick LPE garnet
films (> 300 µm), while a thickness of a few micrometers is sufficient for magneto-optic
sensors or bubble memory devices. A ‘mirror’ surface, which assures smooth magnetic
domain motion, can be obtained for thin films that are only a few micrometers thick,
regardless of growth orientation. In the early stage of development of {111} thick garnet
films, a degradation in crystal quality, such as flux inclusion, was found, when a ‘swirl’
pattern appeared at the crystal surface (Figure 11.19) [52]. This is due to morphological
change with increasing film thickness. Evolution of surface morphology of {111} thick
films was found with increasing film thickness, as shown in Figure 11.20(a)–(c): ‘mirror’
to ‘striation’ and ‘swirl’. The above observed morphological evolution is described as
follows. Even for films a few micrometers thick, the LPE film surface shows irregular-
ity, which reflects the growth striation of the GGG substrates and this can be detected

Figure 11.19 Cross-section of thick {111} film that shows ‘swirl’ pattern morphology. Flux inclu-
sion takes place as a result of the appearance of the ‘swirl’ pattern [53]. Reprinted from J. Cryst.
Growth, 62, T. Hibiya, Surface morphologies and quality of thick liquid phase epitaxial garnet films
for magneto-optic devices, 87, Copyright (1983), with permission from Elsevier
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(a)

(b)

(c)

Figure 11.20 Morphologies of thick {111} LPE garnet films: (a) ‘mirror’; (b) ‘striation’; and
(c) ‘swirl’. For ‘striation’, the growth striation of the GGG substrate cut from 75mm diameter
wafer was taken over to 23 mm diameter LPE films. ‘Swirl’ shows {110} and {211} facets [53].
Reprinted from J. Cryst. Growth, 62, T. Hibiya, Surface morphologies and quality of thick liquid
phase epitaxial garnet films for magneto-optic devices, 87, Copyright (1983), with permission from
Elsevier

when the LPE film surface is observed using a Nomarski interference microscope. The
irregularity is due to the fact that {111} is not a natural face and that strain along the
growth striation of the GGG substrate modifies the growth rate. The height of irregularity
increases with increasing film thickness (Figure 11.20). Irregularity can be recognised at
a glance as ‘striation’, when the height of irregularity becomes 0.1–1.0 µm. This irregu-
larity interferes with the melt flow along the LPE film surface and causes extraordinary
growth downstream of the flow, due to the hydrodynamic effect, and results in the for-
mation of an eave, which consists of {110} and {211} facets, as shown in Figure 11.19.
The surface morphology pattern depends not only on the film thickness but also on the
growth temperature. An increase in B2O3 concentration caused the surface morphology to
become mild [54]. LPE films over 300 µm thick can be obtained without the appearance
of {110} and {211} facets, i.e. no flux inclusion. This suggests that an increase in B2O3

concentration prohibits the growth mechanism change, from a continuous one at the rough
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surface to lateral growth at the singular surface. Growth kinetics for thick garnet layers
were discussed, i.e. effective diffusion constant and kinetic coefficient, as were transport
resistance and interfacial resistance [55].

11.5 Bi-SUBSTITUTED GARNET FILMS

For the magneto-optic application of LPE garnet films, garnets with high Faraday rota-
tion are required. Since Bi-substitution was found to enhance the Faraday rotation for
Bi3−2xCa2xFe5−xVxO12 garnets [56], the effect of Bi-substitution on the Faraday rotation
was investigated for rare-earth iron garnet and its epitaxial film [57–59]. Bi-substituted
rare earth ion garnets are promising materials for magneto-optical devices. The Bi ion
contributes, not only to enhance the Faraday rotation but also to increase growth-induced
magnetic anisotropy. The magnetic and magneto-optical properties of Bi-substituted gar-
nets have been studied intensively by the Philips group [60], Fratello (USA) group [61]
and Japanese group [6]. Hansen and Krumme reviewed precisely [60]. Since there is a
limit to the Bi3+ substitution level for rare earth ions in the 24c sites, depending on
the radius of rare-earth ions [62], optimisation of the garnet compositions, melt com-
positions and LPE process is indispensable. Figure 11.21 shows that the Bi content of
(YBi)3(FeGaAl)5O12 films increases with increasing undercooling and also with decreas-
ing liquidus temperature [5]. Klages and Tolksdorf [63], Chani and Balbashov [64] and
Fratello et al. [65] have systematically investigated how to control the Bi3+ substitu-
tion level. Even though there is a limit to the amount of Bi-substitution under thermal
equilibrium conditions, up to 2.2 excess Bi3+ can enter the 24c site per garnet formula
unit [66] when an LPE technique is employed due to the metastable behavior of LPE
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Figure 11.21 Bismuth content of garnet layers as a function of the undercooling of the fluxed melt
for the LPE growth of (YBi)3(FeGa)5O12 (nos 1, 2 and 4) and (YBi)3(FeAlGa)5O12 (no. 3) with
various liquidus temperatures. Liquidus temperatures are 904, 791, 845 and 751◦C, respectively,
for melts 1–4 [5]. Reproduced from [5] by permission of Wiley-VCH
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growth. Since Bi-substituted garnets are prepared on nonmagnetic garnet substrate crystals,
thermal expansion mismatch, as well as the lattice mismatch between LPE layers and
substrates, should be taken into account, to avoid the formation of cracks in LPE layers,
due to thermal stress during the cooling process from growth to room temperature. This is
due to the relatively large thermal expansion coefficient of Bi-substituted garnets compared
with conventional garnets. Avoiding crack formation is a very important argument from
the perspective of production of LPE garnet layers for commercial use, as reported by
Fratello et al. [67, 68].

In order to apply a Bi-substituted garnet layer for an optical isolator for use in fiberoptic
communications, particularly for common carriers at a 1.3 µm wavelength, a 300µm
thick Bi-substituted gadolinium iron garnet LPE film is proposed [6]. The characteristics
of this film are summarised in Tables 11.4 and 11.5. Table 11.4 shows that the Faraday
rotation of −1530 deg cm−1 assures an optical isolator, of thickness 300 µm. As shown
in Table 11.5 and Figure 11.22, since an easy magnetization axis is along the <111>,
i.e. normal to the LPE surface; the external field for saturation is as small as 16 kA m−1.

Table 11.4 Magneto-optical properties of the 300µm thick
LPE (GdBi)3(FeAlGa)5O12 film [6]

Wavelength (µm) 1.3 0.8

Faraday rotation (deg cm−1) −1530 −7500
Optical absorption (cm−1) 1.3 75
Figure of merit (deg dB−1) 270 23
Extinction ratio (dB) 37 37

Reprinted from IEEE Trans. Magn., MAG-22, T. Hibiya,
T. Ishikawa and Y. Ohta, Growth and characterization of 300-
mm thick bi-substituted gadolinium iron garnet films for an
optical isolator, 11, Copyright (1986), IEEE

Table 11.5 Magnetic properties of {111} (GdBi)3
(FeAlGa)5O12 film [6]

Saturation magnetisation, 4πMs (mT) 22.8
Uniaxial anisotropy energy, Ku (J m−3) 928
Uniaxial anisotropy field, HK (kA m−1) 81.3
Field for saturation, Hs (kA m−1) ∼16

Reprinted from IEEE Trans. Magn., MAG-22,
T. Hibiya, T. Ishikawa and Y. Ohta, Growth and
characterization of 300-mm thick bi-substituted
gadolinium iron garnet films for an optical isolator,
11, Copyright (1986), IEEE
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Figure 11.22 Magnetisation–magnetic field loop for thick LPE (GdBi)3(FeAlGa)5O12 film. An
external field is applied normally to the surface [6]. Reprinted from IEEE Trans. Magn., MAG-22,
T. Hibiya, T. Ishikawa and Y. Ohta, Growth and characterization of 300-mm thick bi-substituted
gadolinium iron garnet films for an optical isolator, 11, Copyright (1986), IEEE

11.6 PROPERTIES OF MAGNETIC GARNET FILMS

The properties of garnet films are optimised with respect to each specific application.
Therefore, the material design is a compromise of many different properties. Some impor-
tant properties of magneto-optical application are discussed in this section, i.e. the misfit
strain between film and substrate, Faraday rotation and optical absorption.

11.6.1 Misfit strain

A garnet layer is strained, due to a misfit of both the lattice constant and the thermal
expansion coefficient between the LPE film and the substrate; which is described as
follows [69]:

εx = (1 − η)(as − af)/af + η · �α · �T (11.8)

Here, as and af are the lattice constants of substrate and film under strain-free conditions.
εx is the strain in the LPE film parallel to the surface, �α and �T are the difference
in thermal expansion coefficient between the film and substrate and the temperature dif-
ference between the growth and room temperatures, respectively. η is the partial relief
of misfit strain at the LPE growth temperature; η = 0 means that the strain parallel to
the film at growth temperature is caused by elastic deformation, whereas η = 1 means
that the LPE film shows no more elastic strain but releases strain by introducing mis-
fit dislocation. A garnet structure is featured with difficulty of dislocation formation.
Thus, garnet crystals can be deformed elastically to a certain limit, beyond which they
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Figure 11.23 Partial strain relief observed for (YEu)3(FeGa)5O12 films at the LPE growth tem-
perature [70]. Reprinted from NEC Res. Dev., No. 34, H. Makino, T. Hibiya and K. Matsumi, Misfit
strain in LPE (Y, Eu)3(FeGa)5O12 garnet films, 51, Copyright (1974), with permission from NEC

start to release strain. For an LPE garnet used in magneto-optical application, the misfit
strain of the LPE films must be discussed, not only from the perspective of optical and
magnetic properties, but also from that of mechanical properties, i.e. morphological insta-
bility caused by dislocation formation, crack formation, birefringence and stress-induced
magnetic anisotropy.

An X-ray double crystal diffractometer is useful to investigate the very small lattice
constant difference between LPE films and a substrate. Figure 11.23 shows partial strain
relief η at the LPE growth temperature [70]. In the region of lattice constant difference at
room temperature −0.017 nm < �a < 0.015 nm, where �a is defined as as − af, strain
relief did not take place. However, outside this region, strain relief was evident. Since
strain relief is caused by a dislocation formation and its climb to the epitaxial layer surface,
etch pits can be observed by etching, using phosphoric acid. Under such conditions, the
surface of the LPE film is no more mirror-like but shows surface irregularity, because
dislocation enhances local growth. At the first stage, the surface was wavy and then
{110} surface appeared, when the slope of the surface of a wavy structure reaches the
same angle as that between {111} and {110}, as shown in Figure 11.24 [5]. In the region
of �a < 0.0005 nm, a crack was formed, even though strain relief did not take place
at the growth temperature; due to the significant tensile strain. In order to avoid the
aforementioned misfit problems for Bi-substituted garnet LPE films, the use of lattice
matched Ca, Mg, Zr-substituted {111} GGG (GGCMZ) substrates is recommended [71].
Homogeneous GGCMZ substrates can be prepared with lattice constants 1.2382 nm <

as < 1.2511 nm. For LPE garnet films more than 300 µm in thickness and 100 mm in
diameter, cracking due to misfit and thermal stresses is a serious problem; and causes the
production yield of isolator chips to deteriorate. In order to avoid this problem, the lattice
constant along the thickness changes [72].
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Figure 11.24 {110} faces on a (111) surface as a result of morphologically unstable growth, due
to the formation of misfit dislocation. Reproduced from [5] by permission of Wiley-VCH
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Figure 11.25 Distribution of stress birefringence through 80µm thick (YGd)3Fe5O12 film and
300µm thick GGG substrate. Open circles show the measured values, whereas solid lines show
the calculated values [16]. Reprinted from IEEE Lightwave Technol., LT-1, T. Aoyama, T. Hibiya
and Y. Ohta, A new Faraday rotator using a thick Gd:YIG film grown by liquid phase epitaxy and
its application to an optical isolator and optical switch, 280, Copyright (1983), IEEE

Misfit strain also causes stress birefringence within a garnet crystal, although garnets
belong to a cubic system (isotropic). Even a minute amount of misfit strain renders garnet
optically anisotropic, i.e. stress birefringence caused by a photoelastic effect. Figure 11.25
shows the distribution of stress birefringence through 80 µm thick Y3Fe5O12 film and
300 µm thick GGG substrate, where a laser beam with a wavelength of 1.3 µm impinges
from the edge of a thick film parallel to the film surface [16]. Open circles show the
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measured values using Vabinet’s optical compensator, whereas the solid line shows the
calculated values. It should be noted that, if an LPE layer is suffering from misfit strain,
isolation deteriorated due to the existence of the stress birefringence for an optical isolator,
where a light beam impinges parallel to the surface.

11.6.2 Faraday rotation

Faraday rotation θF(ω) originates from an imaginary part of the nondiagonal component
of the dielectric tensor ε”xy, which depends on magnetization M , as follows [73]:

θF(ω) = −(ω/2c) · (ε”xy/n) (11.9)

Here ω and c are the angular frequency and velocity of the light in vacuum, respectively.
n is the refractive index. On the other hand, the Faraday rotation per film thickness has
been described, conventionally and phenomenologically, by Crossley and Cooper [74] as
follows:

θF(ω) = 2πn

c
[γFe(M

tetrah.
Fe − Moctah.

Fe ) − γREMRE]

gyromagnetic gyroelectric

+ B(ω)M tetrah.
Fe − A(ω)Moctah.

Fe − C(ω)MRE (11.10)

where the gyromagnetic part may be neglected in the visible range. γ is the gyromag-
netic ratio of Fe and RE (rare-earth) ions; M represents the sublattice magnetisations of
tetrahedral, octahedral and dodecahedral (RE) sites, while B,A and C correspond superfi-
cially to the Verdet coefficients for paramagnetic materials; noting that the concept of the
Verdet coefficient is valid only for paramagnetic materials. Faraday rotation in Y3Fe5O12

is mainly determined by the spin-orbit coupling coefficient of the 3d electron ζ3d, which
is much larger than that of the 2p electron ζ2p. On the other hand, Faraday rotation in
Bi3+ substituted Y3Fe5O12 is determined by ζ2p, which is increased from the original ζ2p

by the hybridization of 6p bismuth orbitals. Thus, for Bi3+ substituted Y3Fe5O12, ζ2p is
modified as ζ∗2p ∼ ζ2p + γ 2ζ6p, where γ is the covalency factor and ζ6p, is the spin-orbit
coupling coefficient of 6p electrons in bismuth (ζ6p = 17000 cm−1).

Figure 11.26 shows an example of enhancement of the Faraday rotation by substituting
for rare earth ions by Bi3+ [75]. From the perspective of the application of garnet films
to an optical isolator, the temperature coefficient is critical to keep high isolation in the
wide temperature range. In order to satisfy this requirement, a mixture of Bi-substituted
garnets, whose temperature coefficient shows opposite signs, is employed. As shown in
Figure 11.27, the use of Tb or Dy is effective to realise an optical isolator whose isolation
is almost temperature independent [76].

11.6.3 Optical absorption

For the magneto-optical application of LPE garnet films, optical absorption must be
minimised, because a high figure of merit, i.e. the ratio of the Faraday rotation to absorp-
tion coefficient (deg dB−1), is required. Although garnets are transparent at wavelengths
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Figure 11.26 Faraday rotation of Y3−xBixFe5O12 LPE films at a wavelength of 633 nm as a
function of temperature. Plots are experimental data and the solid lines show calculations after the
Crossley equation [75]. Reprinted Figure 11 with permission from Phys. Rev. B, 27, P. Hansen,
K. Witter and W. Tolksdorf, Magnetic and magneto-optic properties of lead- and bismuth-substituted
yttrium iron garnet films, 6608. Copyright (1983) by the American Physical Society
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Figure 11.27 Temperature dependence of Faraday rotation at a wavelength of 1.3µm for Tb1.82

Bi1.18Fe5O12, Gd2.1Bi0.9(FeAlGa)5O12, Tb2.13Bi0.87Fe5O12 and Tb2.2La0.2Bi0.6Fe5O12 films [76].
Reprinted from J. Mag. Soc. Jpn., 11, Y. Honda, T. Ishikawa and T. Hibiya, Temperature depen-
dence of Faraday rotation for bi-substituted Tb iron garnet films, 361, Copyright (1987), with
permission from The Magnetics Society of Japan

of over 1.1µm, a tail of absorption near 0.9µm affects that over 1.1µm, as shown
in Figure 11.28 [77]. Specific absorptions also exist, depending on rare earth species
(Figure 11.29) [77]. Gd, Yb, Dy, Tb and Y are potential candidates for hosting rare earth
ions from the perspective of material design. Besides these intrinsic absorptions, the fluc-
tuation in the valence of Fe3+ to Fe2+ or Fe4+ causes additional absorption [22], which
is due to an LPE process and controllable by optimising melt compositions and LPE
growth conditions. Figure 11.30 shows the optical absorption of LPE Gd:YIG films at a
wavelength of 1.3µm as a function of growth temperature, where//denotes the liquidus
temperature of the melts [78]. This suggests that optical absorption depends on the degree
of supercooling of the melt and that the minimum optical absorption of the LPE garnet
films, i.e. absorption extrapolated to the liquidus temperature (the equilibrium condition),
depends on the melt compositions. Figure 11.30 also suggests that there exists a window
of the liquidus temperature of the melts, from which LPE garnet films with low opti-
cal absorption can be obtained ranging from 900 to 1000◦C. As shown in Figure 11.31,
the reason for the increase in optical absorption is the incorporation of impurity ions,
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Figure 11.30 Optical absorption of LPE Gd:YIG films at a wavelength of 1.3µm as a function
of growth temperature [78]. Reprinted with permission from J. Appl. Phys., 54, T. Hibiya and
J. Nakashima, Optical absorption of liquid phase epitaxial garnet films at 1.3-µm wavelength for
magneto-optic application, 7110, Copyright (1983), American Institute of Physics
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whose valence is different from 3+, such as Pb2+, Pb4+ and Pt4+. Since the Pb contents
are higher than that of Pt, the valence condition of part of the Pb ion is suggested at
4+ [78]. Incorporation of these ions causes the valence of Fe3+ to change to 2+ or 4+,
if charged neutrality cannot be attained by the impurities themselves. For a series of LPE
garnet films grown from melts, of liquidus temperature 930◦C, neutrality is expected to
be well attained, because LPE garnet films show low absorption, even though Pb and Pt
are detectable from the LPE films.

11.6.4 Magnetic anisotropy

The magnetic anisotropy plays a key role, when garnet films are used for practical applica-
tions. Besides magnetocrystalline anisotropy K1, which arises from the symmetry of garnet
crystals, uniaxial magnetic anisotropy appears for {111} films; they are growth-induced
anisotropy Ku

g, stress-induced anisotropy Ku
s and shape anisotropy Ku

shape, which is due
to a demagnetisation field. The most important one is growth-induced magnetic anisotropy,
which has been the object of considerable study through the development of bubble mem-
ory garnets [1]. Growth-induced magnetic anisotropy, which is a metastable phenomenon,
appears during the growth process through the ordering of rare-earth ions. For {111}
growth, an easy magnetisation axis lies along the <111> axis for Ku

g > 0. The ordering of
rare-earth and Bi ions causes significant growth-induced anisotropy. Hansen and Krumme
reviewed the growth-induced anisotropy of Bi-substituted garnets in detail [60].This has
also been systematically done by Fratello et al. [61]. Figure 11.32 shows a stripe domain
pattern, due to growth-induced uniaxial magnetic anisotropy perpendicular to the surface,
observed by the Kerr effect for 300µm thick (GdBi)3(FeAlGa)5O12 film [6]. A hysteresis

100 µm

Figure 11.32 Stripe domain pattern due to growth-induced uniaxial magnetic anisotropy perpen-
dicular to the surface observed by the Kerr effect for 300µm thick (GdBi)3(FeAlGa)5O12 film [6].
Reprinted from IEEE Trans. Magn., MAG-22, T. Hibiya, T. Ishikawa and Y. Ohta, Growth and
characterization of 300-mm thick bi-substituted gadolinium iron garnet films for an optical isolator,
11, Copyright (1986), IEEE
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Figure 11.33 Numerically obtained growth-induced anisotropy energy Ku
g for (YSmLu)2.3Ca0.7

Fe4.3Ge0.7O12 garnet films. Dashed lines show the garnet compositions, whose lattice constants
match those of Gd3 Ga5O12 and Sm3 Ga5O12 substrate crystals [79]. Reprinted from Mater. Res.
Bull., 16, T. Hibiya and H. Makino, Empirical values for growth-induced anisotropy energy coef-
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curve for this material is shown in Figure 11.22. [6]. In order to support the material
design for {111}, LPE garnet films for use in bubble memory devices and growth-induced
anisotropy energy Ku

g can be estimated numerically, based on experimentally observed
data, e.g. for Ca, Ge-substituted garnets, as shown in Figure 11.33 [79]. Because dashed
lines show the compositions of garnets, whose lattice constants match those of Gd3 Ga5O12

and Sm3 Ga5O12 substrate crystals, it is easy to design material compositions.
For the {110} (YBi)3(FeGa)5O12, (YTmBi)3(FeGa)5O12, (GdBi)3Fe5O12 and (GdBi)3

(FeAlGa)5O12 films, growth-induced orthorhombic magnetic anisotropy can be obtained;
with an easy magnetisation axis along the <110> [80, 81]. For garnet films with ortho-
rhombic magnetic anisotropy, high-speed wall velocity is available; and high-speed read-
out heads for magnetic media can be applied to these materials. Although for {111}
growth, growth-induced magnetic anisotropy is systematically investigated [14, 60, 61],
there is less study for orthorhombic magnetic anisotropy for {110} films.

11.7 APPLICATIONS OF GARNET FILMS

Magnetic garnets are important for current telecommunication systems and sensors. The
most important application of LPE garnet films is as an optical isolator for use in fiberoptic
communication systems. More than 1 million chips of 1 mm2 area were produced in 2005,
although production plummeted after the collapse of the information technology (IT)
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bubbles. Thick LPE Bi-substituted garnet films with perpendicular magnetisation are now
used in practice, with more than 90 % of chips produced in Japan [82]. For microwave
applications, such as filters and oscillators, small and high quality Ga substituted YIG
spheres, of diameter 0.3 mm, are used. YIG stripes, with a thickness of about 100 µm,
were studied for the excitation and propagation of magnetostatic modes for electronically
controlled delay lines [5].

LPE garnet films with in-plane magnetisation have been studied for waveguide devices
in the infrared region [83]. For magneto-optic (MO) sensors in the visible (VIS) range,
both in-plane and perpendicular magnetised films are applied [7]. Let us show a result of
the recent study on VIS-MO sensor films. The principal set-up of a MO system and the
construction of a sensor film are shown in Figure 11.34. Although this system contains a
film with in-plane anisotropy, a film with perpendicular anisotropy could be used in the
same way. The components of this MO system are an intense source of linearly polarised
light, the magneto-optical garnet film placed in the magnetic field to be imaged and a
detection unit for probing the polarisation state, which is in general elliptical form due to
Faraday rotation. The commonly applied transmitting mode of the operation mode may
be converted into a reflection mode by equipping the garnet film with a reflection layer
(e.g. aluminum, cf. Figure 11.34). In this case the sensor is placed in front of the surface
of a magnetic material or device to project its stray field distribution. The light beam
traverses the garnet layer twice, thus doubling the rotation angle. The high sensitivity and
excellent homogeneity of MO garnet films allow the following technical applications for
sensors:

PM

C

A
P

FR

SU

SA

SE

Transparent
substrate

MO layer

Metallic mirror
layer

Scratch-proff
layer

MIN S

M

FR

Figure 11.34 Set-up of a magneto-optic (MO) system containing a sensor with an in-plane
anisotropy. C, camera; PM, polarisation microscope; A, analyser; P, polariser; FR, Faraday rotation;
SU, substrate; SE, sensor; M, magnetisation; MI, minor; SA, sample; NS, magnetic proles (N and
S). Reproduced from [5] by permission of Wiley-VCH
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500 µm

Figure 11.35 Visualisation and reconstruction of magnetic recorded digital information on a data
carrier

(b)

(a)

1 mm

Figure 11.36 Part of a magnetic spiral encoder structure: magneto-optical (a) and optical (b)
image. Reproduced from [5] by permission of Wiley-VCH

(i) Magnetic field imaging, where the contrast is created by different local magnetic
fields in the direction of light propagation.

(ii) Nondestructive evaluation (NDE) of materials with a high spatial resolution.

Currently, MO sensors are manufactured predominantly for forensic applications to visu-
alise and reconstruct magnetically recorded digital and analog information on data carriers
(credit cards, floppy disks, audio and video tapes) to check e.g. manipulations of the
recording by subsequent overwriting. A commercial system for forensic applications
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developed by Innovent Jena is shown in Figure 11.35. This and other equipment contain
different sensor units, which are manufactured according to customer demands.

Furthermore, MO sensors are applied to characterise magnetic materials, such as screen
printed magnetic encoders as shown in Figure 11.36. This figure illustrates the magnetic
homogeneity of a polymeric bond Ba hexaferrite powder. Of course, similar investigation
can be carried out to investigate the magnetic homogeneity of different magnetic mate-
rials with a lateral resolution limited by Abbe’s fundamental theory. Spiral encoders, as
presented in Figure 11.36, allow the absolute rotation angle to be measured within the
range 0–360◦ with accuracy to within less than 0.5◦. The magnetic signal is detected with
commercial anisotropic magneto-resistive (AMR) sensors.

11.8 CONCLUSIONS

The LPE of garnets is a simple, reproducible, and inexpensive technique to grow high
quality films with diameters of up to 10 cm (4 in.) for commercial application and research
purposes. The relevant parts of phase diagrams are known. Intensive studies of the nature
of growth species clearly indicate a dissociation of garnet molecules during dissolution
in PbO-B2O3 based flux melts. However, the growth kinetics are described in terms of a
single-molecule model because of a lack of information concerning diffusion coefficient,
diffusion boundary layer thickness, and the kinetic coefficient of the individual cation-
oxygen complexes. Morphology control is essential to prepare high quality thick LPE
garnet films for use in optical isolators. Although {111} is not a natural face of garnet
systems, a smooth surface can be obtained from the practical perspective. By the use
of {111} growth, uniaxial magnetic anisotropy can be obtained, which is required for
an optical isolator. The incorporation of Bi ions into dodecahedral sites enhances the
magneto-optic Faraday rotation and growth-induced anisotropy. Control of stress, induced
by both lattice mismatch and the cooling process, is the key to obtaining crack-free thick
LPE films. Optical absorption in the visible and near-infrared range is due to Fe3+ ions
and the valence change of Fe3+ to Fe2+ or Fe4+. VIS-MO sensor films with a high spatial
resolution are applied for magnetic field imaging and nondestructive material evaluation.
Currently, such sensors are manufactured predominantly for forensic applications.
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[83] H. Dötsch, Herstellung und Charakterisierung magnetischer Granatschichten, Abschlußbericht

Teilprojekt A2, Modulatoren und Laser in ranat-Wellenleitern Teilprojekt D11, Universität
Osnabrück, 2000.





12 Liquid Phase Epitaxy: A Survey

of Capabilities, Recent

Developments and Specialized

Applications

MICHAEL G. MAUK

School of Engineering and Applied Science, University of Pennsylvania,
Philadelphia, PA 19101, USA

12.1 Introduction 342
12.2 Comparison of epitaxy techniques and some advantages of

LPE 343
12.3 Previous reviews of LPE 355
12.4 Modeling of LPE processes 355
12.5 Survey of new developments and specialized applications

of LPE 356
12.5.1 Five- and six-component III-V semiconductor

alloys by LPE 357
12.5.2 LPE layers with atomically smooth surfaces 358
12.5.3 Quantum wells, superlattices and nanostructures

by LPE 358
12.5.4 Growth of thick ternary and quaternary alloy

layers for ‘virtual’ substrates with adjustable
lattice parameters 360

12.5.5 Selective epitaxy and ELO 363
12.5.6 Melt epitaxy 366
12.5.7 Rare earth doping and other doping effects in LPE 366
12.5.8 Fundamental studies of crystal growth, melt

convection and liquid-metal transport properties 367
12.5.9 Novel melt compositions for LPE 369

12.5.10 Liquid phase electroepitaxy 370
12.5.11 LPE of thallium-, manganese-, and

bismuth-containing III-V alloys 373
12.5.12 Control of segregation in LPE-grown alloys 374
12.5.13 LPE heteroepitaxy 376
12.5.14 SiC and III-V nitride LPE 381

Liquid Phase Epitaxy of Electronic, Optical and Optoelectronic Materials Edited by P. Capper and M. Mauk
Ò 2007 John Wiley & Sons, Ltd



342 LIQUID PHASE EPITAXY

12.5.15 Some other materials grown by LPE or solution
growth 383

12.5.16 LPE for shaped crystal growth 389
12.6 Conclusions and outlook 391

References 392

12.1 INTRODUCTION

Liquid phase epitaxy (LPE) is a method and technology for depositing oriented, crystalline
films or layers of material onto a crystalline substrate from a solution (multicomponent
‘melt’). Epitaxial film/layer thicknesses can range from less than a micrometer to several
hundred micrometers. For LPE of the common semiconductors, such as GaAs, the liquid
phase is typically a molten metal solution. Thus, for example, an AlGaAs epitaxial film
is grown on a GaAs substrate wafer from a Ga-rich Ga-Al melt saturated with (∼1 at.
%) arsenic. Other solvents including fused oxides and molten salts have been employed
for LPE growth of nonsemiconductor materials such as garnets. Growth temperatures for
LPE range from several hundred degrees to close to 2000 K, depending on the epitaxial
material, melt, and substrate. For semiconductor device applications, the substrates are
cut from single-crystal semiconductor wafers, but there is interest in applying LPE-like
processes, e.g. metallic solution growth, for deposition of semiconductors on other types
of substrates including glass, ceramics, and metals for making solar cells, light emitting
diodes (LEDs), and large-area detectors. Also, selective epitaxy on patterned, partially
masked substrates, or structured substrates with nonplanar surface topologies, can be
used to grow discrete crystals, in contrast to the continuous, planar films as are routinely
produced in conventional epitaxy processes. Selective growth of epitaxial mesas and
faceted crystals can be used to reduce crystalline defects and thermal stress effects, and
also to provide electrical isolation and optical elements such as reflective surfaces and
lens-like structures. Many of the features achieved by selective LPE and related techniques
of epitaxial lateral overgrowth cannot be easily realized with other methods of epitaxy.

LPE is a mature technology and has been used in the production of III-V compound
semiconductor optoelectronic devices for some 40 years. LPE has also been applied to sili-
con, germanium, SiC, and II-VI and IV-VI compound semiconductors, as well as magnetic
garnets, superconductors, ferroelectrics, and other optical materials. Many semiconductor
devices including LEDs, laser diodes, infrared detectors, heterojunction bipolar transis-
tors and heteroface solar cells were pioneered with LPE (Kuphal, 1991). Further, in many
cases LPE can produce epitaxial semiconductor layers of superior material quality with
respect to minority carrier lifetime and luminescence efficiency. Nevertheless, LPE has
fallen in disfavor in recent years, especially for device applications requiring large-area
uniformity, critical layer thickness and composition control, and smooth and abrupt sur-
faces and interfaces. For making superlattices, quantum wells, strained layer structures,
and heterostructures with large lattice mismatch or heterostructures comprised of materials
with substantial chemical dissimilarity (e.g. GaAs-on-silicon), LPE is often dismissed out
of hand in favor of other epitaxy technologies such as molecular beam epitaxy (MBE) or
metal-organic chemical vapor deposition (MOCVD). One might conclude that despite the
long and venerable history of LPE, progress has stagnated with few prospects for new
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applications. Kroemer (Kroemer, 2000) in his Nobel Prize address noted that the seminal
demonstration of the double-heterostructure laser in 1970 was achieved by LPE; he never-
theless characterized LPE as ‘a beautifully simple technology, but with severe limitations.’
In particular, LPE suffers under widely held perceptions of poor run-to-run reproducibil-
ity; areal inhomogeneities and variations in doping, layer thickness and alloy composition;
intrinsic limitations in growing thin (<50 nm) layers, and practical difficulties in scale-
up for large-area substrates and high-throughput operation. Wood and Brown (Wood and
Brown, 1998) have chronicled Sony Corporation’s transition from LPE to MOCVD for
development and mass production of laser diodes used in CD players, and which serves
as an illustrative study of the shortcomings of LPE for certain commercial applications.
A more recent case relates to development of AlGaAsSb/InGaAsSb heterojunction photo-
transistors, where Swaminathan et al. (Swaminathan et al., 2006) concluded that although
LPE provided initial prototypes demonstrating feasibility and produced devices with excel-
lent performance characteristics, MOCVD offers better control over alloy composition,
doping, interface abruptness, and epilayer thicknesses, which should prove crucial in
future detector array applications. Further, there are many heterojunction structures that
cannot readily be made by LPE due to high lattice mismatch and nonequilibrium dis-
solution (meltback) effects. Nevertheless, and as the accompanying chapters describe in
more detail, on-going efforts and recent developments in LPE continue to widen its scope
of applications and circumvent some of its traditional limitations. New modes of liq-
uid phase epitaxial growth can provide novel device structures that would be difficult to
make by other epitaxy techniques. The limitations and deficiencies of conventional LPE
as mentioned above are addressed by new techniques and approaches based on novel melt
chemistries, alternative methods of inducing growth (e.g. through imposed temperature
gradients, electric currents, mixing and forced convection, Peltier cooling, and solvent
evaporation), hybrid processes that combine LPE with other methods of epitaxy, and LPE
on structured and/or masked substrates. Further, unique attributes that distinguish LPE
from competing semiconductor epitaxy technologies such as MBE and MOCVD enable
LPE to serve important niches in semiconductor device technology.

12.2 COMPARISON OF EPITAXY TECHNIQUES AND SOME
ADVANTAGES OF LPE

The selection of a particular epitaxy technique for a specified materials system and device
application can be guided by practical considerations such as capital investment and
operating costs, throughput, safety, reproducibility, required skill, and performance with
respect to thickness and doping control (Astles, 1990). A more fundamental comparison
of epitaxy methods on the basis of thermodynamics, interface kinetics, surface energetics,
mass transfer, as well as a recognition of the dominant or operative modes of nucleation,
growth and defect formation, is also useful. Table 12.1 contrasts several epitaxy methods
with regard to operational parameters; order-of-magnitude costs, routinely achievable epi-
layer specifications with respect to control of composition, layer thickness, and doping;
manufacturing issues; and other salient features [see for example Wood (Wood, 1982)
for more detailed comparisons of various epitaxy technologies relevant to field-effect
transistor applications]. The data in Table 12.1 (as well as Tables 12.2 and 12.3) are for
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Table 12.1 Comparison of semiconductor epitaxy technologies (data mostly for GaAs)

LPE CSVT Cl-CVD MOCVD MBE

Invention early 1960s
(RCA)
(Nelson,
1963)

early 1960s
(RCA)
(Robinson,
1963; Nicoll,
1963)

early 1960s
(Plessey)
(Effer, 1963)a

late 1960s
(Rockwell)
(Manasevit
and Simpson,
1968, 1969;
Manasevit,
1983)

late 1960s
(AT&T Bell
Labs) (Arthur
and Lepore,
1969; Cho,
1971a,b)

Capital cost ($) 25–100 K 15–20 K 50–200 K 300 K–1 M 300 K–1 M
Versatility high modest modest high modest
Adaptability high high good limited limited
Operation simple simple simple complex moderate
Operator skill high moderate moderate low for

automated
systems

high

Man-hours per run 4 2 1–4 1–4 1–4
Runs per day 2 5 2 2 2–3
Annual operating

costs
low low low high moderate

Safety/environmental
hazards/problems

slight
(hydrogen)

slight moderate highly toxic
precursors
(e.g. AsH3)

slight

Pressure atmospheric atmospheric 10–760 Torr 10–760 Torr <10−9 Torr
Max. growth rate

(µm min−1)
1–10 1–3 1–2 0.1–1.0 0.01–0.1

Max. substrate
diameter (mm)

75 75 >100 >100 >100

Thickness control
(± nm)

100 100 100 <10 <1 or 1 %

Sharpness of layer
transitions (MLs)

4–18 4–18 >10 1–3 1

Material utilization/
yield (%)

1–5 (slideboat)
100
(inf.melt)

1–5 (slideboat)
100 (inf. melt)

1–25 5–20 10–30

Background
impurities (cm−3)

1012 –1013 1016 1014 1015 1014

Areal alloy
compositional
uniformity (%)

±10 ±10 ±5–10 ±2–5 ±1

Dopant selection wide limited limited limited modest
Substrate impurity

outdiffusion
fair poor poor good good

Run-to-run (%) ±10 ±5 5 2–5 2–5
Reproducibility of

layer thickness
Areal uniformity of

layer thickness
(across 2 cm) (%)

5–10 5–10 5 2–5 <2

In situ metallization? no no no no yes
Aluminum-

containing III-V
alloys?

yes no no yes yes
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Table 12.1 (continued)

LPE CSVT Cl-CVD MOCVD MBE

Direct monitoring of
growth process

no no ambient
sampling

ellipsometry,
RGA

in situ real-time
LEED,
RHEED

LPE, liquid phase epitaxy; CSVT, close-spaced vapor transport; Cl-CVD, chloride chemical vapor deposi-
tion; MOCVD, metal organic chemical vapor deposition; MBE, molecular beam epitaxy; ML, monolayer;
RGA, residual gas analyzer; LEED, low energy electron diffraction; RHEED, reflection high energy electron
diffraction.
aSilicon CVD methods predate the development of CVD for compound semiconductors.
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illustrative purposes and rough comparisons only, and should not be construed as definitive
characterizations of a particular epitaxy technique. The data are mostly for GaAs (and
AlGaAs) epitaxy, as all of the prominent methods of epitaxy have been applied and
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Table 12.2 Typical parameters and fundamental characteristics of main epitaxy techniques (as
applied to GaAs and related materials)a

Epitaxy methods

LPE (Ga) LPE(Bi) CSVT Cl-CVD MOCVD MBE

Typical growth temp. T

(◦C)
650–850 650–850 700–850 600–750 550–750 500–700

Free energy change
(‘thermodynamic
driving force’) �G

(kcal mol−1)

0–2 0–2 0–5 2–4 25–35 12–26

Rate-limiting species As As and/or
Ga

Ga (Ga2O) Ga
(GaCl3)

Ga (TMG) Ga

Ci (cm−3) 1021 1020 1016 7 × 1015 1011 –1016 1010

Ji (cm−2 s−1) 1025 1024 1016 1016 6 × 1014 6 × 1014

Je (cm−2 s−1) ∼= Je
∼= Je

∼= Je
∼= Je 0 0

Jnet = Ji − Je (cm−2

s−1)
1016 1015 1016 1015 6 × 1014 6 × 1014

λ = (Ji − Je)/(Ji + Je) ∼4 × 10−8 ∼10−8 ∼4 × 10−4 ∼4 × 10−4 ∼1 ∼1
V/III ratio 0.01–0.05 0.01–5 0.5–2 0.5–5 5–100 5–20
Approx. surface

energies γ (erg /cm2)
600 400 900 900 900 1000

Process controlled
mainly by

temp. temp. temp. flow rates flow rates fluxes

Growth rate limited
mainly by

bulk
liquid
diffusion

bulk
liquid
diffusion

bulk liq.
diffusion

reaction
kinetics

reaction
kinetics

surface
diffusion

Typical surface
diffusion Ls length
(µm)

5–50 ? 5–10 ? 1–5 1–5

Ci, concentration of rate-limiting species; Ji, impinging flux of rate-limiting species on substrate;
Je, exiting flux of rate-limiting species desorbed from substrate; Jnet, net flux providing growth
rate; TMG, trimethylgallium Ga(CH3)3.
aFor references see Table 12.3.

extensively developed for GaAs-based materials, thus enabling a fairer comparison of
the different epitaxy techniques. The data are culled from various published reports over
a 20 year period, and so in some cases may not represent the true state-of-the-art. For
some aspects of epitaxy, the information for a systematic comparison between different
techniques is lacking. Likewise, it is generally true that epitaxy techniques can be mod-
ified and adapted to perform over and above their usual performance specifications. For
instance, although the growth of quantum wells and superlattices with conventional LPE is
often deemed unpractical, there are numerous clever apparatuses involving slideboats with
rapid slidebar action and centrifugal/rapid rotation LPE systems that can grow structures
with layer thickness control approaching that of MBE or MOCVD. Similarly, although
traditional MOCVD of III-V employs highly toxic precursors, there are alternative pre-
cursors and growth chemistries, as well as methods for in situ generation of precursors,
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Table 12.3 Rational basis for selecting an epitaxial growth method

objective controlling
characteristic/
requirement

LPE
(Ga-rich
melt)

LPE
(Bi-rich
melt)

CSVT Cl-CVD MOCVD MBE

Heteroepitaxy
(>1% lattice
mismatch

�G � 0 poor poor limited fair good good

Selective epitaxy �G ≈ 0; excellent excellent good possible difficult no
high Ls

Defect control �G ≈ 0; good good unknown acceptable acceptable acceptable
low growth T ;
control chemical

potentials for
optimum V/III
ratio

High growth rates Large Ji − Je; yes fair yes moderate no no
DSNS/JS > 1

Thickness control Ji ≈ 0 poor better modest good excellent excellent
Composition

control
�G � 0; limited limited limited good excellent excellent

low Ji, Je

Metastable alloys �G � 0 no no no no yes yes
Faceting, shaped

growth
favorable surface

energies;
typical typical no no no no

�G ≈ 0
Anisotropic,

high-aspect
lateral
overgrowth

�G � 0; high Ls;
anisotropic γ

excellent excellent modest modest very
modest

generally
small
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that greatly reduce the potential safety hazards of MOCVD. Further, enhancing the perfor-
mance of a particular epitaxy technology with regard to one set of specifications is often
achieved at the expense of other performance benchmarks. For example, systems designed
for low-temperature growth may pay a penalty in growth rates and throughput. To compli-
cate matters further, there are hybrid approaches to device technology that utilize different
methods of epitaxy in various stages of device fabrication (e.g. CVD followed by LPE
or vice versa), or use methods that combine features of traditionally distinct epitaxy tech-
niques, such as, for example, metal-organic MBE or vapor–liquid–solid (VLS) processes.

Table 12.2 provides a more fundamental comparison of epitaxy techniques, based on
thermodynamics, kinetics and surface energetics. Two types of GaAs LPE are consid-
ered. In the original and usual implementation, GaAs is grown from a gallium-rich melt
saturated with arsenic. A later developed variation of GaAs LPE uses a bismuth-rich
solvent in which case both gallium and arsenic are relatively dilute, and the ratio of
Ga to As (and their respective chemical potentials) can be varied (Ratuszek et al., 1987;
Helak et al., 1991). Bismuth is a ‘neutral’ solvent for GaAs LPE as it has a low concen-
tration (∼0.01 %) in GaAs and appears to be largely electrically ‘inactive’ (Yakusheva
et al., 1989). Table 12.2 also includes the close-spaced vapor transport (CSVT) tech-
nique (Nicoll, 1963; Robinson, 1963; Perrier et al., 1988), a near-equilibrium vapor phase
epitaxy (VPE) method where a GaAs source is placed in close proximity (< 1–5 mm) to
a GaAs substrate and wherein the GaAs source is maintained at a slightly higher tempera-
ture. Oxidizing agents (such as water vapor) create volatile Ga- and As-containing species
which diffuse to the substrate and combine to form GaAs. On the basis of thermodynam-
ics, particularly the relatively small free energy changes driving the growth process, and
growth rates in the range of 0.1–1 µm min−1, CSVT is the VPE method that is most
similar to LPE, and therefore provides an interesting point of reference for comparison
with LPE, along with more conventional CVD processes. Two other VPE techniques,
chloride CVD using GaCl3 as a precursor for Ga and MOCVD using trimethylgallium
and arsine as precursors, are also included for comparison, as well as MBE. Altogether,
these methods are representative of the commercially important alternatives to conven-
tional LPE and span the wide range of parameters, characteristic features and physical
phenomena that are encompassed by epitaxial growth processes.
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As indicated in Table 12.2, LPE can be distinguished from the other techniques on the
basis of several criteria. Most prominently, LPE differs from most other epitaxy methods
with regard to the thermodynamic driving force, as manifested by the degree of super-
cooling used to initiate and sustain growth, or analogously, the degree of supersaturation,
or associated free energy change of the chemical reactions responsible for crystal growth.
The near-equilibrium growth conditions of conventional LPE have definite benefits in
some respects as discussed below, but also prevent or hinder the growth of metastable
or strained epitaxial structures. Thus, it is generally difficult to grow heterostructures
with high lattice mismatch or large miscibility gaps by LPE. As a consequence, ‘lattice-
pulling’ or ‘lattice latching’ effects ensure close lattice matching of LPE-grown alloys
to the binary substrates, which may be an advantage or disadvantage depending on the
application. In many instances substrate-induced stabilization can permit the LPE growth
of alloys with miscibility gaps (Quillec et al., 1983). For example, thermodynamic anal-
ysis indicates the bulk InGaAsP alloy should not be stable at growth temperatures used
for LPE, due to a miscibility gap, yet its lattice-matched growth on an InP substrate sta-
bilizes the alloy, avoiding decomposition of the epilayer into separate phases. Although
LPE is normally performed close to thermodynamic equilibrium with small supercoolings
(�T ∼ 1–10 ◦C) or slow cooling rates (0.1–1 ◦C min−1), higher cooling rates (∼10 ◦C
min−1) (Hanke et al., 2005) or quenching (102 –103 ◦C s−1) (Abramov et al., 1991, 1994,
1996, 1997, 1999) can produce highly nonequilibrium conditions that drastically alter the
growth characteristics of LPE and can be used to overcome strain energy impediments to
growth.

LPE also differs from most other epitaxy techniques with regard to the rate-limiting
species that controls growth rates (As versus Ga), the concentration Ci of rate-limiting
species at the growth interface, the fluxes of the rate-limiting species incident or imping-
ing on the growing crystal surface (Ji) and leading to adsorption of adatoms, and the flux
of rate-limiting species exiting (i.e. desorption) from the growing crystal (Je) (Watanabe
et al., 1990). For some methods of epitaxy, the relation between fluxes and crystal growth
rates is more commonly described in terms of sticking coefficients for the species com-
promising the epitaxial layer.

As mentioned LPE operates with considerable smaller free energy differences than
MOCVD or MBE, i.e. with a small thermodynamic driving force. In conventional GaAs
LPE, the rate-limiting species is arsenic and the V/III ratio of fluxes is less than 1, in
contradistinction to most vapor phase methods which exhibit a high V/III ratio, as growth
occurs under excess arsenic conditions. As will be discussed, this can have considerable
consequences with respect to the formation of point defects related to nonstoichiometry.
Also, the concentration Ci of rate-limiting species and the incident flux Ji at the growth
interface is much higher with LPE, and further, there is a ‘two-way’ traffic of rate limiting
species with LPE in that the Ji ≈ Je. Thus, in LPE the net growth rate is the result of
a difference between two relatively large and almost equal but opposing fluxes, typical
of the dynamic nature of near-equilibrium processes. In contrast, in MOCVD or MBE,
the growth rate is due almost entirely to a much smaller flux of the rate-limiting species
(usually a group III atom or precursor) incident on the surface; the flux of desorbed atoms
of the rate-liming species is comparatively small, if not negligible. Another consequenc
of the differences in V/III ratio among the various epitaxy methods is the degree of
sublattice ordering in III-V ternary and quaternary alloys. For example, in LPE-grown
InGaAs, the indium and gallium atoms are randomly arranged on the group III sublattice,



350 LIQUID PHASE EPITAXY

while in MOCVD-grown InGaP the indium and gallium atoms often show CuPt-B type
ordering (Prutskij et al., 2003, 2005). This sublattice ordering results in a reduction in
bandgap (50–100 meV), as readily detected by comparing photoluminescence spectra of
LPE- and MOCVD-grown material, as well as valence band splitting. Sublattice ordering
in III-V alloys appears to be restricted to materials grown with high V/III ratio (MOCVD,
MBE, chloride VPE), and there is no report of CuPt-B ordering in III-V alloys grown by
LPE (Suzuki, 2002).

Other differences in epitaxy methods can be cited. The surface energies of the crystal
in contact with a melt interface as in LPE are about half that of a crystal in vacuum or a
vapor ambient as in MBE or CVD. The surface diffusion length LS represents the average
or characteristic distance an adatom (an atom adsorbed on the growing crystal surface)
of the rate-limiting species migrates before either desorbing or being incorporated into
the growing crystal at a step or kink on the crystal surface. The adatom surface diffusion
length LS is related to the adatom residence or dwell time τ , adatom surface diffusivity
DS and adatom surface mobility µS by LS = (DS · τ)1/2, where Ds is proportional to the
adatom surface mobility. Surface diffusion length data are limited, as measurements are
difficult and depend on growth conditions and the exact crystallographic orientation of the
substrate which affects the step density and adsorption binding energy. Surface diffusion
lengths in epitaxy are often inferred from indirect evidence, but test structures using
structured and/or masked substrates can provide revealing experimental data (Nishinaga,
2005). For the most part, surface diffusion lengths seem to be ∼10 times larger in LPE
than in VPE or MBE. Actually, it is appears that while surface diffusion is the rate-
limiting process in MBE and CVD, in LPE the rate-limiting step is bulk (in the melt)
diffusion of solute directly to the growth step (Nishinaga and Suzuki, 1993), and this too
constitutes another major distinction between LPE and other epitaxy techniques. These
considerations are generalizations, and there may well be common or contrived situations
that provide exceptions to these observations. For example, the addition of surfactant
components to the epitaxy system can substantially alter the surface energies and surface
diffusion lengths. Surfactants (e.g. bismuth and antimony) have been utilized in GaAs
and silicon MBE and CVD to alter surface energetics and surface diffusion of adatoms,
as well as the mode of growth (two-dimensional versus three-dimensional) (Copel et al.,
1990; Kern and Muller, 1995; Kandel and Kaxiras, 2000; Wixom et al., 2004). Surface
energies, and specifically the crystallographic orientation dependence of surface energies,
play a large role in the habit of grown crystals. In metallic solution growth of silicon
and III-V compounds, impurities added to melts can alter the surface energetics and
crystal morphology (Faust et al., 1968; Faust, 1969). As a more specific example, Zhang
et al. (Zhang et al., 2005) observed that the addition of Te impurities in selective LPE of
GaSb stabilized certain crystal facets, substantially altering the morphology of the GaSb
crystals.

The relatively high surface mobility of adatoms characteristic of LPE results in pro-
nounced microscopic lateral growth rates (Bauser and Strunk, 1984; Kuphal, 1991), and
significant growth rate anisotropy (Chand et al., 1983). This is manifested in techniques
used to planarize surfaces that are intentionally structured with grooves, mesas or notches.
A surface etched with 4µm deep grooves in a (100) GaAs substrate can be completely
planarized by an LPE step (Kuphal, 1991), a process commonly used in making buried
heterostructure lasers (Botez et al., 1976; Botez, 1984; Watanabe et al., 1985). [‘It is
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almost impossible to produce such structures using any of the other common epitaxial
growth techniques’ (Keuch and Tischler, 1996).] Conversely, the anisotropic growth char-
acteristics of LPE can also produce highly faceted crystal shapes, especially on partially
masked substrates (Oyama et al., 2005). See Sections 12.5.5 and 2.5.16.

For many semiconductors, LPE yields material of the highest quality with respect to
carrier mobility, minority carrier recombination lifetime, and luminescence efficiency. The
distinction between high minority lifetime and luminescence efficiency is worth mention-
ing, since although closely related they do not necessarily track each other. Luminescence
efficiency or internal quantum efficiency is the fraction of injected minority carriers that
recombine radiatively and contribute to light emission. This figure of merit is important
for LEDs and laser applications, and for solar cells and photodetectors that rely on photon
recycling effects (Miller et al., 1994). The radiative minority carrier lifetime (τrad) and
the nonradiative minority carrier lifetime (τnr), the latter accounting for recombination
due to bulk and surface defects, impurities, and Auger recombination, both contribute to
the effective minority carrier lifetime τeff:

1

τeff
= 1

τrad
+ 1

τnr
or τeff = τrad · τnr

τrad + τnr

To achieve a high effective minority carrier lifetime τeff, as useful for solar cells and bipolar
transistors, both τrad and τnr must be large. For a high internal quantum efficiency ηi, as
needed for LEDs, τnr � τr, which does not necessitate high values of either lifetime, only
that nonradiative recombination lifetime is much greater than the radiative recombination
lifetime, since:

ηi = τrad

τrad + τnr

The radiative and nonradiative recombination depend on doping, impurity, and defect
concentrations, injection levels, and proximity of surfaces (Bergh and Dean, 1976). Thus,
definitive statements about the merits of one epitaxy technique over another with regard to
material quality cannot easily be made. Several systematic comparisons of semiconductor
transport and minority carrier recombination characteristics for epitaxial material produced
by various methods have been reported, but unfortunately, many of these studies are
somewhat dated. Pearsall et al. (Pearsall et al., 1981) concluded that the electron and hole
mobilities in In0.53As0.47As epilayers lattice matched to InP, grown by LPE, MOCVD and
CVD, are in general quite similar. Colomb et al. (Colomb et al., 1992) noted that electron
mobilities in LPE-grown GaAs were higher than those of carbon-doped MOCVD-grown
GaAs. Ahrenkel and Dunlavy (Ahrenkel and Dunlavy, 1989) observed that the minority
carrier lifetimes in Al0.4 Ga0.6As were appreciably larger in LPE material than in MOCVD
material. Butcher et al. (Butcher et al., 1995) grew thick (>200µm) GaAs layers in an
LPE system with a fused silica boat and where silicon doping of the layer was moderated
by careful control of oxygen levels in the hydrogen ambient. Room-temperature minority
carrier diffusion lengths of between 200µm and 800 µm were measured in n-type material
with a carrier concentration 1013 –1014 cm−3. These diffusion length values are much
higher than usually observed with for GaAs. Fisher and Krier (Fisher and Krier, 1997)
compared the photoluminescence of InAs grown by LPE, MOCVD and MBE and reported
that the strongest emission is obtained from LPE material, and that LPE-grown samples did
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not exhibit the excitonic recombination seen with MOCVD and MBE material. Moiseev
et al. (Moiseev et al., 2002) achieved the first-ever observation of room temperature mid-
infrared photoluminesnce in GaInAsSb quaternaries made by LPE. This III-V quaternary
alloy is of interest for mid-infrared detectors, LEDs, lasers and thermovoltaic devices,
and for which all three major epitaxy methods (LPE, MOCVD and MBE) are used. Some
recent work on GaAs BIB (blocked impurity band) far-infrared detectors, in which the
reduction of background doping is crucial to device operation, serves to demonstrate the
potential of LPE for producing material with low levels of impurities (Haller and Beeman,
2002; Reichertz et al., 2004, 2005, 2006; Cardoza et al., 2005). LPE-grown of GaAs with
net donor levels |ND − NA| ≤ 1012 cm−3, where ND is the donor concentration and NA

is the acceptor concentration, was achieved. Similar efforts have been directed toward
LPE-grown Ge blocked impurity band (BIB) detectors (Goyal et al., 2002).

The high quality of LPE-grown GaAs (and related III-V materials) may be attributed
to several factors (Stringfellow, 1989). The Ga-rich melt yields GaAs with a Ga-rich
stoichiometry (in contrast to CVD and MBE), and thus Ga vacancies and As antisite
defects (As atoms on the Ga sites) are virtually absent. The As antisite defect has been
implicated in deep bandgap recombination states that degrade luminescence efficiency
[see Hurle (Hurle, 1999) for more elaboration on this complicated phenomenon]. Also,
the high purity of metal solvents and the preferential segregation of impurities to the liquid
phase results in material with low background concentrations of impurities. For AlGaAs
LPE, the aluminum melt component forms an insoluble oxide on the melt surface, thus
reducing oxygen contamination of the AlGaAs epilayer. The near-equilibrium growth
conditions of LPE result in an insufficient thermodynamic driving force for nucleating
defects such as dislocations and stacking faults. Among epitaxy techniques, LPE is unique
in that the structural quality of the epilayer can exceed that of the substrate on which it
is seeded. In particular, LPE exhibits a tendency to ‘anneal out’ dislocations originating
in the substrate. Thus, the epitaxial layer has a lower density of dislocations than that of
the underlying substrate (Saul, 1971).

LPE melt compositions can be modified to appreciably change growth characteristics
and electrical properties of the epilayer. As already mentioned, GaAs is commonly grown
from Ga-rich solutions according to the Ga-As binary phase diagram. GaAs can also be
grown from multicomponent, arsenic-saturated melts containing, for example, gallium,
lead, bismuth, and tin. GaAs LPE with a bismuth-rich solvent, i.e. a Bi-Ga melt saturated
with arsenic wherein the Ga:As ratio can be independently adjusted, adds an additional
degree of freedom to the growth process (Shmartsev, 1991; Yakusheva and Pogadaev,
1992). With respect to at least several characteristics, GaAs LPE from Bi-rich melts can
be made to mimic those of vapor phase methods (Saravanan et al., 1997). For example,
GaAs can be grown under conditions where Ga is diluted with bismuth, thus modifying the
relative chemical potentials of As and Ga, changing the V/III ratio to As-rich conditions,
and making Ga, instead of As, the rate-limiting species. The use of multicomponent
melts to alter growth characteristics (nucleation and growth modes, growth rates, rates,
faceting, surface energetics) or epilayer properties (point defects, doping characteristics)
is an under-exploited area of LPE technology. Another avenue for manipulating material
properties in LPE is through control of the vapor pressure of components in the melt and
epilayer (Nishizawa and Okuno, 1975; Nishizawa et al., 1975).

The thermodynamic and kinetic characteristics of epitaxy methods as presented in
Table 12.2 determine the ability of an epitaxy technique to perform certain tasks.
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Table 12.3 lists some typical specific objectives for epitaxial growth processes including:
heteroepitaxy with large lattice mismatch or strain; selective epitaxy on patterned,
masked substrates; control and avoidance of certain types of defects; achievement of
high growth rates; layer thickness and/or composition control; realization of abrupt or
sharp interfaces; the growth of metastable compounds and alloys; faceting of crystals for
shaped crystal growth; and anisotropic growth characteristics in order to achieve high
aspect ratios in epitaxial lateral overgrowth. The feasibility or difficulty in achieving
a specific objective (Table 12.3, column 1) is often controlled or dominated by a
particular growth characteristic (Table 12.3, column 2), such as the departure from
thermodynamic equilibrium (�G), magnitude of fluxes, Ji, or surface diffusion lengths
LS. For instance, a low thermodynamic driving force, as exhibited by LPE or CSVT,
facilitates better control of nucleation which is necessary for selective modes of growth
on patterned, masked substrates. The low thermodynamic driving force may also help
avoid the nucleation of nonequilibrium defects such as stacking faults and dislocations.
On the other hand, high thermodynamic driving forces, as exhibited by MOCVD and
MBE, are useful for heteroepitaxial growth where there is an energetic barrier due to
strain or lattice mismatch that inhibits nucleation of the epitaxial layer. As already
mentioned, in LPE, the composition of the epilayer is determined by phase equilibria
considerations, whereas in MBE and CVD, the composition of the epilayer is controlled
by the fluxes or precursors impinging the substrate, the relative values are not determined
by thermodynamic considerations. Thus, there is more freedom for composition control
with MBE or MOCVD, including the growth of metastable alloys.

Tables 12.2 and 12.3 suggest a rational basis for selection of an epitaxy process,
namely, by recognizing the required characteristics or features needed to achieve a spec-
ified objective, along with the relevant corresponding characteristics exhibited by the
various epitaxy methods. On this basis, a case can be made that for certain tasks LPE
is the best choice due to inherent features and advantages relative to other competing
methods of epitaxy. Further, the foregoing discussion points to what features of LPE are
responsible for its limitations and suggests what, if any, modifications in conventional
LPE techniques might widen its application or improve its performance.

To underscore some of the relative or unique advantages of LPE for the growth of
semiconductor devices, a few of the more important features of LPE may be summarized
as:

1. High LPE growth rates. Growth rates in the range of 0.1–1 µm min−1 can be achieved
with LPE. This is 10–100 times faster than MBE or MOCVD, and thus thick device
structures for epitaxial (e.g. thick ‘transparent’ AlGaAs) substrates and compositionally
graded transition layers, as useful in virtual epitaxial substrates with tunable lattice
constants and bandgaps, are feasible with LPE.

2. Flexibility. An LPE system can be readily adapted for the growth of a wide assortment
of materials, usually simply by changing the melt and program ‘recipes’.

3. The wide range of dopants available with LPE. Virtually any element added to the
melt will be incorporated into the epitaxial layer to some degree. The segregation of
an impurity can be readily determined experimentally for controlled doping. This can
be contrasted with other methods of epitaxy where precursors must be developed with
compatible pyrolysis kinetics, or where dopants with favorable sticking coefficients
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must be identified. Most of the entire periodic table can be utilized as dopants in LPE,
and thus, LPE is an excellent tool for fundamental doping studies.

4. The preferential segregation of deleterious impurities to the liquid phase which results
in low background impurities in the epitaxial layer. LPE can produce semiconductor
material of extremely high purity.

5. The low defect densities due to near-equilibrium growth conditions and/or favorable
chemical potentials of crystal components in the liquid phase, along with reductions
in threading dislocations originating in the substrate or underlying layers.

6. The absence of highly toxic precursors or by-products.

7. Low capital equipment and operating costs.

8. The feasibility of selective epitaxy and epitaxial lateral overgrowth (ELO) with high
aspect ratios.

9. The ability to produce shaped or faceted crystals for novel device structures.

To close the discussion comparing LPE with competing epitaxy methods, another aspect
of crystal growth that serves to contrast LPE with other epitaxy technologies is illustrated
by Figure 12.1. Crystal growth processes in general, and epitaxy methods in particular,
are controlled by various process parameters such as temperature, pressure, precursor or
solute concentrations, and are sensitive to other parameters such as substrate orientation
and surface cleanliness. Not surprisingly, there are optimum ranges–or at least minimum
requirements–for all of these parameters to ensure successful epitaxial growth and achieve
sufficient material quality. In reality, the parameter space for epitaxy is multidimensional
and there are uncontrolled variables that impact growth as well. Generally CVD has
more experimental parameters than LPE, but the operating range for these parameters
is fairly broad. With phase diagram in hand, it is straightforward to formulate an LPE
process for an untried material, but it is fair to say that the ‘window’ for LPE growth is
much narrower than other epitaxy technologies as suggested by Figure 12.1. Thus, LPE
is less forgiving of process variations than other methods and more susceptible to process
fluctuations and the effects of uncontrolled variables, both of which can lead to failed
growth or poor material quality. In some cases, such as the LPE growth of InGaAsSb
quaternary alloys, the growth temperature must be controlled to within 1 ◦C in order to
produce an epitaxial layer. As another example, LPE appears to be much more sensitive
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Figure 12.1 Schematic of ‘process window’ and sensitivity of material quality to controlling
parameters and variables
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to the crystallographic (mis)orientation of the substrate than other epitaxy techniques. On
the other hand, and on the positive side, when the LPE process is operated within its
optimum parameter window, the material quality is often superior to that produced by
other epitaxy techniques. Thus, the price for high material quality associated with LPE is
more stringent demands on process control and greater susceptibility to process variations.
Ultimately, this feature may be attributed in large part to the near-equilibrium nature of
LPE that distinguishes it from CVD and LPE. Practitioners of epitaxy may regard this
view as overly simplistic, but it offers some explanation to both the historic role of LPE in
prototyping new semiconductor materials and device concepts, and to its ultimate disfavor
for large-scale, high-throughput production of many commercial semiconductor devices,
especially those with tight tolerances for composition, doping, and layer thicknesses.

12.3 PREVIOUS REVIEWS OF LPE

Besides complementing other chapters of this book, the present chapter is intended to sup-
plement some of the previous reviews of LPE that have appeared in various articles, book
chapters and monographs (Dawson, 1972; Giess and Ghez, 1975; Bergh and Dean, 1976;
Kressell and Butler, 1977; Casey and Panish, 1978; Hollan et al., 1980; Hsieh, 1980;
Moon, 1980; Ufimtsev and Akchurin, 1983; Nakajima, 1985 (focused on InGaAsP LPE
but applicable to LPE of other III-V semiconductors); Yamazaki et al., 1984 (focused
on InGaAs/InP avalanche photodiodes); Greene, 1987; Anderson, 1989; Astles, 1990;
Kuphal, 1991; Swaminathan and Macrander, 1991; Small et al., 1994; Bauser, 1996; Iga
and Kinoshita, 1996; Konuma, 2002). In addition, numerous books (Brice, 1965, 1973,
1985; Laudise, 1970; Hartman, 1973; Elwell and Schell, 1975; Rosenberger, 1979; Pam-
plin, 1980; Chernov, 1984; Tiller, 1991, 1992; Hurle, 1994; Herman, et al. 2004; Dost
and Lent, 2006) provide discussions of LPE and related solution growth methods from a
wider perspective of crystal growth and epitaxy processes in general. Zschauer and Vogel
(Zschauer and Vogel, 1971) describe a melt-solid Schottky barrier model to explain the
growth rate and crystal orientation dependence of doping in GaAs LPE. Hurle (Hurle,
1999) has made an in-depth review and discussion of native point defects and doping
solubilites in LPE-grown III-V materials. Treatments of nucleation and growth mecha-
nisms in LPE (Hsieh, 1974; Kozlov et al., 1975; Mattes, 1975; Bauser and Strunk, 1982,
1984; Bauser, 1985a, 1994; Konuma, 2002), surface morphology (Saul and Roccasecca,
1973; Toyoda et al., 1979) and morphological stability, i.e. formation of surface ripples
and waves (Bauser, 1978; Nishinaga et al., 1978), and physical processes in LPE (Small
and Crossley, 1974) focus on more specific aspects.

12.4 MODELING OF LPE PROCESSES

Modeling and simulation of LPE is useful for better understanding of the processes and
mechanisms of epitaxial growth, assessing the importance of process parameters and vari-
ables on the growth characteristics, and design of the slideboat or other crucible apparatus.
Especially important is the role of melt convection and solute distribution on the epi-
layer surface and areal uniformity with respect to thickness, composition, and impurity
concentrations. In addition to modeling and simulation of the growth process, there is
a considerable amount of literature on phase equilibria models pertinent to LPE. The
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application of regular or quasi-regular solution models to LPE is treated in Panish (Pan-
ish, 1973), Casey and Panish (Casey and Panish, 1978), Stringfellow (Stringfellow, 1984),
Tmar et al. (Tmar et al., 1984) and Anderson (Anderson, 1989). Associated and associated
regular solution models for melts that contain antimony or bismuth (which show anoma-
lous behavior according to simple regular solution models) have been developed by Jordan
(Jordan, 1976), Brebrick et al. (Brebrick et al., 1983), and Schmid and Chang (Schmid
and Chang, 1985). Another approach to modeling multicomponent phase equilibria for
LPE is based on an analysis of excess thermodynamic functions and linear combination
of chemical potentials (EF-LCP) (Baranov et al., 1991; Kunitsvna et al., 1998). Strain
energy effects due to lattice mismatch can be readily included in phase equilibria calcula-
tions (Baranov et al., 1984; Larche and Cahn, 1987; Ohtani et al., 2001). Dependence of
phase equilibria on the crystallographic orientation of the substrate, as observed in many
LPE-grown III-V alloys such as InGaAs (Pearsall et al., 1979), is treated by Srinivasa and
Bhattacharya (Srinivasa and Bhattacharya, 1985). For LPE of alloy semiconductors, the
phase equilibria models can be used for prediction of miscibility gaps (Ishida et al., 1989).
Wei et al. (Wei et al., 1995) described an artificial neural network approach to predicting
phase equilibria in III-V quaternary alloys grown by LPE. Relevant solution phase equi-
libria models and data routinely appear in several journals including CALPHAD, J. Phase
Equilibria and Diffusion, and Bulletin of Alloy Phase Diagrams.

LPE kinetics is analyzed by Crossley and Small (Crossley and Small, 1971), Hsieh
(Hsieh, 1974), Bryskiewicz (Bryskiewicz 1978) and Krier and Labadi (Krier and Labadi,
2000). Diffusion-limited LPE growth of ternary alloys (e.g. LPE of InGaAs on InP) is
treated by Ijuin and Gonda (Ijuin and Gonda, 1976), Joullié (Joullié, 1977), Traeger et al.
(Traeger et al., 1988), Kimura et al. (Kimura et al., 1996a), Rezagholipour Dizaji and
Dhanasekaran (Rezagholipour Dizaji and Dhanasekaran, 1996a,b), and Asomoza et al.
(Asomoza et al., 2001). Charykov et al. (Charykov et al., 2002) present a general theory of
multi-phase melt crystallization that includes solvent evaporation. Convection in LPE sys-
tems is analyzed by Kimura et al. (Kimura et al., 1991, 1994) and Coşkun et al. (Coşkun
et al., 2002). Kimura et al. (Kimura et al., 1994, 1996a) developed a time-dependent,
two-dimensional model of LPE including convective and diffusive transport and interface
kinetics. Other models of LPE including convection phenomena have been published (Qin
et al., 1996; Denisov et al., 2004). Simulation of the growth rate and layer thickness
for LPE under slider-induced convection is given by Leung and Schumaker (Leung and
Schumaker, 1982), Chen and Wan (Chen and Wan, 1992) and Chao and Wang (Chao
and Wang, 1993). Global numerical simulations including the temperature profile of the
furnace for MCT (mercury cadmium telluride) LPE are reported by Lin et al. (Lin et al.,
2005). Several models of LPE combining three-dimensional mass and heat transport and
a microscopic (Burton–Cabrera–Franck) model of crystal growth are developed by Eck
and Emmerich (Eck and Emmerich, 2004). Inatomi and Kuribayashi (Inatomi and Kurib-
ayashi, 2002) describe an analysis of morphological stability for GaP LPE in a static
magnetic field.

12.5 SURVEY OF NEW DEVELOPMENTS AND SPECIALIZED
APPLICATIONS OF LPE

The following sections survey some recent developments and subjects of focused efforts
in LPE, as well as areas where LPE has unique capabilities or relative advantages over
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competing methods of epitaxy. Also reviewed are novel adaptations or modifications of
the LPE technique to address or circumvent limitations of conventional LPE technology,
including specific innovations that may have not received wide attention for possibly
broader application to LPE. The citations are included to provide the reader with literature
sources for more detailed descriptions or other applications of the techniques discussed:
the citations are not meant to suggest priority or due credit to the true inventors or
discoverers of the particular topic at hand.

12.5.1 Five- and six-component III-V semiconductor alloys by LPE

In contrast to the fixed bandgaps and lattice constants of binary semiconductors, ternary
III-V alloys, such as AlxGa1−xAs, InxGa1−xP and InAsxSb1−x , permit adjustment of the
bandgap and lattice constant. However, with the exception of AlxGa1−xAs, the lattice
constant of the epilayer is generally mismatched to its binary substrate except for a single
composition and corresponding bandgap. Quaternary alloys, such as InxGa1−xAsySb1−y

or AlxGayIn1−x−yP, have an additional degree of freedom, and thus afford independent
tuning of lattice constant and bandgap over a limited range. Nevertheless, constraints
imposed by lattice matching to a binary substrate, as well as by possible miscibility gaps,
still generally preclude many compositions (and bandgaps) for the epilayer. The use of
(ternary) alloy substrates (see Section 12.5.4) provides a range of continuously variable
lattice constants which can prove useful in maintaining lattice matching for the epitaxial
layer(s) over a range of compositions and bandgaps.

Semiconductor alloys with five or more components would offer additional degrees of
freedom, potentially avoiding miscibility gaps and yielding a wider selection of lattice con-
stants, and further, would permit at least some adjustment of electron affinities, heterojunc-
tion offsets, and band discontinuities (Rubtsov et al., 1997). There is generally no obstacle
to growing III-V alloys with five or more components by LPE, thus giving device design-
ers with a larger selection of materials parameters for heterostructures. The same cannot
always be said of MOCVD and MBE, as growth temperature ranges for optimal pyrolysis
of precursors and/or adatom adsorption may not be compatible for all the constituents of
an epitaxial alloy with many components. In principle, a six-component melt can be used
for LPE of a III-V alloy of general composition AlxGayIn1−x−yPuAsvSb1−u−v , but the
required phase equilibria data for formulating the melt and specifying growth temperatures
are generally lacking. Addition of ‘neutral’ melt components that are incorporated to a
small degree in the solid-phase alloy, such as bismuth, tin, germanium and lead (Kunitsvna
et al., 1998), may also be useful for modifying segregation coefficients in order to achieve
target epilayer compositions. Extension of quaternary phase equilibria models for five,
six, or a higher number of components is straightforward. The regular solution model
used to estimate liquid- and solid-phase chemical potentials can be extended to systems
with higher numbers of components (Charykov et al., 1997; Xu et al., 1997; Vasil’ev
et al., 1999). Bismuth and antimony, which show associated regular solution behavior
due to formation of complexes (Jordan, 1976; Brebrick et al., 1983), may complicate
liquid-phase models. Also, while it is generally assumed all components show complete
miscibility in the liquid phase, this may not be the case with complex melts containing
numerous components. The modeling of the solid phase is more subtle, as it is partly
dependent on the details of sublattice ordering (Onda et al., 1986; Ichimura and Sasaki,
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1988). Nevertheless, approximate models can be used to initiate and guide experimental
studies. One consolation is that as more constituents are added to the melt, the melt
becomes more dilute in every component and the activities ai of components i approach
Henry’s law behavior, i.e. ai = Ki(T ) · Xi , thus simplifying the phase equilibria calcu-
lations and improving their accuracy. Realization of five-component III-V alloys by LPE
has been reported, and include AlGaInAsSb (Mishurnyi et al., 1998a, b), AlGaInPAs (Xu
et al., 1998), GaInAsPSb (Kuznetsov et al., 2006; Vasil’ev et al., 2000). Charykov et al.
(Charykov et al., 1997) and Xu et al. (Xu et al., 1997) model the phase equilibria for LPE
of five-component alloys such as InGaAsSbP. Lunin et al. (Lunin et al., 2002) determine
the conditions for temperature-gradient epitaxial growth of AlxGayIn1−x−ySb1−xBiz/InSb
heterostructures.

12.5.2 LPE layers with atomically smooth surfaces

Chernov and Scheel (Chernov and Scheel, 1995) argue that due to the low supersaturations
characteristic of LPE, LPE layers closely lattice-matched to the substrate will grow by a
Frank–van der Merwe (‘layer-by-layer’) mechanism that results in singular surfaces with
terraces (i.e. step spacings) on the order of 10µm. Such quasi-atomically flat surfaces
should be of interest for high-performance optoelectronic devices, as well as superconduc-
tors, substrates for superlattices, crystallographic reference planes and surface catalysis.
This potential advantage of LPE may be surprising since a perceived drawback of LPE
is the difficulty in achieving smooth, uniform surfaces due to the presence of macrosteps,
surface ripples, and meniscus lines. These features are probably due to extrinsic effects
related to poor temperature control, inadequate substrate preparation and cleaning, and
melt convection effects, rather than inherent features of the LPE process. Scheel (Scheel,
1980) contends that with more careful optimization and control of growth conditions,
LPE should actually be superior to other epitaxy technologies with regard to produc-
tion of atomically smooth, structurally perfect epitaxial layers. Other reports corroborate
this contention. Morlock et al. (Morlock et al., 1988) and Weishart et al. (Weishart et al.,
1994) demonstrated ‘ultralow densities’ of monomolecular steps on growth faces of GaAs
mesas grown by selective LPE. Kumar et al. (Kumar et al., 2004) developed a LPE pro-
cess for atomically flat GaSb epilayers having a root mean square roughness of less than
1 nm over a 5 × 5 µm2 area. These results were obtained in a dipping-type LPE system
using a etchback-regrowth technique with a long (2–4 h) isothermal growth initially super-
cooled by 2–4 ◦C. Monomolecular steps with spacings as high as 400 µm were indicated.
Maruyama et al. (Maruyama et al. 2004, 2005) reported similar results for LPE growth of
Ge mesas on masked Ge substrates. This feature of LPE has not as yet been extensively
pursued for device applications.

12.5.3 Quantum wells, superlattices and nanostructures by LPE

LPE is generally deemed poorly suited for the production of quantum well and super-
lattice structures because it is difficult to achieve controllable, low growth rates for
reproducibly forming thin (<100 nm), uniform epitaxial layers. The problem is exac-
erbated in heterostructures where strain energy of lattice mismatch impedes nucleation
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and two-dimensional (step flow) growth, and because disequilibrium between the substrate
and melt leads to substrate dissolution and/or formation of a compositionally graded or
intermediary-composition transition layer (Ghez and Small, 1981). Nevertheless, there are
many reports of quantum wells and superlattices grown by LPE, as well as nanostructures
such as quantum dots, and these are briefly reviewed here. Still, it is generally true the
application of LPE for making these structures is limited compared with MOCVD, MBE
or atomic layer epitaxy (ALE).

Woodall (Woodall, 1972) described an isothermal solution mixing LPE technique for
making AlGaAs superlattices with 20 periods of 100 nm thick epilayers. Two saturated
melts with differing compositions are isothermally mixed in the presence of a GaAs sub-
strate using a rotating crucible apparatus. Thompson and Kirkby (Thompson and Kirkby,
1974) reported a six-layer AlGaAs injection laser structure made by LPE with layer
thicknesses of <40 nm for GaAs and <80 nm for AlGaAs. Rotating and centrifugal-
based LPE systems have been proposed for brief contact of the melt with the substrate
in order to achieve thin (<50 nm) epilayers and superlattices (Kass et al., 1985; Lend-
vay et al., 1985). Rezek et al. (Rezek et al., 1977) demonstrated LPE-grown InGaAsP
double heterostructure lasers with multiple thin layer (<50 nm) active regions. Zwicknagl
et al. (Zwicknagl et al., 1984) achieved p-n-p-n doped GaAs superlattices with peri-
ods as small as 50 nm using LPE. Aitieva et al. (Aitieva et al., 1986) have studied the
growth stages and evolution of epitaxial growth in the LPE of ultrathin GaAs layers on
AlGaAs. Bantien et al. (Bantien et al., 1987) reported LPE-grown AlGaAs/GaAs quantum
wells with smooth interfaces as evidenced by photoluminescence (PL) emission widths
of 2.5 meV. Kelting et al. (Kelting et al., 1986) realized AlGaAs/GaAs single quantum
wells by LPE with well thicknesses of 2.4–7 nm. Further reports of quantum confinement
structures made by LPE include Lendvay et al. (Lendvay et al., 1985) (GaAs-AlGaAs
superlattices made with a rotating crucible LPE system), Golubev et al. (Golubev et al.,
1988) (LPE-grown AlGaAs/GaAs and InGaAs/InP heterostructures with two-dimensional
electron gas confinement), Morlock et al. (Morlock et al., 1991) (quantum wells with
thicknesses of two to six monolayers and interfacial roughness standard deviations of 0.2
to 0.4 monolayers), Nohavica and Oswald (Nohavica and Oswald, 1995) (GaInAsP/InP
quantum wells by LPE from a narrow slot into a ‘meander form’), Krier et al. (Krier et al.,
1998) (2.5-nm thick InAs quantum wells by LPE using a rapid slider), and Chandvankar
et al. (Chandvankar et al., 1998) (feasibility of AlGaAs-GaAs-GaSb-AlGaSb strained-
layer quantum confinement structures by LPE), Leshko et al. (Leshko et al., 1998) (LPE-
grown InGaAsP/InP multi-quantum well (3 × 60 nm) heterostructure lasers), Baoxue et al.
(Baoxue et al., 1998) (LPE growth of 10–50 nm thick InGaAsP layers) and Chandvankar
et al. (Chandvankar et al., 2004) (low-temperature LPE growth of AlGaAs strained, sepa-
rately confined heterostructure lasers with 50–160 nm thick active layers and addition of P
or Sb to introduce tensile or compressive strain to tune emission). Andreev et al., (Andreev
et al. 1996) used low growth temperature (400–600 ◦C) and a piston boat technique to
make AlGaAs heterostructures with ultrathin (2–100 nm) layers. The above mentioned
methods generally rely on either low growth temperatures to reduce growth rates, or short
contact times, in order to produce very thin epilayers. Alternatively, relaxational LPE as
described by Bessolov et al. (Bessolov et al., 1988, 1990, 1993) and Demin (Demin,
1995) uses a second growth substrate in contact with the melt to induce reverse mass
transport and relax melt supersaturation. This method can produce very thin (3.5 nm-
thick GaAs) epilayers, and is purported to be applicable over a wider range of growth
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temperatures, materials and contact times. Various LPE techniques for growing ultrathin
layers are reviewed by Mishurnyi et al. (Mishurnyi et al., 2006), as well as in Chapter 7.

Quantum dots can be realized in lattice-mismatched systems by taking advantage
of the tendency for three-dimensional island growth due to strain energy effects. For
example, Krier et al. (Krier et al., 2001) reported the liquid phase epitaxial growth of
InSb quantum dots (1010 cm−2, 5–15 nm height and 0.1–0.3 aspect ratios) on InAs
and GaAs substrates. The same group (Krier et al., 1999) has grown InAsSbP quan-
tum dots on GaAs substrates using a rapid slider LPE technique. Hanke et al. (Hanke
et al., 2004) described LPE-grown Stranski–Krastanow islands (in the shape of trun-
cated pyramids with dimensions on the order of 100 nm) of SiGe on silicon substrates
from bismuth-silicon-germanium melts at 973 K. Sun et al. (Sun et al., 2005) adapted
LPE growth conditions to vary partial oxidation, melt undersaturation, and temperature-
dependent Frank–van der Mere growth mode to achieve self-assembled island formation
of AlGaAs. Meixner et al. (Meixner et al., 2001) observed the formation of self-assembled
nanoscale island chains of SiGe crystals grown on silicon by LPE. Wakayama et al.
(Wakayama et al., 1997) made self-assembled nanocomposites of silicon-gold using an
LPE process starting with Au particles condensed from a gas phase on a silicon substrate.

12.5.4 Growth of thick ternary and quaternary alloy layers for
‘virtual’ substrates with adjustable lattice parameters

Commercially available substrates are generally limited to elemental (Si or Ge) or binary
compound (e.g. GaAs, InP, SiC) semiconductor wafers sliced from melt-grown bulk crys-
tals. For compound semiconductors, the wafers are cut from boules or ingots of the binary
compounds solidified from near-stoichiometric melts, although vapor-phase growth of
self-supporting substrates such as GaN and SiC is also feasible. Bulk crystal growth of
compound semiconductors is mostly restricted to the congruently melting binary com-
pounds (e.g. GaAs and GaSb) due to the severe segregation and stress effects inherent in
the growth of ternary and alloy semiconductors. Commercial substrates are thus limited
to a small, discrete set of lattice constants. As mentioned above, this imposes many limi-
tations on epitaxial device technology due to lattice matching constraints and miscibility
gaps. Also, for some semiconductor materials systems no lattice-matched semi-insulating
substrate is available, which precludes simple electrical isolation of devices formed in
the epitaxial layer(s). Further, for some applications such as high-brightness LEDs, a
lattice-matched, wide-bandgap (transparent) substrate is desirable, but not available.

Customized substrates comprised of ternary and quaternary alloys with adjustable lat-
tice constants and bandgaps would open up many new avenues for semiconductor device
technology (Bryskiewicz and Laferrière, 1993). An alternative to the growth of boules or
ingots is the use of LPE to grow thick (>50µm) ternary and quaternary alloys. Thick
(>50µm), low-defect epitaxial layers of ternary and quaternary alloys, termed ‘virtual
substrates’ by Mao and Krier (Mao and Krier, 1997), would effectively satisfy many of
the applications anticipated for wafers cut from ternary and quaternary ingots.

The basic idea of epitaxial virtual substrates is to grow a thick, compositionally graded
ternary or quaternary alloy layer on a binary compound substrate, or a composite structure
comprised of multiple epitaxial ternary or quaternary layers with an abrupt, but small,
change in lattice constant between adjacent layers. If the composition change is gradual,
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for example, the alloy is compositionally graded over a thickness of about 100 µm, or if the
lattice change at each growth interface is sufficiently small (<0.5%), defect generation
can be suppressed (Abrahams et al., 1969). Post-growth, the original seeding substrate
can be removed by etching, and/or the epitaxial substrate can be bonded to a surrogate
superstrate with desired optical or electrical properties. In this way, insulating substrates
can be realized.

LPE-grown AlGaAs layers have been used as transparent substrates for commercial
ultrabright red LEDs for many years (Ishigura et al., 1983; Cook et al., 1988; Steranka
et al., 1988). A 200–250µm thick AlzGa1−zAs (z = 0.4–0.6) is grown on a GaAs sub-
strate by LPE. A double heterostructure AlGaAs LED structure is then grown by LPE
on the thick AlGaAs layer, and the GaAs substrate is removed by selective etching. The
comparatively fast growth rates of LPE make the growth of such thick epilayers feasible.
In this case, the lattice matching conditions are not an issue as AlGaAs is closely lattice-
matched to a GaAs seeding substrate. The achievement of epitaxial substrates with lattice
constants different from binary compound substrates is of wider technological interest.

Gong et al. (Gong et al., 1992) described the LPE growth of multigraded GaInAs
layers on GaSb substrates by LPE to extend the cut-off wavelength from 2.5 µm (for a
device based on lattice-matched layer of GaInSb to GaSb) to 4.71 µm. Similar approaches
for InAsSb have been reported by Andrews et al. (Andrews et al., 1976) and Gong
et al. (Gong et al., 1995). Mao and Krier (Mao and Krier, 1997) developed LPE meth-
ods to grow 10–60µm thick compositionally graded ternary (InGaAs and InAsSb) and
quaternary (InAsSbP) layers to provide ‘virtual substrates’ for subsequent device epi-
taxy. Modest lattice constant changes (0.2%) were achieved. For LPE of 50µm thick
In0.95Ga0.05As epilayers, very fast cooling rates (80 ◦C min−1) could yield higher (0.3 %)
lattice constant changes, while still maintaining smooth, mirror-like surface morphol-
ogy. Mikhailova et al. (Mikhailova et al., 1997) utilized 80µm thick, compositionally
graded InAsSbP LPE layers on InAs substrates into which p-n junction photodiodes
were formed. A sufficiently gradual compositional grading over a thickness of about
80 µm yields a low-defect quaternary composition with a bandgap (∼0.3 eV) that is
otherwise unattainable with lattice-matched epitaxial layers (Figure 12.2). Removal of
the InAs substrate would reduce parasitic absorption losses and enhance heat sinking
of the device. Aı̈daraliev et al. (Aı̈daraliev et al., 1998) reported a similar approach to
make InAsSb(P) LEDs for room-temperature emission in the 5–6 µm wavelength range.
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Figure 12.2 Schematic cross-section bandgap profile of compositionally graded InAsSbP layer
made by LPE. (After Mikhailova et al., 1997)
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By using a compositionally graded InAsSbP transition layer and growth temperatures
(630–680 ◦C) where the InAs substrate exhibits high plasticity, dislocations were pref-
erentially generated in the substrate rather than the epitaxial layer or mostly confined to
the substrate epilayer interface, ultimately yielding p-n junctions with <104 cm−2 disloca-
tions. Thick (>100µm) multilayer composites of InAsSb, InGaSb, AlGaAsSb, InGaAsSb
and InAsSbP have been grown by LPE with abrupt compositional step gradings between
adjacent layers (Mauk et al., 2001, 2003). LPE can be readily adapted to the growth of
such thick layers due to the relatively fast growth rates (>1–10 µm min−1). In particu-
lar, InAsSb and InAsSbP virtual substrates consisting of a stack of two or three thick,
step-graded epitaxial layers were grown by LPE on InAs substrates. A virtual substrate
comprised of three ∼100µm thick layers of InAsSb on an InAs substrate and with the
top layer having a composition of InAs0.8Sb0.2 represents an approximately 1.5 % shift in
lattice constant relative to the InAs substrate. Each layer of the composite was grown in
a separate LPE step at 650 ◦C for 120 min, demonstrating that epitaxial layers could be
used as ‘substrates’ for subsequent epitaxy steps. This capability of multiple LPE steps
to make a single substrate greatly simplifies the growth process needed to make virtual
substrate structures of arbitrary thickness and composition.

Liquid phase epitaxial regrowth refers to the growth of additional LPE layers after
preceding LPE layers have been exposed to air at room temperature. This situation arises
when an epitaxial layer is grown on a substrate using the normal LPE process, the fur-
nace is cooled, the sample is removed from the furnace, possibly subjected to cleaning
and processing steps such as masking and photolithography, and reloaded back into an
LPE system for another high-temperature epitaxy step. For many materials systems, par-
ticularly those with aluminum, e.g. AlGaAs, such regrowth is impeded by oxidation
of the epitaxial layer which prevents good wetting by the melt during subsequent LPE
steps. Berkovitz et al. (Berkovitz et al., 1993) have developed an LPE regrowth process
for AlGaAs whereby the first-grown LPE layer is treated with a Na2S solution. This
surface treatment appears to remove oxides and passivate the surface, preventing exces-
sive oxidation and permitting growth of a second LPE layer. Similar sulfide treatments
have been reported for LPE of quaternary alloys on GaSb substrates (L’vova et al., 1998;
Andreev et al., 1999; Papis et al., 2000).

Steady-state, temperature-gradient LPE–although not as commonly used as transient
cooling methods using step or ramp cooling–is nevertheless well established for the
growth of III-V binaries and alloys (Long et al., 1974). A solid source and substrate are
separated by a layer of melt, as shown in Figure 12.3. The advantage of this mode of
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Tgrown layer 

melt
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electric current

Figure 12.3 Imposed temperature gradient or electro-migration for sustained, steady-state growth
of thick epitaxial layers
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growth is that the melt is continually replenished, thus permitting the growth of thick
layers. Growth can also be driven by electro-migration or Peltier effects due to an electric
current imposed across the melt. Electroepitaxy is further discussed in Section 12.5.10.
The growth of thick (> 3 mm) AlGaSb layers on GaSb substrates using liquid phase elec-
troepitaxy (LPEE) was reported by Bischopink and Benz (Bischopink and Benz, 1993).
The advantages of using electroepitaxy with a nominally isothermal process are related
to faster or more sustained growth and possibly amelioration of aluminum segregation
effects. Bryskiewicz and Laferrière (Bryskiewicz and Laferrière, 1993) analyzed LPEE
for the growth of alloy substrates with respect to generation, propagation, and multiplica-
tion of defects due to compositon variations and lattice constant variations, and the effect
of convection in the melt on growth interface stability and structural perfection of the
alloy layer.

The growth of thick epitaxial alloy structures, such as GaInP, by a so-called ‘yo-yo’
solute feeding method method, in which the source material and substrate are cycled
between different temperatures provides another means for making virtual substrates by
LPE (Watabe et al., 1993). For example, 100 µm thick In0.3 Ga0.7P layers were grown
by the yo-yo method.

The usefulness of epitaxial substrates centers mostly on applications providing ternary
and quaternary semiconductors. This, in turn, is closely linked to the ability to control
segregation in LPE growth of alloys, a subject further discussed in Section 12.5.12.

12.5.5 Selective epitaxy and ELO

The near-equilibrium growth conditions of LPE are conducive to selective modes of crystal
growth. In selective epitaxy (Kim, 1972; Bellavance and Campbell, 1977; Kim and Kwon,
1986) a substrate is coating with a masking layer of oxide (e.g. SiO2), nitride (e.g. Si3N4)
or other type of metallurgical barrier (e.g. TiN) or a refractory metal such as tungsten
or molybdenum (Figures 12.4 and 12.5). The mask is patterned with openings to expose
the underlying substrate. The exposed areas of substrate serve as selective seeding areas
in the LPE process promoting preferential nucleation in the mask openings (‘windows’).
Epitaxial growth is restricted to the window regions of the mask; there is virtually no
deposition on the mask itself. This is because the low thermodymanic driving force in
LPE, i.e. the relatively small supersaturation of the liquid phase, is insufficient to induce
nucleation on the mask since this type of heterogeneous nucleation has a higher energy
barrier compared with lattice-matched, oriented nucleation on the exposed areas of the
substrate. LPE is not unique in this regard as similar selective epitaxy can be achieved with
some types of CVD. However, the ability to limit epitaxy to selective growth on masked
substrates is practically inherent in the LPE process and requires no special optimization
of growth conditions. Selective epitaxy is useful for reducing stress and defects associated
with lattice mismatch and thermal expansion mismatch between the substrate and epitaxial
layers, e.g. as occurs in GaAs or InP epitaxy on silicon substrates (Fitzgerald et al., 1988;
Ohashi, 1992). Ishihara et al. (Ishihara et al., 1977) showed improved wetting of the
substrate in selective GaAs LPE by coating the oxide-masked GaAs substrate with a 50
nm thick layer of sacrificial nickel. Enhanced wetting and improved reproducibility was
also shown in InP LPE of the patterned, oxide-masked substrate by predeposition of a
thin indium film (Naritsuka and Nishinaga, 1999).
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Figure 12.4 Epitaxial lateral overgrowth: (a) prior to growth, a substrate is masked and patterned
with stripe openings; (b) during the LPE step, stripe openings provide sites for preferential nucle-
ation and selective epitaxy; (c) early stages of overgrowth; crystals spread laterally over the masked
regions of the substrate; (d) during later growth stages, a substantial amount of the selectively nucle-
ated crystals cover the mask; (e) ultimately, the crystals may impinge to form a continuous film.
The aspect ratio is defined as the lateral width of the selectively grown crystal to the thickness of
the crystal
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Figure 12.5 Top-view photomicrograph of Al0.5 Ga0.5As grown on a tungsten-masked (111)GaAs
substrate by LPE. Stripe openings are 10µm wide (visible through the semi-transparent AlGaAs
layers) and spaced 400µm apart

In ELO, the mask openings, usually in the form of narrow stripes several micrometers
to tens of micrometers in width are spaced tens to hundreds of micrometers apart. Here
the objective is to maximize the extent of lateral overgrowth atop the mask. The growth
is optimized with respect to substrate crystallographic orientiation (or misorientation)
mask composition and thickness, via geometry and alignment, melt composition, and the
time–temperature program of LPE such that the crystals seeded in the stripe openings
subsequently overgrow the mask layer, with the result that a large portion of the
epitaxial layer is formed directly over the mask. ELO by LPE has been developed
for silicon (Suzuki and Nishinaga, 1989, 1990; Suzuki et al., 1990; Kinoshita et al.,
1991; Bergmann, 1991; Zingg et al., 1992; Köhler et al., 1995; Sı̈lier et al., 1996; Weber
et al., 1998; Jozwik and Olchowik, 2006) (see also Chapter 5), GeSi alloys (Hansson
et al., 1991), GaAs (Nishinaga et al., 1988; Zhang and Nishinaga, 1990a), GaP (Zhang
and Nishinaga, 1990b), InP (Naritsuka and Nishinaga, 1995; Kochiya et al., 2003),
InGaP (Nakayam et al., 2002) and InGaAs (Balakrishnan et al., 2000, 2002). A related
technique, called microchannel epitaxy, for control of defects in LPE has been described
in detail by Nishinga (Nishinga, 2004). High-aspect ratio lateral growth with epitaxial
layers (∼5 µm thick) extending hundreds of micrometers from the seeding region over
the mask layer can be routinely achieved with LPE. These aspect ratios are at least ten
times higher than those observed with other epitaxy methods, and high-aspect ratio ELO
should be regarded as unique to LPE. Accordingly, ELO can simulate semiconductor-
on-insulator structures that are useful for dielectric isolation. ELO can also provide defect
filtering (Bryskiewicz, 1995), in that areas of the epitaxial layer grown over the mask
exhibit dramatic reductions in defect densities compared with epitaxial layers grown on
unmasked substrates (Kato et al., 1991; Nakayama et al., 2002). LPE ELO has been
especially advantageous in hybrid epitaxy methods (Section 12.5.13.2) whereby LPE
lateral overgrowth is initiated on exposed seeding areas of partially masked III-V buffer
layers formed on silicon by MBE or CVD (Ujiie and Nishinaga, 1989; Sakawa and
Nishinaga, 1991; Uen and Nishinaga, 1995; Chang et al., 1997, 1998; Naritsuka et al.,
1997; Kaneko et al., 2002; Nakayama et al., 2002; Zytkiewicz, 2002). ELO utilizing
reflective mask layers, such as tungsten or deposited stacks of oxides and polysilicon to
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form an interference reflector, can also be used to make device structures with buried
mirrors for LEDs, detectors and solar cells (Mauk et al., 1996). Dobosz et al. (Dobosz
et al., 2005) reported the use of ZrN as a mask for LPE ELO. Repeated applications of
ELO have been suggested for three-dimensional semiconductor structures (Morrison and
Duad, 1985; Bauser and Strunk, 1994).

12.5.6 Melt epitaxy

A new technique called melt epitaxy is being developed by Shizouka University and
Hamamatsu Photonics (and more recently by collaborating groups in China) for mak-
ing low-bandgap III-V antimonides with applications to long-wavelength detectors (Gao
et al., 1999, 2000, 2002). Melt epitaxy can be viewed as a variant of LPE. A modified
slideboat is used to aliquot a thin layer of melt (with three or more components) that
rapidly solidifies to form a 300 µm thick slab of a ternary solid on a compound semicon-
ductor substrate that acts as a seed crystal, as in conventional LPE. Here, the distinction
between melt growth and solution growth is not sharp, as this technique may be more
properly described as a solidification or casting technique rather than solution growth.
Nevertheless, there is considerable technological overlap with traditional LPE techniques,
particularly with respect to the use of metallic melts, a graphite slideboat and a horizon-
tal tube furnace. In several reports of melt epitaxy, thick InGaSb layers with an optical
transmission/absorption cut-off wavelength of 7–8 µm were grown on GaAs substrates.
Similarly, thick InAsSb layers with an optical transmission/absorption cut-off wavelength
of 8–12 µm were grown on InAs substrates. For InAs0.04Sb0.96 on GaAs substrates (cut-
off wavelength = 12µm) low background doping (n = 8 × 1015 cm−3, 300 K) and high
electron mobilities (21 500 cm2 V−1 s−1, 300 K) were achieved (Gao et al., 2005). It is not
entirely clear why this technique adequately avoids segregation and stress effects, but rapid
cooling and growth rates in combination with the comparatively lower temperatures prob-
ably play a significant role. Perhaps more surprising is the ability to grow III-V nitrides by
melt epitaxy. Gao et al. (Gao et al., 2003) formulated melts containing antimony, indium,
polycrystalline InAs and InN powder (10µm particles) to grow InNAsSb single crystals
with nitrogen concentrations of 13–19 %, cut-off wavelengths of 11–13 µm and 77 K
electron carrier concentration and mobility of 1016 cm−3 and 55 800 cm2 V−1 s−1. If the
material produced by melt epitaxy proves suitable for high-performance photodetectors,
the melt epitaxy technique applied to low-bandgap III-V antimonides could challenge the
predominance of MCT in the 8–12 µm wavelength range.

12.5.7 Rare earth doping and other doping effects in LPE

As already mentioned, an advantage of LPE is the feasibility of using a wide selec-
tion of dopants. Fundamental doping studies including the use of rare earth elements
(Er, Gd, Ho, Nd, Pr) and device applications using rare earth doped semiconductors,
can be readily implemented with LPE. There is considerable experimental work on rare
earth doping of liquid-phase epitaxial GaAs (Shi et al., 1993), InP (Prochazkova et al.,
1996, 1999), InAs (H. Gao et al., 1999), AlGaAs (Raczynska et al., 1989), InAsSb (Krier
et al., 2000), InGaAsP (Procházková et al., 1996, 1999), InGaAs (Ho et al., 1994), and
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InGaAsP (Dolginov et al., 1994; Gong et al., 1997). The rare earths effect impurity get-
tering, significantly reducing background doping and p-n junction saturation currents, and
increasing carrier mobilities and minority carrier lifetimes. Rare earth doping can dramat-
ically improve detector performance, in some cases as much as doubling the quantum
efficiency of photodiodes. For instance, Krier et al. (Krier et al., 2000) reported that rare
earth doping of InAsSb LEDs made by LPE increased the luminescence by 10–100 times.
Gong et al. (Gong et al., 1997) showed that rare earth doping (gadolinium) in LPE-grown
InAsPSb/InAs photodetectors could enhance the quantum efficiency (spectral response)
by almost a factor of 2.

In addition to electrical doping, the use of isoelectronic impurities for improvement
in material quality and surface smoothness is also a readily applied option with LPE.
For instance, Chen and Wie (Chen and Wie, 1989) doped GaAs LPE layers with In and
Sb–in which case the epilayer might be regarded instead as a dilute ternary alloy rather
than a doped binary–and demonstrated lower dislocation densities and smoother surface
morphologies. Similar results had been reported with regard to dislocation reduction in
‘quasi-ternary’ GaAs and InP LPE layers (Beneking et al., 1986). Ganina et al. (Ganina
et al., 1982) showed that formation of dislocations in LPE-grown GaAs depended on
doping levels (Sb and In). Kamiya et al. (Kamiya et al., 1996) demonstrated controlled
lattice compensation for reducing lattice-mismatch-induced stress in LPE-grown GaAs by
simultaneous Te and Si doping.

Rare earth doping is also used to enhance or modify luminescence properties of silicon
layers grown by LPE (Binetti et al., 1998). Purification effects in LPE are not limited to
the rare earths, Kondo et al. (Kondo et al., 1987) reported that cobalt added to In-P melts
gettered impurities by their incorporation into cobalt phosphide precipitates, resulting in
high-purity InP epilayers with very high electron mobilities. Transitional metal doping
of LPE-grown III-V semiconductors, including Cr in GaAs (Otsubo and Miki 1974) and
Fe in InP (Ohtsuka et al., 1990) has been used to render epilayers semi-insulating. The
feasibility of achieving semi-insulating LPE materials of ternary and quaternary alloys
(e.g. InGaAsSb) or of lower-bandgap binaries (GaSb or InAs) is not certain, but would
be very useful in mid-infrared optoelectronics.

12.5.8 Fundamental studies of crystal growth, melt convection
and liquid-metal transport properties

The LPE technique provides means for studying basic phenomena of crystal growth and
defect formation, segregation and doping phenomena, as well as melt convection and mass
transfer, and liquid-metal transport properties and transport phenomena. The horizontal
slideboat technique affords a convenient if imperfect way to study steady-state (equilib-
rium) and transient (kinetics) phenomena related to the crystal-molten metal interface at
high temperatures, as the metallic solution can be quickly decanted from the solid phase
(substrate or growing crystal). For instance, Mishurnyi et al. (Mishurnyi et al., 1999)
used a graphite slideboat to measure the kinetics of solute evaporation and melt satura-
tion, as well as infer the solid–liquid interface temperature in indium melts in contact
InP wafers. Iyer et al. (Iyer et al., 1984) used a current-controlled LPE apparatus (see
Section 12.5.10) to determine the electromigration mobility and temperature-dependent
diffusivity of arsenic in molten indium. The work of Bauser (Bauser 1978, 1985a, 1994),
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Bauser and Strunk (1981, 1982, 1984), Bergmann (Bergmann 1991), Konuma (Kon-
uma, 2002) and Nishinaga (Nishinaga, 2005) investigating epitaxial growth modes and
atomic mechanisms (e.g. two-dimensional crystallization and step-flow, three-dimensional
nucleation, dislocation-controlled growth) are illustrative examples of fundamental crystal
growth studies using the LPE technique.

In situ, real-time observation of the growth interface is generally not compatible with
the LPE process, and this is a decided disadvantage of LPE compared with MBE or CVD
where electron diffraction, scanning electron and other vacuum surface analysis tech-
niques can be performed during the growth process. Nevertheless, in situ imaging of the
LPE growth interface and the observation macrostep formation using an infrared micro-
scopic interferometer has been reported (Inatomi and Kuribayashi, 1993). Ludington and
Immorlica (Ludington and Immorlica, 1979) deposited sputtered tungsten thermocouple
structures directly on the graphite horizontal slideboat to measure vertical temperature
gradients in LPE growth systems. In work that may find application to in situ , real-time
LPE measurement, Ujihara et al., (Ujihara et al., 2002) used an infrared camera and X-ray
fluorescence for the simultaneous measurement of solute and temperature in crystalliza-
tion from Ga-Zn solutions. For the most part, however, the crystal growth phenomena
associated with LPE have to be inferred from post-growth examination of samples. An
instructive example is a study of the size, shape, faceting and ordering of Si1−xGex islands
grown on (100) Si by LPE, including compositional dependence x of the SiGe alloy, and
examined by post-growth scanning electron microscopy(Hanke et al., 2005). LPE with
patterned, masked substrates using various test structure patterns, in combination with
substrates with critically oriented surfaces, provide excellent diagnostic tools for post-
growth analysis of crystal growth defect formation, faceting phenomena, and elucidation
of nucleation and growth modes and mechanisms.

The kinetics of LPEE can be used to determine electromigration mobilities, diffu-
sivities, effective charges, resistivities in liquid metal solutions (Golubev et al., 1995)
and thermoelectric effects in liquid metal-semiconductor junctions. Impurity segregation
effects are important in the stability of solidification, and LPE provides an opportunity to
study impurity segregation in temperature ranges and liquid phase compositions markedly
different from those for solidification from nearly pure melts. LPE film morphologies and
thicknesses are sensitive to melt convection, and the slideboat technique provides a good
test of theoretical models for the combined effects of convection, diffusion, and kinetics.
Kimura et al. (Kimura et al., 1991, 1994, 1996a,b) have reported experimental and numer-
ical studies of solutal convection (including gravity effects) and diffusion and interface
kinetics on substrate dissolution and film growth using silicon LPE from indium melts as
a case study. These studies included positioning of the substrate on the bottom or top of
the melt. Coşkun et al. (Coşkun et al., 2002) described a numerical simulation based on a
Chebyshev–Tau spectral-method of natural convection due to concentration gradients in
a system similar to those studied by Kimura et al. Albrecht et al., (Albrecht et al., 1996)
used transmission electron microscopy (TEM) and atomic force microscopy (AFM) of
LPE grown Si-Ge alloys on Si substrates to study local variations of chemical potential
during growth. They concluded that sinusoidal surface undulations are formed to relax
mismatch strain, resulting in spatially varying differences in Gibbs free energy. As growth
and dissolution rates (and thus epilayer thickness) profiles are due to local supersaturation,
surface profiles of the epilayer indicate the local varying chemical potential across the
sample.
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Hurle (Hurle, 1999) has reviewed in detail the use of GaAs, AlGaAs and InP LPE from
various melts (Ga, In, Bi, Sn) over a range of temperatures to analyze native point defects
and doping phenomena in III-V semiconductors. Most VPE processes occur far from
equilibrium and therefore do not reflect fundamental characteristics of doping, but rather
process-specific doping kinetics. Therefore, it is difficult to unravel the role of native point
defects, carrier concentration, compensation, dopant solubility, diffusion, surface band
bending, and so forth on the doping process. On the other hand, while the solidification
of compound semiconductors from stoichiometric melts is a near-equilibrium process, it
encompasses a very limited range of group III and group V thermodynamic activities
and growth temperatures. In contrast, LPE provides a means to study defect formation
and doping incorporation over a wide range of temperatures and activities of the III-V
components. As a specific example, Hurle uses experimental data on the dopant solubility
in GaAs grown by LPE from Ga-Bi solutions (with varying Ga:Bi ratios to vary the arsenic
and gallium activity) to determine the concentration of charged native point defects and
its effect on dopant incorporation. LPE serves as a highly useful, and perhaps unique,
tool for thermodynamic analysis of point defects and doping in semiconductors.

12.5.9 Novel melt compositions for LPE

The LPE growth of III-V compounds normally is based on crystallization of the III-V
compound from melts rich in the group III component and dilute in the group V element.
For instance, GaAs is grown from a Ga melt satured with As in which the As atomic
fraction is on the order of 1 %. Some compounds such as InSb can be grown from either
group III-rich melts or group V-rich melts, but it would be difficult to grow GaAs or
InP from As- or P-rich melts, due to the high vapor pressure of the group V elements.
As mentioned in Section 12.5.8, the growth of III-V semiconductors from group III-rich
versus group V-rich melts impacts the material quality with respect to non-stoichiometric
defects such as vacancies and antisites. MOCVD and MBE typically used group V-rich
growth conditions, i.e. overpressures of As or As precursors or high V/III ratios for
the precursors. In contrast, LPE-grown III-V layers typically exhibit different types of
defects due to the group III-rich growth conditions. The low V/III ratio in LPE suppreses
formation of As antisites and group V vacancies. The antisites are implicated in an
electron level 2 (EL2) defect that reduces luminescence efficiency and this is considered
one of the main reasons LPE material makes excellent LEDs and laser diodes. The
V/III ratios also determine the behavior of dopants, especially the isoelectronic dopants
that can substitute on either the group III sublattice or group VI sublattice. Bismuth
melts for III-V LPE are also of interest because bismuth has a low surface tension and
modifies the wetting and crystal faceting or surface energies of the epitaxy. Further, melts
which reduce the solubility of a rate-limiting component may facilitate better growth rate
control in the interest of achieving thin layers. For example, the growth rates of GaAs
from bismuth-rich melts are two to four times slower than those from gallium-rich melts,
for corresponding growth temperatures and cooling rates. Neutral melt components, i.e.
elements which are incorporated to only a very small degree into the epitaxial layer
and/or are electrically inactive (i.e. do not function as donors or acceptors), have been
utilized to tailor the properties of LPE melts. For LPE of III-V materials, Pb (Andreev
et al., 1999) and Bi have proven useful. Gladkov et al. (Gladkov 2006) indicated several
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advantages in InAs LPE with Bi (instead of In) melts including more controllable growth
rates (40 nm min−1), lower background doping (probably due to reduced concentration of
silicon in bismuth melts) and more controlled n-type doping. Kunitsvna et al. (Kunitsvna
et al., 1998) reported that the native structural defects in GaSb due to Ga substituting
for Sb could be reduced by two orders of magnitude by varying the Sb/Ga ratio in an
LPE melt with Pb as a ‘neutral solvent’, and that this approach also appears applicable
to other semiconductors such as GaInAsSb. Astles et al. (Astles et al., 1985) reported the
use of Bi and In solvents for LPE of CdTe, permitting growth temperatures as low as
250 ◦C, and producing CdTe epilayers with long minority carrier diffusion lengths and
high luminescence efficiency.

Assessments of nonmetallic melts for LPE of semiconductors have been very limited.
No doubt an overriding concern with novel melt chemistries relates to the purity and
consequent electrical and optical properties of the LPE-grown material that would result
from using a melt with atypical melt constituents. Nevertheless, applications for epitaxial
layers are varied, and their property specifications are not always as stringent or demand-
ing with respect to impurities as with semiconductor optoelectronic devices such as lasers
and detectors. Thus, there may well be instances where LPE with unconventional melt
chemistries could be considered. One hindrance is the lack of the requisite phase dia-
grams. Scheel (Scheel, 1993) notes that while phase diagrams for practically all of the
binary systems are known, only about 1 % of the phase diagrams of the possible three-
element systems and 0.1 % of possible four-element systems are known. Buehler and
Bachmann (Buehler and Bachmann, 1976) investigated the solubilities of InP and CdS in
molten Cd, Sn, In, Bi, and Pb for potential solar cell applications of these materials using
LPE. These binary or pseudo-binary systems followed a simple solution model such that:

lnX = −�HS

RT
+ C

where X is the mole fraction of InP or CdS in the molten metal, when X < 2 %, T is the
absolute temperature, R is the gas constant, �HS is the enthalpy of solution, and C is a
constant.

Tanaka and Sukegawa (Tanaka and Sukegawa, 2001) grew ZnSe from zinc chloride
solvent (600–700 ◦C) using successive LPE growth steps. The LPE growth of CdTe from
molten CdCl2 (Kitagawa et al., 1981), and the growth of GaN from Na fluxes (Aoki et al.,
2002), are two further examples indicating that LPE of compound semiconductors can be
performed with melts besides the traditionally used metal solvents from columns III (Al,
Ga, In), IV (Ge, Sn, Pb) or V (Bi, Sb) of the periodic table.

12.5.10 Liquid phase electroepitaxy

Liquid-phase electro-epitaxy (LPEE), sometimes called current-controlled liquid phase
epitaxy, is a modification of conventional LPE wherein an electric current is imposed
through the melt and across the growth interface (substrate–melt contact area) to effect
crystal growth (Kumagawa et al., 1973; Daniele, 1975; Jastrzebski et al., 1976, 1978;
Jastrzebski and Gatos, 1977; Lawrence and Eastman, 1977, 1978; Imamura et al., 1978;
Lagowski et al., 1980; Yang et al., 1982; Nikishin, 1983; Iyer et al., 1984; Bryskiewicz
1986; Mouleeswaran and Dhanasekaran, 2004). There has been considerable work on
LPEE in Eastern Europe; see Golubev et al. (Golubev et al., 1995) and Shmartsev
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(Shmartsev, 1991a,b) for an extensive bibliography of this LPEE work. The application of
an electric current to induce some combination of Peltier cooling at the growth interface
(and thus supercooling to drive the growth process) and/or solute electromigration to
supplement diffusion in the melt, provides a mode of epitaxial growth that is distinct
from LPE based on transient cooling of the melt, as is typically used in conventional
LPE. A direct current on the order of 1–100 A cm−2 is established across the growth
interface. The current induces a Peltier cooling of the growth interface owing to the
differences in thermoelectric properties of the semiconductor substrate and molten metal
growth solution. This Peltier cooling supercools the melt in the vicinity of the substrate,
and the resulting supersaturation provides a transient growth episode, much as in step-
cooling a melt by reducing the temperature of an equilibrated melt before contact with
the substrate. The Peltier cooling is typically 1–5 ◦C in magnitude, and the extent of
supercooling depends on the thermal resistance of the substrate and its ability to sustain
a temperature gradient. This is because an opposing Peltier heating on the backside of
the substrate accompanies the Peltier cooling on the side of the substrate in contact with
the melt. For this reason, a thicker substrate with relatively low thermal conductivity
(e.g. due to low doping) exhibits better Peltier cooling than a thin substrate. Conventional
LPE slideboats can be adapted for LPEE, the main new features include the use of an
insulating slideboat material, such as fused silica, or boron nitride, in place of electrically
conducting graphite in order to confined the applied current through the melt. Many of
the references cited here include diagrams and descriptions of the LPEE slideboat.

In addition to Peltier cooling, the current through the melt can induce electromigra-
tion. For instance, in a Ga-As melt, an electric current can cause As solute to migrate to
the growth interface where it creates a local supersaturation. Electromigration phenomena
have been demonstrated in molten metals, independent of LPE applications, but the solute
electromigration is difficult to predict and is generally insufficient for economic separation
processes to purify metals. Electromigration is explained in terms of differential migrations
of solute and solvent due to momentum transfer from scattering of conduction electrons
associated with the imposed current. Similar solid-state electromigration phenomena have
been intensively studied as a failure mechanism in integrated circuit metallizations. Elec-
tromigration data (effective charges and mobilities, and directions of solute transport with
respect to applied current) for liquid metals are compiled in Pratt and Sellors (Pratt and
Sellors, 1973). Several workers have reported LPEE using alternating currents, which is
somewhat surprising in view of the generally accepted mechanism of LPEE due to solute
electromigration and/or Peltier cooling at the substrate. Takenaka et al. (Takenaka et al.,
1991a) reported that alternating currents enhance solute diffusion and nucleation. Takenaka
et al. (Takenaka et al., 1991) explain InP LPEE with low-frequency (∼50 Hz) alternating
currents as due to the Lorentz force on solute (P ) from a combination of electromigration
induced by an applied ac current through the melt and the steady-state magnetic field
in the melt produced by the current in the furnance heater coil(s). Demin et al. (Demin
et al., 1990) offered data supporting a model for frequency-dependent alternating current
LPEE (1–4000 Hz) of GaAs including first-order kinetics for growth and dissolution,
solute concentration and mobility, thermal conductions and diffusivities of the substrate
and melt. Modulation of doping in LPEE by current control is discussed by Lagowski
et al. (Lagowski et al., 1980). Several analyses (Nishinaga et al., 1978; Okamoto et al.,
1982; Wollkind and Wang, 1988) have indicated that electroepitaxy effects stabilize the
growth interface permitting higher growth rates, in some cases as high as 25µm min−1.
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LPEE has been applied to selective electroepitaxy of GaAs on SiO2-masked, GaAs-coated
(made by MOCVD) silicon substrates (Sakai et al., 1991; Sakai and Ohashi, 1992, 1994).
Khenner and Braun (Khenner and Braun, 2005) presented numerical simulations of LPEE
selective area growth showing the effect of electromigration and mask conductivity, and
wetting contact angles on the relative rates of vertical and lateral growth.

It appears that LPEE has not found wide use as a method of LPE. The technique
is tedious in its application, especially with respect to assuring a uniform current den-
sity across the growth interface. The contact resistances of the circuit used to impose a
current across the LPE melt, including the various interfaces between substrates, elec-
trodes and melts must be kept very low in order to avoid extraneous Joule heating
which would counter the Peltier induced cooling or electromigration-induced supersat-
uration. Further, variations in contact resistance can lead to ‘hot spots’ which produce
current filaments, leading to localized heating and consequent reduced resistance in the
semiconductor at the current filament causing instabilities. Nevertheless, with careful
substrate mounting and contact designs, many workers have successfully modified LPE
slideboats and have achieved reproducible implementations of LPEE with good control.
The issue then becomes whether any advantages of LPEE warrant the added complexity
compared with conventional LPE. Several such advantages have been explored. LPEE
can be operated with a steady-state temperature profile and using a solid source material
to replenish the melt with solute, thus permitting the growth of thick epitaxial layers at
constant temperature (see Section 12.5.4). LPEE growth of GaAs bulk crystals (Golubev
et al., 1991) and various ternary alloys such as AlGaSb (Bischopink and Benz, 1993) and
InGaAs (Bryskiewicz, 1997) is feasible. Bryskiewicz and Laferrière (Bryskiewicz and
Laferrière, 1993) present some theoretical considerations for LPEE of alloy substrates with
regard to generation, propagation, and multiplication of dislocations due to compositional
variations, melt convection and growth interface stability, lateral overgrowth on partially
masked substrate seeds to block dislocations, and use of magnetic field to control convec-
tion in order to achieve large-diameter, high-quality substrates. Gevorkyan (Gevorkyan,
2003) has proposed an interesting variation of conventional LPEE using liquid sources
where one or more reservoirs of saturated binary melts are connected by channels to a
growth melt (Figure 12.6). The supplies of solutes are controlled by electromigration due
to separate currents as shown. Modeling indicates this technique can provide controlled
compositional grading from a binary alloy composition to a target ternary alloy compo-
sition, followed by growth of a thick layer of a ternary alloy of constant composition.

Two other applications of applied currents and electrodes in LPE provide enhanced
function or better process control. Il’inskaya et al. (Il’inskaya et al., 1987) used current-
controlled ‘deoxidation’ to remove surface oxides from oxidized AlGaAs using a localized
current, and thus permit selective epitaxy of a subsequent layer on deoxidized regions
of the AlGaAs. Epitaxial layer thickness control was also demonstrated on grooved sub-
strates. Such localized applications of currents for inducing epitaxial growth or removing
surface oxides to promote preferential epitaxial may provide a means of selective epi-
taxy without intervening masking and patterning steps. Chang et al. (Chang et al., 1983)
described in situ electrochemical monitoring and control of dissolved oxygen in gallium
melts used for LPE of GaAs. The electrochemical method employed an yttria stabilized
zirconia (YSZ) electrolyte to measure dissolved oxygen and also deoxidize the gallium
melt and thus modify oxygen-related, electrically active impurities in the GaAs epitaxial
layer.
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Figure 12.6 LPEE with liquid sources. Applied currents I1, I2 and total substrate current I3.
(After Gevorkyan, 2003)

12.5.11 LPE of thallium-, manganese-, and bismuth-containing
III-V alloys

Several groups have reported success with LPE growth of novel III-V alloys such as
In1−xTlxSb, In1−xTlxAsSb, InSb1−xBix and Ga1−xMnxAs. The x fractions in LPE-grown
alloys have ranged from 0.0005 to 0.15. Evidently, the large size of the substituted Tl,
Mn or Bi atom creates excessive strain, limiting its miscibility in the III-V host lat-
tice. In this regard, a near-equilibrium growth technique such as LPE would be at a
disadvantage for preparing these alloys, although as detailed below, some significant
progress has been reported. Interest in InTlAsSb and InBiSb is primarily for making low-
bandgap III-V detectors that would compete with detectors made in MCT. More complex
melt chemistries, as discussed in Section 12.5.9, might widen the composition ranges of
such alloys.

Gao and Yamaguchi (Gao and Yamaguchi, 1999) reported the growth of InSb1−xBix
(0.01 < x < 0.14) epilayers from In-Bi-Sn-Sb melts on (100) InSb substrates. Room tem-
perature electron mobilities of 3 × 104 cm2 V−1 s−1 and carrier densities of 6 × 1018 cm−3

were measured. Raczynska et al. (Raczynska et al., 1999) described the LPE growth of
InSbBi epilayers on (111) substrates. For nominally undoped epilayers, the conductivity
type of the InSbBi epilayer depended on the pre-growth melt annealing (‘bake-out’). Short
bake-outs (5–20 h) yielded p-type epilayers (5 × 1015 cm−3), while with longer bake-outs
(40–100 h), the sampes were n-type (5 × 1015 cm−3). With regard to tin doping, in In-rich
melts tin acted as an acceptor, while in Bi-rich melts tin acted as a donor.

Ackchurin et al. (Ackchurin et al., 1997) realized InAs1−x−ySbxBiy (x = 0.88–0.97,
y = 0.0016–0.0036) heterostructures on InSb (111) by LPE, showing an epilayer
optical absorption edge > 8µm at 77 K, thus indicating attainment of bandgaps in
the 0.07–0.15 eV (77 K) range are possible. Dixit et al. (Dixit et al., 2002, 2003) and
Bera et al. (Bera et al., 2002, 2003) successfully developed the growth of InBixSb1−x
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(x = 0.04) and InBixAsySb1−x−y (x = 0.025, y = 0.105) on semi-insulating GaAs
substrates using a slideboat LPE process with a growth temperature of around 400 ◦C.
The room temperature bandgap of InBi0.025As 0.105Sb0.870 was found to be in the range
of 0.113–0.120 eV with a room temperature carrier concentration of 8 × 1016 cm−3

and carrier mobility of 3.1 × 104 cm2 V−1 s−1. Ruiz-Becerril et al. (Ruiz-Becerril
et al., 2002) reported difficulties in growing InTlSb by LPE, observing negligible Tl
incorporation. Lunin et al. (Lunin et al., 2002) address the feasibility of LPE growth of
AlxGayIn1−x−ySb1−xBiz/InSb heterostructures.

Magnetic semiconductors can be realized with a significant fraction of rare earth
or transition metal ions substituted on lattice sites, as for example, In1−xMnxAs and
Ga1−xMnxAs, where Mn is substituted for In or Ga in InAs and GaAs, respectively.
These materials have potential application for spin transistors. Kim et al. (Kim et al.,
2002a, b) grew Ga1−xMnAs epilayers by LPE on GaAs substrates. The Mn composition
ranged from 1 to 7 %. The GaMnAs layers were grown at 595 ◦C from 1 : 1 Ga:Bi sol-
vents saturated with arsenic and a manganese atomic fraction in the liquid phase ranging
from 0.03 to 0.15. Surface morphology was observed to degrade with increasing Mn
concentration. The addition of bismuth to the melt increased growth rates.

12.5.12 Control of segregation in LPE-grown alloys

A longstanding problem in LPE is related to growth of Al-containing III-V alloys that are
of interest to optoelectronics and especially visible LEDs. With the notable exception of
AlGaAs, many Al-containing III-V alloys, such as AlInP and AlGaInP, are notoriously
difficult to grow by LPE. This is perhaps ironic since, historically, one of the origi-
nal and most compelling motivations to develop LPE was related to its ability to grow
AlGaAs structures; AlGaAs was less susceptible to oxidation effects in LPE than CVD.
As Stringfellow (Stringfellow, 1988) noted, ‘many of the desirable properties of AlInGaP
have been recognized for a number of years, yet this alloy remained in a rather primitive
state due to near impossibility of growing the AlGaInP alloys either by LPE or chloride
VPE.’ More generally, prior to the development of MOCVD and the use of organometal-
lic precursors for Al, the high affinity of Al compounds for oxygen made vapor phase
growth of Al-containing III-V materials impractical. For LPE of AlGaInP, the difficulty
was related to controlled incorporation of Al into the solidifying III-V epilayer. Specifi-
cally, phase equilibria calculations indicate that the growth of AlGaInP from Al-In-Ga-P
melts (or the growth of AlInP from Al-In-P melts) requires a melt composition that is
dilute in aluminum (XAl ≈ 10−4) and rich in indium. However, the high segregation coef-
ficient of Al in indium melts (kAl ≈ 104 –105) means that the melt is rapidly depleted of
aluminum, and the Al fraction in the epilayer changes drastically.

Inadequate control of segregation to achieve target composition profiles of ternary and
quaternary layers is a severe drawback of LPE. Since to a first order, the composition of
the LPE layer is determined by phase equilibria considerations, this problem would be
appear to be a fundamental limitation of LPE. Nevertheless, there is some work addressing
this aspect of LPE, as well as related work that may find application to better control of
LPE segregation effects and epitaxial layer compositions.

Shibano et al. (Shibano et al., 1993) and Takahashi et al. (Takahashi et al., 1994)
achieved LPE-grown AlInGaP with high Al content using short growth times from a
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nonequilibrium solution with a high aluminum fraction, and by growing the AlGaInP on
an Al0.9 Ga0.1As buffer layer. AlGaInP electroluminesce emission wavelengths of 645 nm
were measured. Although this is outside the 590–630 nm range of commercial ultrabright
AlGaInP LEDs, it suggests that improvements in the aluminum segregation phenomena
for Al-/In-containing III-V alloys are possible. Kato et al. (Kato et al., 1996) reported that
AlGaInP alloys, with Al atomic fractions up to 0.2, could be grown on GaAs by depositing
Al on the GaAs substrate and contacting the Al-coated substrate with a supercooled
(�T = 12 ◦C) In-Ga-P melt at 788 ◦C.

In general, the compositional grading observed in LPE is due to two effects: depletion of
components from the melt as discussed above, and variation in the temperature-dependent
segregation as the melt is cooled (Rado and Crawley, 1972). A large segregation coeffi-
cient (e.g. k > 10) exacerbates melt depletion effects. More complex melt compositions
that include ‘neutral’ components such as bismuth, tin, lead, and other components that
are not incorporated to a significant degree into the epitaxial layer, but which may modify
the segregation coefficients of epilayer components, can be considered. The segregation
coefficient for a species i is a function of its activity in the liquid phase:
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In the regular solution model, the liquid phase segregation coefficient is given by, for
example, for component 1 in a four-component melt, as (Panish, 1973):
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where xi are the liquid phase atomic fractions and Ωij are the binary interaction parame-
ters. Thus, it is conceivable that melt compositions and additions to the melt can be tailored
to increase/decrease the liquid phase activity coefficients for particular components, and
thereby increase/decrease their segregation coefficients. In particular, ‘neutral solvents’
such as Pb and Bi in III-V LPE can be explored for effects on segregation (Grebenyuk
et al., 1990). Also, Sangwal and Paŏczyński (Sangwal and Paŏczyński, 2000) indicate a
supersaturation dependence of segregation coefficients in solution growth, which may also
be operative in LPE. The temperature effects on segregation can be ameliorated by using
a steady-state method of growth with a solid source and driven by an imposed temperature
difference or by electric current induced electromigration or Peltier effects. Whether in
general the segregation coefficient of a species can be modified by as much as a factor
of 10 or 100 by optimizing melt composition is not certain.

The segregation of components may be modified by application of electric currents
across the growth interface. Lagowski et al. (Lagowski et al., 1980) derived expressions
for the variation of (dopant) segregation in LPEE terms of LPEE growth parameters.
Presumably, the segregation of alloy components (e.g. Al) in addition to dopants, could
be similarly altered by application of an electric current. Further, the use of an AlGaAs
(or AlGaP) solid source in contact with the melt during growth, rather than using a GaAs
(or GaP) source, or relying on an As-saturated, Al-containing melt, might be used to
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replenish the melt with Al, and thus reduce compositionally grading due to depletion of
Al from the melt. Similar approaches have been used with solution growth of bulk GaInSb
crystals where a polycrystalline GaInSb is used for continuous solute feeding of the
growth solution (Tanaka et al., 1998). For the case of Al segregation in Al-containing III-
V alloys, estimates of the degree to which the segregation can be altered by electroeptiaxy
effects or tailoring melt composition indicate modest utility of these approaches, although
melt compositions that might dramatically impact aluminum segregation have not been
fully explored. Abramov et al. (Abramov et al., 1997) demonstrated that the aluminum
segregation in AlGaAs LPE could be substantially modified by using ultrafast cooling
rates (102 –103 ◦C s−1), and that aluminum composition gradients in the epilayer could
be reversed from what is observed in LPE with slow cooling.

Another option is to grow thin layers of the alloy semiconductor in successive LPE
steps. In the case of aluminum III-V alloys, a stack of thin layer of high-Al content
alloy could be grown from separate melts, followed by post-growth annealing to level the
composition profile. Finally, certain growth techniques to control segregation developed
for bulk crystal growth of ternary alloys may be adaptable to LPE. For example, double
crucible, floating crucible or solute feeding methods (Mataré, 1963; Watanabe et al., 1993;
Ono et al., 1994; Koh and Fukuda, 1996; Nakajima and Kusunoki, 1996; Tanaka et al.,
1998; Kinoshita et al., 2000; Kozhemyakin, 2000; Mitric et al., 2004; Yildiz et al., 2005)
where controlled solute delivery to the growth interface by diffusion through one or
more capillaries connecting two melts of distinct compositions, could be implemented
for LPE.

12.5.13 LPE heteroepitaxy

In general, the application of LPE for the growth of heterostructures with relatively large
lattice mismatch has proved difficult. Typically, LPE has been limited to growth of epitaxal
layers with less than 1 % relative lattice mismatch between the epitaxial layer and sub-
strate, but as discussed below, there are many exceptions. It is often difficult or problematic
to induce a thermodynamic driving force for growth from the liquid phase that is sufficient
to overcome the energetic barrier associated with nucleating a lattice-mismatched epilayer
on a substrate. The required high supersaturations may lead to homogeneous nucleation
in the bulk of the melt. Even if homogeneous nucleation can be avoided, high supersat-
urations promote three-dimensional discrete nucleation, and the coalescence of discrete
nuclei to form a continuous layer results in defects. Also, for many heterostructure pairs
there is a significant disequilibrium between the melt and the exposed solid phase (i.e. the
substrate or epilayer grown in a previous step), such that appreciable dissolution of the
underlying substrate or epilayer occurs upon contact with the melt. As a specific example,
to grow InGaP on GaAs, a GaAs substrate is brought in contact with a melt containing
In, Ga and P. This melt can never be in equilibrium with a GaAs substrate, and there will
be a tendency to meltback the substrate in order to saturate the melt with arsenic, and
the regrowth will be InGaAsP. Limitations with regard to the growth of heterostructures
constitute one of the major disadvantages of the LPE technique relative to MBE and
MOCVD.

Thus, LPE of heterostructures raises a host of issues, many related to phenomena
that curtail the applicability of LPE for producing a number of heterostructure types, or
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else limit the abruptness of the interfaces. Almost inevitable, the interface between the
melt and substrate (or previously grown layer) exhibits thermodynamic instability, and
this results in potential dissolution (etch-back) of the substrate, which in turn alters the
melt composition in the vicinity of the substrate. Fortunately, there are many systems
where dissolution can be avoided or minimized including AlGaAs on GaAs, GaAs on
InGaP and InGaAs on InP (Hsieh, 1980). Often, increasing the supersaturation can sup-
press substrate meltback. Kuphal (Kuphal, 1989) reduced meltback in GaInAsP/InP LPE
heteroepitaxy using a grating surface, a tin-based melt, and low growth temperature. Kim
et al. (Kim et al., 1995) showed addition of Se to the melt could prevent substrate melt-
back in GaAs on InP LPE. The complex phenomena that occur during LPE heteroepitaxy,
such as dissolution of the substrate, solid-phase diffusion of substrate components and
liquid-phase diffusion of melt components, formation of transition layers, achievement
of local equibrium and lattice mismatch effects, have been treated by numerous work-
ers (Aleksandrov, 1975; Batryev et al., 1979; Small and Ghez, 1979, 1980, 1984; Small
et al., 1980; Bolkhovityanov, 1981, 1982, 1989, 1991; Ghez and Small, 1981; Benchimol
and Quillec, 1982; Bolkhovityanov and Chikicher, 1983; Bolkhovityanov et al., 1986a,b,
1988, 1989; Kuznetsov et al., 1988; Olchowik et al., 1994, 1995, 1996; Kimura et al.,
1996; Asomoza et al., 2002).

12.5.13.1 III-V heterostructures by LPE

Despite the above generalizations, there are numerous reports for using LPE to grow
lattice-mismatched heterostructures, as well as heterostructures between semiconductors
with widely differing compositions (Table 12.4). Gottschalch et al. (Gottschalch et al.,
1978) noted that the growth of GaP on GaAs by LPE from Ga melts is difficult due to
dissolution of the GaAs substrate in saturated Ga-P solutions. Instead, they were able to
grow GaP on GaAs using Ge or Sn as the solvent, and for which GaAs has a lower sol-
ubility. More recent LPE work suggests that melt chemistries and optimized temperature
schedules can be formulated to reduce substrate dissolution and facilitate heteroepitaxial
growth in systems with relatively large lattice mismatch. A few examples are illustra-
tive. Udona et al. (Udona et al., 1996) optimized supersaturations in GaAs-on-GaP LPE to
reduce twinning defects. Kim and Lee (Kim and Lee, 1994); Kim et al. (Kim et al., 1995)
grew high-quality GaAs on InP by LPE using a two-step growth process that included an
initial Se-doped GaAs buffer layer. The selenium doping prevented or reduced substrate
meltback. Maronchuck et al. (Maronchuck et al., 2004) used a ‘pulse cooling’ technique
wherein a pre-cooled substrate is contacted with melt for a short time (0.1 to several
seconds). The substrate temperature is about 25 ◦C lower than the melt temperature at
contact. Using this technique, they were able to grow GaSb and GaSb-rich alloys on InAs
substrates and avoid dissolution of the substrate. Most reports provided little in the way of
materials characterization, so it is not clear to what degree material quality is compromised
by using atypical melt chemistries and growth regimens. Repeated application of LPE,
where an initial LPE step is performed, the sample removed from the LPE system, sub-
jected to various processing steps, and returned to the LPE system for additional epitaxial
regrowth is also feasible, and may facilitate LPE production of certain heterostructures.
Elaborate load-locks and/or glove boxes are often employed in LPE systems to avoid
excessive oxidation or other contamination of the substrate (Iga and Kinoshita, 1996).
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Table 12.4 LPE of Some III-V heterostuctures

Epilayer Substrate Approx. lattice
mismatch (%)

Melt Growth
Temp ( ◦C)

Ref.

AlGaAs GaP 4 Al-Ga-As 850–900 Woodall et al., 1972
Al0.48In0.52As InP 0 Al-In-As 700–800 Nakajima et al., 1982
AlGaAs InGaP/GaAs 0 Al-Ga-As 780 Wu et al., 1991
AlGaInP GaAs 0 Al-Ga-In-P 800 Kazumura et al., 1983
AlGaSb InAs 0.6 Al-Ga-Sb Pramatarova and

Tret’yakov, 1982
AlGaAsSb GaSb <0.5 Al-Ga-As-Sb 590–594 Piskorski et al., 2004
GaAs InP 5 Ga-As (Se) 750 Kim and Lee, 1994;

Kim et al., 1995
GaAs GaP 4 Ga-As 700–800 Udono et al., 1996
GaAsSb GaAs 0.3 Ga-Sb-As 850 Wosinski et al., 1995
GaP GaAs 4 Bi, Pb, Sn 900–1000 Gottschalch et al.,

1978
GaSb InAs 0.6 Ga-Sb 450 Maronchuk et al.,

2004
InAs GaAs 7 In-As Butter et al., 1974
InAsSb InAs 1.8 In-Sb-As 300–400 Popov et al., 1998
InAsSb GaAs 7–9 In-Sb-As 430–550 Dixit et al., 2004;

Peng et al., 2006
InGaAs InP 0 In-Ga-As 680–750 Yamazaki et al., 1984
In0.8 Ga0.2P GaAs 2.3 In-Ga-P 780 Uematsu et al., 2005
In0.8 Ga0.2P InP 1.4 In-Ga-P 600 Kaneko et al., 2002
InGaAsP GaAs 0.5–1 In-Ga-As-P 785 Tanaka et al., 1986
InGaAsSb GaSb <1 In-Ga-As-Sb 600 Joullie et al., 1986;

Tournie et al., 1991
InGaAsSb InP, InAs <1 In-Ga-As-Sb 500 Gong et al., 1989
InAsSbP InAs <0.5 In-Sb-P-As 560–600 Tournie et al., 1991;

Mani et al., 1992
InSb GaAs 14 In-Sb 400–420 Dixit et al., 2002
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Using a combination of chemical etching, heat-cleaning, melt-back and substrate soak-
ing in HCl to remove surface oxides, Takeda et al. (Takeda et al., 1984) were able to
achieve LPE growth of AlGaSb on GaSb substrates at temperatures as low as 250 ◦C.
Surface passivations, such as the sulfide treatments mentioned in Section 12.5.4, or other
processing and etching steps, should be helpful in this regard. Systematic studies of surface
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effects and improved methods of substrate preparation are warranted. Along these lines,
Zhou (Zhou, 1987) observed the effects of localized regions of concentrated stress on
substrate surfaces in inhibiting LPE growth. Olvera-Hernández et al. (Olvera-Hernández
et al., 2004) noted that the substrate conductivity and doping type influenced LPE growth
rates, and this was attributed to electric field at the substrate–melt interface that modifies
the initial crystallization kinetics. Saitoh et al. (Saitoh et al., 2000) concluded that expo-
sure to air resulted in the GaP–GaP interface LPE regrowth with an excess ion density
(probably due to silicon, iron, oxygen surface contaminants) that could be reduced by
HCl/H2O etching, optimizing growth rates, and control of phosphorus vapor pressure in
the growth ambient. Gas bubble formation in the melt may also contribute to irregular
growth features in LPE (Nguyen Thanh Nghi, 1988).

12.5.13.2 III-V heteroepitaxy on silicon and hybrid epitaxy

The LPE growth of GaAs directly on silicon is feasible but requires some special consid-
erations. High supersaturations are needed to overcome the 4 % lattice mismatch between
silicon and GaAs, which often results in three-dimensional nucleation and high defect
levels. More troublesome is dissolution of the silicon substrate in the melt, which creates
rough interfaces and results in high-silicon doping of the LPE layer. Nevertheless, there
are a several reports of LPE growth of GaAs, GaP or Ge directly on silicon using high
supercoolings (Donnelly and Milnes, 1966; Nakano, 1967; Kurata and Hirai 1968; Rosz-
toczy and Stein, 1972; Beneking et al., 1977; Presnov et al., 1978; Zolper and Barnett,
1989; Brovkin et al., 1988; Saidov and Saidov, 1991; Zavadski et al., 1991; Dorogan
et al., 1992; Valery et al., 1992).

To overcome these problems, hybrid epitaxy methods have been developed that com-
bine an initial CVD or MBE step with a subsequent LPE step (Sakai et al., 1988; van der
Ziel et al. 1988; Nakamura et al., 1989; Yazawa et al., 1990; Cotter et al., 1992; Baldus
et al., 1994; Schnabel et al., 1995). A GaAs-on-silicon ‘buffer’ layer is first grown by
CVD or MBE. A GaAs (or AlGaAs) LPE layer is then grown on the GaAs-on-silicon
buffer layer. The rationale for such hybrid epitaxy methods is that the GaAs-on-silicon
buffer layer serves to bridge the lattice mismatch between GaAs and silicon and protect
the underlying silicon substrate from dissolution in the LPE step. The buffer layer is highly
defective, but the LPE layer grown on the buffer layer will exhibit a significant reduc-
tion in defects. For example, Saravanan et al. (Saravanan et al., 1998) reported ‘drastic
reduction’ in dislocation densities in GaAs-on-silicon using a hybrid LPE/MOCVD tech-
nique compared with MOCVD alone. Similar hybrid LPE/CVD processes have also been
reported for GaAs on spinel (Ladany and Wang, 1972), GaP on silicon (Igarashi, 1977),
InGaAsP on InP (Asahi et al., 1983), and mercury cadmium telluride (Sand et al., 1985).

Similar hybrid epitaxy techniques have been developed for InP-on-silicon (Collins
et al., 1990; Naritsuka et al., 2000), and the method can be advantageously combined with
selective epitaxy and epitaxial lateral overgrowth techniques for further defect reduction
(see Section 12.5.5). These latter methods serve to reduce defects associated with lat-
tice mismatch as well as those due to thermal stress effects caused by the difference in
thermal expansion coefficients of the silicon substrate and III-V epitaxial layers. Chang
et al. (Chang et al., 1998) showed a combination of hybrid LPE/MBE approach with ELO
could produce 43µm wide areas of dislocation-free GaAs-on-silicon epilayers. Chen et al.
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(Chen et al., 2004) described a ‘parasitic LPE/MBE’ process that occurs in MBE of InAs
on GaP due to an initial dissolution and recrystallization from a liquid phase that forms
on the growth surface.

12.5.13.3 Heterostructures formed by chemical conversion

One method of circumventing heteroepitaxy limitations and unfavorable segregation coef-
ficients is based on the post-growth chemical conversion of the epitaxially grown material
into an alloy. Such chemical conversions can be implemented in LPE systems and can
considerably widen the applications of LPE-grown material.

Sukegawa et al. (Sukegawa et al., 1993; Udono et al., 1993) reported a new LPE tech-
nique for conversion of GaAs to GaAsP by annealing a GaAs-on-GaP epilayer in a
Ga-As-P melt. Their technique was based on three observations: (1) a GaAs layer can be
grown on a GaP substrate by LPE despite the large (4 %) lattice mismatch; (2) a substrate
(or underlying layer) having a melting point lower than that of the grown alloy epilayer
tends to erode (dissolution in the melt), which can change its composition; and (3) growth
of an epitaxial alloy with a melting point lower than that of the substrate (or underlying
layer) tends to be stable. To grow GaAsP alloys over a wide composition range, a 4 µm
thick GaAs epilayer is first grown on a (111)B GaP substrate from a Ga-As-P melt at
795 ◦C. The GaAs epilayer is then contacted with a Ga-As-P melt at 795 ◦C for 1 h, which
converts the GaAs layer into a GaAs1−xPx solid alloy. The alloy composition can be con-
trolled by adjusting the composition of the Ga-As-P melt. Additional epitaxial layers of
GaAsP can be grown on the GaAsP layer formed by conversion. Kimura et al. (Kimura
et al., 1996c) present a computational model of the GaAsP conversion process. Moto-
gaito et al. (Motogaito et al., 1997) described a similar process wherein an InP layer
grown on a GaP substrate is converted to GaInP by isothermal contact with a saturated
InGaP solution. Ruiz et al. (Ruiz et al., 2004) report a process for forming AlxGa1−xSb
films over GaSb substrates. Al films were evaporated on GaSb substrates. AlGaSb layers
were formed by annealing for specified times and temperatures, on both of which the
composition and thickness of the AlGaSb depends.

12.5.14 SiC and III-V nitride LPE

Difficulties in reproducibly growing bulk crystals and epitaxial layers of silicon carbide
and gallium nitride with low defect densities and controlled doping have impeded device
applications of these wide-bandgap semiconductors for several decades. Currently, SiC
is predominantly grown by CVD processes with mixtures of hydrocarbons, silanes or
silane derivatives as precursors for carbon and silicon. GaN and related III-V nitrides and
alloys are mainly grown by MOCVD (with organometallic precursors for the group III
elements and ammonia for the group V element) on sapphire or SiC substrates. Problems
and limitations related to p-type doping of the III-V nitrides have been solved with
MOCVD, thus enabling blue LEDs, lasers, and wide-bandgap bipolar transistors for high-
temperature and high-frequency applications. Nevertheless, these wide-bandgap materials
still commonly exhibit performance-limiting defects such as micropipes in SiC (Muller
et al., 2004) and various point and extended defects in the III-V nitrides (Pearton et al.,
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1999). Thus, application of LPE and other solution growth methods for production of
low-defect SiC and III-V nitrides merits consideration, as it is well established from work
with other III-V compound semiconductors that several defect-generating mechanisms
commonly observed with other methods of epitaxy and bulk crystal growth either are
nonoperative or are less severe with LPE.

LPE of SiC from silicon melts (saturated with carbon) was used to make some of the
first commercial SiC blue LEDs (Brander and Sutton, 1969; von Munch et al., 1976; von
Munch, 1977; Suzuki et al., 1976; Matsunami et al., 1977; von Munch and Kurzinger,
1978). This process is technically challenging due to the high temperatures (∼2000 ◦C)
necessitated by the use of molten silicon as a solvent (Holmann and Mueller, 1999).
Moreover, the SiC growth rates are slow. Also problematic are the relatively high levels
of background impurities, and difficulties with a molten silicon melt, which is highly
reactive. Subsequently, interest in SiC blue LEDs diminished with the advent of GaN-
based blue LEDs. Nevertheless, there are still many applications for high-quality SiC
material, including as a substrate for III-V nitride epitaxy, and for high-temperature elec-
tronics and sensors. LPE growth of SiC using metal solvents offers a means to reduce
to growth temperatures, permitting use of conventional LPE systems with a graphite
slideboat and furnace set-up (with a fused silica tube and a standard resistively heated
horizontal tube furnace) similar to that used for III-V and silicon LPE. Again, the prin-
cipal difficulty is the sparing solubility of carbon in metallic melts at temperatures below
the melting point of silicon. Early work in this area included the growth of SiC from
iron-containing melts (Halden, 1960), chromium-rich Cr-Si-C melts (Wolff et al., 1969;
Pellegrini et al., 1972) and titanium-containing melts (Pellegrini and Feldman, 1974).
Transition metals tend to form silicides and carbides in preference to SiC. Dmitriev
et al. (Dmitriev et al., 1992) reported the LPE growth of SiC from Ga-Al and Sn-Al
melts in the temperature range of 1200–1400 ◦C and also discussed the growth of SiC
from Ge melts. Safaraliev et al. (Safaraliev et al., 1984) described the current-induced
crystallization of SiC from gallium-ytterbium melts. Dmitriev (Dmitriev, 1993) compiled
solubility data of carbon in molten lead, tin, germanium, gallium, aluminum and sili-
con for application to SiC LPE, and Dmitriev and Cherenkov (Dmitriev and Cherenkov,
1993) reported LPE growth of SiC-AlN solid solution LPE layers with p-n junctions.
Selective SiC LPE on masked substrates has also been demonstrated (Dmitriev et al.,
1992; Nikolaev et al., 1996). Yakimova et al. (Yakimova et al., 1996) studied the effect
of growth parameters on the quality of LPE SiC grown from silicon-scandium sol-
vents. Mauk et al. (Mauk et al., 2001b) explored a number of metal solvents including
Ga, Sn, Ga/Sn, Ni, Cu, and Zn-Al for low-temperature (900–1200 ◦C) LPE of SiC.
In the case of melts containing Zn, the (isothermal) growth mechanism is attributed
to supersaturation induced by solvent evaporation. Tanaka et al. (Tanaka et al., 2002,
2004a,b; Tanaka and Katsuno, 2006) developed low-temperature (∼1000 ◦C) LPE of
SiC using a Si-saturated Al-Sn melt replenished with carbon by exposure to C3H8 gas.
Experimental evidence for the utility of LPE in reducing defects in SiC epitaxy has
been reported by Filip et al. (Filip et al., 2004, 2005). LPE of SiC from 1 : 1 Si:Ge
melts at 1650 ◦C was shown to reduce micropipe (hollow-core dislocations) density by
about 80 %.

LPE of GaN and other III-V nitrides has also been developed. Jones and Rose (Jones
and Rose, 1984) presented liquidus calculations for III-V nitrides (AlN, GaN and InN).
The solubility of nitrogen in gallium is low (Thurmond and Logan, 1972) but can be
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increased by using an overpressure of nitrogen (Madar et al., 1975; Karpinski et al., 1984).
GaN can also be formed by reacting molten Ga with ammonia gas (Johnson et al., 1932;
Zetterstrom, 1970; Ejder, 1974; Elwell et al., 1984). Logan and Thurmond (Logan and
Thurmond, 1972) described the growth of GaN from Ga-Bi solvents using an imposed
temperature-gradient across the melt to drive the growth process. The low solubility of
nitrogen in molten metals was circumvented by replenishing the melt with nitrogen by a
pyrolysis reaction of ammonia catalyzed by the surface of the molten metal. Klemenz and
Scheel (Klemenz and Scheel, 2000) developed LPE of GaN on sapphire, LiGaO2, LiAlO2

and GaN substrates. Novikov et al. (Novikov et al., 1997) demonstrated controlled selec-
tive meltback etching of GaN epilayers using LPEE techniques. Several groups have
reported GaN LPE techniques with molten sodium (Yamane et al., 1998; Aoki et al.,
2002) and calcium (Kawamura et al., 2003) as the solvent, representing a significant
departure from conventional LPE techniques that normally use group II (Zn, Cu, Au), III
(Al, In, Ga), IV (Sn, Pb) or V (Sb, Bi) metals. Kawamura et al. (Kawamura et al., 2006)
reported a ‘drastic decrease’ in dislocations during LPE of GaN. Kamei et al. (Kamei
et al., 2006) developed an LPE technique for AlN on 6H-SiC substrates using Cu-Al-Ti
solutions under a nitrogen atmosphere and growth temperatures of 1600–1800 ◦C. For
>30µm thick AlN epilayers, dislocation densities as low as 105 cm−2 were observed. A
detailed treatment of the crystal growth of AlN, GaN, and InN from metallic solutions,
including thermodynamics, transport, crystallographic aspects can be found in Krukowski
et al. (Krukowski et al., 2005) (See Chapter 6 for more on SiC LPE and Chapter 7 for
more on GaN LPE.)

Alloys of III-V compounds with dilute nitrogen as group V substituent are of interest
for reducing the bandgap of the parent III-V compound (Bi and Tu, 1997; Nishikawa
et al., 2003). Gao et al. (Gao et al., 2003) used melt epitaxy to produce InNAsSb sin-
gle crystals (see Section 12.5.5). Dhar et al. (Dhar et al., 2004, 2005) reported the LPE
growth of GaAsN from a Ga melt at 750 ◦C using a polycrystalline GaN (∼2 wt%)
as the source of nitrogen. The GaAsN had a nitrogen content of about 0.7 % and an
interstitial nitrogen defect related electron trap (with ionization energy of 0.65 eV) was
observed. Addition of the rare earth erbium to the melt reduced the nitrogen content of the
GaAsN. Mondal et al. (Mondal et al., 2006) developed a similar process for LPE growth
of GaSbN. Nitrogen incorporation in the GaSbN epilayer of up to 1.7 % was determined
with a bandgap reduction (relative to GaSb) of 0.37 eV.

12.5.15 Some other materials grown by LPE or solution growth

The foregoing has focused mainly on III-V semiconductors. LPE has also figured promi-
nently in the development of mercury cadmium telluride (MCT)-based devices for infrared
detection. LPE of MCT is reviewed in Chapter 9. Many other II-VI compounds and alloys
have also been grown by LPE. Most II-VI compounds can be grown from group II-rich
melts saturated with the group VI component, in processes completely analogous to III-V
LPE. Alternatively, other metal solvents, such as tin or bismuth, can be employed. For
example, ZnS, ZnSe, ZnTe, CdS, CdSe and CdTe can be grown from solution using bis-
muth (Rubenstein, 1966) or tin (Rubenstein, 1968) as a solvent. Generally, wide-bandgap
II-VI compounds are difficult to dope both p- and n-type, thus thwarting the realization of
p-n homojunctions for application to LEDs, laser diodes, solar cells and photodiodes. As
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already discussed in other contexts, there is considerable latitude in modifying LPE pro-
cesses to change point defect densities, luminescence characteristics, and impurity doping
behavior. For example, Sano et al. (Sano et al., 1993) reported LPE growth of ZnSe using
a temperature-gradient method with a Zn-rich melt and controlled Se overpressure during
post-growth annealing to achieve high luminescence and improved Hall mobilities. In
the late 1990s, progress on nonequilibrium nitrogen p-type doping of ZnSe and related
alloys improved the prospects of II-VI blue-emitting LEDs and lasers, but this renewed
interest was overshadowed by the ground breaking work on GaN-based LEDs. (LPE
work on II-VI materials relevant to blue LEDs is reviewed in the accompanying chapter
on LEDs.) Interest in wide-bandgap II-VI semiconductors for application to blue LEDs
has persisted (see Chapter 13), if for no other reason than to avoid infringing patents
for GaN technology. The wide selection of dopants possible with LPE, as well as the
capability tailoring melt compositions to control the relative activities of the group II and
group VI components, in combination with controlling the partial pressures in the ambient
vapor phase, can be exploited to address doping issues with these semiconductors. For
instance, Sakurai et al. (Sakurai et al., 1997) reported the liquid phase epitaxial growth of
p-type ZnSe from a Se-rich melt using Na doping and a Zn overpressure of 3 atm. Thus,
LPE shows promise for solving some of the previously intractable doping problems that
have impeded progress in wide-bandgap II-VI semiconductor technology. Nevertheless,
an important consideration is whether such doping limitations in general are the result
of fundamental thermodynamic limitations, in which case, nonequilibrium processes are
needed to produce metastable doping, and therefore LPE as a near-equilibrium growth
process would have limited use. The viability of ZnSe-based optoelectronics is largely
based on the realization of p-type ZnSe by nitrogen doping resulting from treatment with
nitrogen-containing plasmas. Isoelectronic nitrogen doping of LPE-grown GaP and GaAsP
for green-emitting LEDs is a well-established technology (Bergh and Dean, 1976). The
usual method of nitrogen doping in LPE is to inject ammonia into the hydrogen ambi-
ent during LPE growth, which presumably results in atomic nitrogen dissolved in the
melt and incorporation of nitrogen into the epitaxial layer. Alternative means of nitrogen
incorporation are also possible. As mentioned in the previous section, Dhar et al. (Dhar
et al., 2004) report the use of polycrystalline GaN mixed in with the melt as a source
for nitrogen for the LPE growth of GaAsN. This suggests that it might be feasible to
incorporate nitrogen doping into LPE processes for doping wide-bandgap II-VI materials.

As an indication of the versatility and scope of solution (or melt) growth techniques
in general, and LPE in particular, Table 12.5 provides a survey of some less-common
materials grown from metallic or metal-containing liquid phases, as well as other melts
and solvent systems. In some cases, a conventional LPE process was used to grow a film
of the desired material on a substrate, but other cases involving unseeded precipitation or
bulk crystal growth from dilute solutions or stoichiometric melts of the solidified material
are also included, because presumably these systems could be adapted to an LPE tech-
nology for film growth as well. Along similar lines, Klemenz and Scheel (Klemenz and
Scheel, 1997) have reviewed some of the previous work on growing high-temperature
superconductors (YBCO, NdBCO and Bi2Sr2CaCu2Oy) by LPE. The use of fused oxides
and molten salts portends consideration of different solvent types for LPE. Some recent
developments in ionic liquids (molten salts with melting points below 100 ◦C) (Ohno,
2005) may offer the potential for very low-temperature liquid phase growth of semicon-
ductors (Endres, 2004).
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Table 12.5 LPE or solution growth of various materials

Epilayer or
solution-grown
crystal

Substratea Solvent or
melt

Approx. growth
temp. ( ◦C)

Ref.

BaB2O4 BaB2O4 Na2O flux 800–900 Liu et al., 2004
Bi2Sr2CaCu2Ox MgO KCl flux 850 Yasui et al., 1992,

Yamaguchi et al.,
1993

BiFeO3 SrRuO3/SrTiO3 Bi2O3-Fe2O3 700–800 Li et al., 2006
CdGeAs2 — Bi 400–600 Feigelson et al., 1975

CdGeP2 — Bi 700 Miotowski et al.,
1980

CdSe ZnTe Te 560 Onome et al., 1989
CdSe ZnTe, ZnSe CdCl2, CdI2,

or ZnCl2
600 Simashkevich and

Tsiulanyu, 1976
CdSnP2 InP Sn-Cd-P 500–600 Shay et al., 1974
CdSiP2 — Sn 1200 Buehler and Wernick,

1971
CuInS2 ZnSe In-Cu-S 700 Takenoshita and

Nakau, 1982a
CuInSe2 Mo-coated SiO2 In-Cu-Se 650 Ernst et al., 2005
CuGa1−x InxS2 ZnSe In 650 Takenoshita and

Nakau, 1981
CuAlS2, CuAl1−x

GaxS2

— In-Cu-Al-S 700–800 Yamamoto et al.,
1975

(CuNiPb)Fe2O4,
CuFe2AlO4

MgO PbO-B2O3 800–900 van der Straten and
Mestselaar, 1980

CuSi2P3 — Sn Omar, 1998

GaS — Ga 1000–1200 Hársy, 1968

GaSe — Ga-Se 1000 Anis, 1981

Ga2 Se3 — Ga 1000–1200 Hársy, 1968

(Ge2)1−x (ZnSe)x Ge, GaAS Sn 600–900 Saidov et al., 2000
InS — In 1000–1200 Hársy, 1968

LiNbTaO3 LiNbO3 V2O5 1220 Kondo et al., 1979
LiNbTaO3 LiNbO3 LiNbTaO-

LiVO3

885–990 Kaigawa et al., 1998

LiYF4 LiYF4 LiF + Y, Nd,
Gd

800–900 Rogin and Hulliger,
1997

LuLaSmGaFe Gd3 Ga15O12 garnet PbO-V2O5

flux
950 Berkstresser and

Blank, 1981
(LuNdBi)3(FeAl)5O12 Gd3 Ga15O12 garnet PbO-B2O3

flux
750 Yokoi et al., 1999

MgZnO ZnO MgCl2/ZnCl2/
K2CO3

650 Sato et al., 2006

MnCdHgTe CZT Mn-Cd-Hg-Te Bazhenov et al., 1992

(continued overleaf )
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Table 12.5 (continued )

Epilayer or
solution-grown
crystal

Substratea Solvent or
melt

Approx. growth
temp. ( ◦C)

Ref.

Na2CaGe6O4 Nd3 Ga5SiO14 K2O-V2O5

flux
1000 Chani et al., 1999

Na1−yKyTa1−xNbxO3 KaTaO3 KF/NaF/KTN
flux

950 Sitar et al., 1994

NdBa2Cu3Oy MgO BaO2-CuO 1000 Takagi et al., 1998
PbSnSe PbSe/BaF2/CaF2/Si Pb-Sn 500–620 Sachar et al., 1998;

Li et al., 2000
PbTe PbTe Pb 560 Ito et al., 1996
Pb0.8Sn0.2Te Pb0.8Sn0.2Te Pb-Sn-Te 520 Eger et al., 1981
REBa2Cu3O7

(RE = Y, Yb)
LiAlO3 BaO-CuO 900–1100 Qi and MacManus-

Driscoll, 2001
SnO2 SnO2 Cu2O flux 1300 Kawamura et al.,

2002
SrFe8Al4O19 SrGa12O19 Bi2O3 1400–1500 Haberey et al., 1980,

1983
Y3Fe5O12 Y3Al5O12,

Cd3 Ga5O12,
Y3 Ga5O12

BaO-B2O3 1050 Linares et al., 1965

Y3Fe5O12 Gd3 Ga5O12 MoO3-Li2O
flux

1060–1160 Takagi et al., 2002

Zn3As2 (CdZn)3As2 Bi 300–500 Matsuo et al., 1978
ZnSe — PbCl2 1000 Triboulet et al., 1999

ZnO
ZnSiP2, CdSiP2,

ZnGeP2, CdGeP2

— Sn 950 Spring-Thorpe and
Pamplin, 1968

ZnSiP2 — Sn 1300 Buehler and Wernick,
1971

ZnSnP2 GaAs Zn+Sn+SnP3 500–700 Davis and Wolfe,
1983

ZnSnAs2 ZnSe Sn 600 Takenoshita and
Nakau, 1986

ZnTe ZnSe molten ZnCl2 600 Dobrynina et al.,
1986

ZnSe ZnTe, ZnSe CdCl2, CdI2,
or ZnCl2

600 Simashkevich and
Tsiulanyu, 1976

ZnSe ZnSe molten ZnCl2 600–700 Tanaka and
Sukegawa, 2001

aWhere no substrate is indicated, the method reported was a solution growth technique of bulk
crystals instead of epitaxial films.
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12.5.16 LPE for shaped crystal growth

Due to the near-equilibrium growth conditions typical of LPE and other characteristics
of LPE that lead to anisotropic growth features under certain, but easily attained condi-
tions, LPE selective growth on masked or structured substrates can be used to produce
faceted or shaped structures for various semiconductor device and optics applications.
This may be contrasted with the morphology of other epitaxy methods, wherein deposi-
tion generally yields a conformal film blanketing the substrate, regardless of any masking,
patterning, or relief structure. There are numerous utilizations of selective growth or melt-
back in LPE to make semiconductor structures with various optical features (King and
Spring-Thorpe, 1975; Hahm et al., 1991). Kim and Kwon (Kim and Kwon, 1987) made
monolithic GaAs waveguides by selective LPE; facets of the selectively grown crystal
served as critically oriented mirrors. Tapered GaAs-based optical waveguides with con-
trollable profiles were made by selective LPE (Kim et al., 1986). Cho et al. (Cho et al.,
1993) described a meltback-etching and regrowth process using AlGaAs/GaAs LPE on
masked GaAs substrates that produced hemispherical microlens structures for LEDs (see
Chapter 13). By controlling the mask opening area, composition of the melt and melt
etching time, a precise control of the etch shape was possible.

Trah (Trah, 1990) and Konuma (Konuma, 2002) catalog some of the prismatic and cor-
rugated shapes that can be realized in Si and SiGe LPE on masked substrates patterned
with openings for selective epitaxy and ELO. Most of these features can be achieved
in III-V compound LPE as well. Such faceted structures are of interest for solar cells,
LEDs, thermophotovoltaic devices and detectors in that nonplanar surfaces and inter-
faces can enhance optical coupling and light-trapping effects, and also reduce defects
and relieve stress. Hollow truncated InGaAs and GaSb pyramid structures have been
grown by LPE (Balakrishan et al., 2002; Zhang et al., 2005). AlGaAs pyramids with base
dimensions of 10µm or less have been grown by LPE as microtips for scanning near-
field optical microscopy (Hu Lizhong et al., 2002, 2004; Zhang Hongzhi et al., 2006). A
few additional examples display the capabilities of LPE processes in producing intricate
structures. Figure 12.7 shows a faceted crystal of AlGaAs grown by selective LPE on a
tungsten-masked GaAs substrate. Mauk and Curran (Mauk and Curran, 2001) observed
a bridging formation in silicon LPEE on stripe-patterned, tungsten-masked (111) silicon

Figure 12.7 Selectively grown LPE AlGaAs on GaAs substrates
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mask via
mask

silicon substrate

Figure 12.8 LPEE lateral overgrowth of silicon on stripe-patterned, tungsten-masked (111) silicon
substrates. From Mauk and Curran (2001)

substrates (Figure 12.8). The arching of the epitaxial layer over the masked areas of the
substrate is attributed, in part, to the unfavorable energetics of the silicon epilayer ‘wetting’
the tungsten mask. Weber et al. (Weber et al., 1998) demonstrated a rectangular mesh
silicon structure grown by LPE on patterned, oxidized silicon substrates (Figure 12.9).
It has long been noted that impurities can drastically alter growth morphology including

[110]

[110]

Silicon substrate SiO2

120 µm

Epilayer

(a)

(b)

obscured internal
corner

open internal corner

Figure 12.9 Selective LPE of silicon mesh on grid-patterned, oxidized silicon substrate. (a) Photo-
micrograph, and (b) schematic showing crystallographic planes. Reprinted with permission from
K.J. Weber, K. Catchpole and A.W. Blakers, Epitaxial lateral growth of Si . . ., J. Cryst. Growth,
186, 3, 369–374, Copyright (1998) Elsevier
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the dominant faceting exhibited by semiconductor crystals grown from liquid metal solu-
tions (Faust et al., 1968). Adsorbed impurities and melt components, as well as strain,
can alter surface energies of various crystal planes, stabilize certain facets and change
nucleation kinetics, resulting in drastically different crystal morphologies (Hansson et al.,
1993). With regard to shaped LPE growth, Zhang et al. (Zhang et al., 2005) reported the
influence of tellurium impurities in modifying (in some cases drastically) the morphology
of LPE GaSb on patterned substrates.

Thus, a unique feature of LPE is the ability to build complicated semiconductor struc-
tures and avoid elaborate post-growth processing steps (masking, lithography, selective
and anisotropic etching). Instead, pre-growth preparation of the substrate leads to compli-
cated or novel structures that would otherwise be impossible or difficult to achieve using
other epitaxy techniques.

12.6 CONCLUSIONS AND OUTLOOK

While it is unlikely LPE will compete directly with MBE or MOCVD for production of
‘mainstream’ microelectronics devices, lasers, space solar cells and detector arrays, the
foregoing suggests that some of the unique features of LPE can be exploited for many
specialized semiconductor device and optics applications.

The simplicity of the LPE process–and its basis on phase equilibria rather than com-
plex precursor chemistry, growth kinetics and mass transfer–provides a good platform for
exploring new semiconductor materials, and developing and prototyping novel semicon-
ductor device structures. The achievement of LPE layers with atomically flat surfaces over
dimensions of 10 µm is perhaps not widely appreciated. As discussed here, LPE can be
advocated for at least several important near-term commercial applications. For example,
the growth of customized, ‘virtual substrates’ with tunable lattice constants comprised of
thick LPE-grown semiconductor alloy layers, perhaps utilizing ELO to reduce defect den-
sities, and optionally enhanced by electroepitaxy phenomena induced by applied currents,
as well as temperature-gradient induced effects, and modifications of solute distribution
via a double-crucible apparatus adapted for LPE to control solute and dopant segration,
would profitably exploit the many inherent and unique features of LPE. Such customized
LPE substrates would be more costly than current commodity substrate wafers made by
Czochralski, float zone, Bridgman, or vertical gradient freeze bulk crystal growth tech-
niques, and currently limited to elemental or binary semiconductors. However, in view of
the prices commanded for SiC and GaN substrates in recent years, it is clear that for at
least some applications, the semiconductor industry is willing to pay a high premium for
substrates that enable improved material quality and/or new devices. In the future, LPE
may thus compete more against these other liquid phase (bulk) crystal growth methods,
rather than vacuum and vapor phase thin-film epitaxy technologies.

LPE still figures prominently in low-bandgap III-V optoelectronics for mid-infrared
applications. In many cases, the best reported results for LEDs and detectors are for
devices made by LPE. For these LPE-grown materials (InAsSb, InAsSbP, InGaAsSb, and
related alloys), the low defect densities and impurity levels, the latter achieved often with
impurity gettering by rare earths, are decisive. Some of the limiting features of LPE may
yet be circumvented by novel melt chemistries and new methods of inducing growth,
including imposed temperature gradients and/or electric currents, solvent evaporation,
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solute feeding by mixing or capillary flow, and pre-cooling or pre-heating of the substrate
prior to contact with the melt. The ability of LPE to produce a wide range of shaped
or faceted crystals is virtually unique among the epitaxy methods and this feature could
be exploited in LED designs to increase optical coupling (Schubert, 2006). The diversity
of complex materials that can be grown by LPE or solution growth, as evidenced by
Table 12.5, suggest the candidate materials for and capabilities of LPE are far from
exhausted. MBE or MOCVD of some of these multicomponent materials would be very
challenging.
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AlxGa1−xSb film over GaSb substrates by Al diffusion. Eur. Phys. J. Appl. Phys. 27, 423–426.
I. Ruiz-Becerril, M. Hernández-Sustaita, F. de Anda. V.A. Mishurnyi, A.Yu Gorbatchev and L.

Narvaez (2002) Some experiments on the growth of InTlSb by LPE. J. Cryst. Growth 241,
101–107.

G.K. Safaraliev, B.A. Bilalov and A.Z. Efendiev (1984) Current-induced crystallization of silicon
carbide from a liquid phase. Sov. Phys. Tech. Phys. 29, 1181–1183.

A.S. Saidov and M.S. Saidov (1991) Liquid phase epitaxy of (Ge2)1−x(GaAs)x and (Si2)1−x(GaP)x
solid solutions. Cryst. Prop. Prep. 36–38, 515–518.

T. Saitoh, Y. Oyama, K. Suto, J.-I. Nishizawa and T. Kimura (2000) Excess on density at the
GaP/GaP liquid-phase epitaxial regrowth surface. J. Cryst. Growth 209, 666–674.

S. Sakai and Y. Ohashi (1992) Selective growth of GaAs on GaAs-coated Si substrate by liquid
phase electroepitaxy. Mater. Res. Soc. Symp. 237, 565–570.

S. Sakai and Y. Ohashi (1994) Selective lateral growth mechanism of GaAs by liquid-phase elec-
troepitaxy. Jpn. J. Appl. Phys., Part 1 33, 23–27.

S. Sakai, R.J. Matyi and H. Shichijo (1988) Growth of GaAs on GaAs-coated Si by liquid phase
epitaxy. J. Appl. Phys. 63, 1075–1079.

S. Sakai, Y. Ohashi and Y. Shintani (1991) Selective liquid-phase electroepitaxy of GaAs on
GaAs-coated Si substrates. J. Appl. Phys. 70, 4899–4902.

S. Sakawa and T. Nishinaga (1991) Faceting of LPE GaAs grown on a misoriented Si(100) substrate.
J. Cryst. Growth 115, 145–149.



410 LIQUID PHASE EPITAXY

F. Sakurai, M. Motozawa, K. Suto and J.-I. Nishizawa (1997) Liquid phase epitaxial p-type ZnSe
growth from a Se solution and fabricated pn junctions with diffused n-type layers. J. Cryst.
Growth 172, 75–82.

E. Sand, D. Levy and Y. Nemirovsky (1985) Combination of open-tube vapor and liquid phase
epitaxy of Hg1−xCdxTe. Appl. Phys. Lett. 46, 501–503.
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13.1 INTRODUCTION

This chapter reviews the application of liquid phase epitaxy (LPE) to the production
of semiconductor light emitting diodes (LEDs). LEDs are p-n junction devices that
when forward-biased with an applied voltage (∼1 V) produce useful amounts of lumi-
nescence due to radiative recombination of electrically injected excess minority carriers
(Figure 13.1). The luminescence emission wavelength λe corresponds approximately to
the bandgap Eg of the semiconductor, i.e. λe(nm) ∼= 1243/Eg (eV), and LEDs made in
various semiconductor materials provide photon emission with a relatively narrow spec-
tral width (roughly 50–100 nm) at wavelengths ranging from the UV (<300 nm) to the
mid-infrared (>5000 nm). The p-n junction areas of LEDs typically have lateral dimen-
sions of 10 µm to several millimeters (i.e. 10−6 –10−1 cm2 in junction area) with applied
current levels of 1 to several hundred milliamps, corresponding to current densities of
several hundred to several thousand amps per square centimeter.

With a few exceptions (e.g. silicon carbide, SiC), commercial LEDs have traditionally
been made in direct-bandgap inorganic compound semiconductor materials that can be
effectively doped both p- and n-type. A favorable combination of high minority carrier
injection efficiencies, high rates of minority carrier radiative recombination relative to
nonradiative recombination, low electrical resistances, and low optical (re-)absorption
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Figure 13.1 Generic epitaxial LED structure comprising a p-n homojunction between the base
and emitter layers (both of bandgap Eg) or heterojunction (wherein the base layer has a bandgap
of Eg and the emitter layer has a higher bandgap (Eg + �E). In both cases, light emission occurs
mainly from recombination of minority carriers in the base. An optional wider bandgap cladding
layer between the substrate and base can be included to confine injected minority carriers to the
base layer and thus avoid losses associated with minority carrier recombination in the substrate.
Depending on the details of the design, light exits primarily from the front surface or from the edges
of the LED. Another LED design option comprises an undoped base layer sandwiched between
wider bandgap emitter and cladding layers of opposite doping types

of the photons generated by recombination of minority carriers can be realized in p-n
homojunction diodes formed in these materials, and thus practical room-temperature light
emission with reasonable efficiencies can be achieved.

Common LED materials include the III-V compounds GaAs, InP, GaP, GaSb, InAs,
AlAs, GaN, InN, AlN and their ternary and quaternary alloys; the II-VI semiconduc-
tors ZnSe, ZnS, and ZnTe and their alloys, and SiC. Virtually all of these materials can
be grown by LPE. Some of the wide-bandgap II-VI semiconductors cannot be readily
doped both p- and n-type, obviating a p-n homojunction and necessitating heterojunc-
tion designs. More generally, heterostructure LED designs with a p-n homojunction
sandwiched between wide-bandgap cladding layers, or a p-n heterojunction between a
wide-bandgap emitter and lower bandgap base, are often advantageous in reducing non-
radiative recombination of minority carriers at surfaces, reducing self-absorption losses,
and enhancing injection efficiency. Interest in the II-VI semiconductors and SiC originally
stemmed from their use or potential use for blue-light-emitting LEDs. Due to the success
of III-V nitrides, e.g. GaN and related alloys, for this application, work on these other
wide-bandgap materials has greatly diminished. As a result of recent progress in the last
decade, organic, polymer or nanostructured electroluminescent materials are displacing
inorganic semiconductor LEDs in certain applications such as displays in cell phones,
car dashboards, and other consumer electronics products. Nevertheless, it is likely that
LEDs made in the familiar inorganic compound semiconductors will remain the dominant
solid-state lighting technology for the foreseeable future due to their extensive technology
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base and established manufacturing infrastructure, as well as their ruggedness, long oper-
ating lifetimes, and relatively high operating efficiencies. Moreover, even for mature LED
technologies there is a realistic potential for continued improvements in performance and
functionality, as well as further cost reductions. These attributes should be especially
advantageous for outdoor lighting applications such as road signs, advertising, and street-
lights, and in architectural lighting for homes, schools, offices and commercial buildings.

In conventional semiconductor LED technologies, quantum efficiencies–defined as the
number of photons emitted per electron of applied current–can typically range from
several per cent to over 20 %. However, with excellent material quality and more sophis-
ticated device designs, much higher quantum efficiencies (>50 %) are feasible (Schnitzer
et al., 1993). Common applications of LEDs include indicator lights, displays, sources for
optical fiber communication and infrared transmitters. As LED performance improves,
LEDs are expected to challenge entrenched lighting technologies such as incandescents
and fluorescents for indoor and outdoor lighting, as well as open up new applications in
solid-state lighting, automotive displays, spectroscopy, medical devices, machine vision,
artificial lighting for plants, and in industrial processing such as for curing adhesives. It
is interesting to note that LEDs are probably the most ubiquitous discrete semiconductor
device; yearly production is likely between 50 and 100 billion LED die or pixels, and
increasing at about 20 % annually.

Historically, LPE figured prominently in the development of LEDs. Starting from the
early 1960s, many LED materials systems, such as gallium arsenide (GaAs), aluminum
gallium arsenide (AlxGa1−xAs), nitrogen-doped gallium phosphide (GaP:N), zinc- and
oxygen-doped GaP (GaP:Zn,O), and other III-V compound semiconductors were first
developed with LPE and many LED devices and design concepts were first demonstrated
with LPE. LPE has provided some of the highest efficiency infrared and visible (red to
green) LEDs, as well as photodiodes, solar cells and double heterostructure lasers. For
several decades, LPE has served as the workhorse for production of LEDs used in a wide
range of consumer and industrial products and military applications. Detailed descrip-
tions of LPE technology applied to the manufacture of conventional LEDs are available
(Bergh and Dean, 1976; Kressel and Butler, 1977; Williams and Hall, 1978; Gillessen,
1987). Loebner (Loebner, 1976) and Schubert (Schubert, 2006) have provided interest-
ing histories of the LED and the role of LPE. More recent reviews of LEDs have
appeared (Craford and Steranka, 1994; Z̆ukauskas et al., 2001, 2002; Gessman and Schu-
bert 2004; Eisler et al., 2005; Yam and Hassan, 2005).

For most of the III-V compound semiconductors, a strong case could be made that
LPE-grown material provided superior performance with respect to luminescence effi-
ciency and device performance. Further, there were numerous innovations in LPE growth
techniques, such as multiple-substrate LPE boats, that enabled large-scale, economic pro-
duction of epitaxial LED die. Nevertheless, the difficulty in scaling-up LPE processes for
multilayer epitaxial device structures, both with respect to substrate diameter and number
of substrates in a batch per epitaxy run, is a decided shortcoming of LPE, especially in
comparison with chemical vapor deposition (CVD) processes. In the 1990s, a new chapter
of LED technology was opened with the advent of high-brightness AlGaInP LEDS and
III-V nitride LEDs. These materials systems were not conducive to LPE growth. For
instance, aluminum segregation effects in indium-rich melts precluded the LPE growth of
the AlGaInP alloys of interest for LEDs. Also, although LPE of GaN has been reported,
metal-organic chemical vapor deposition (MOCVD) nevertheless has been the dominant
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epitaxy technology for short-wavelength III-V nitride optoelectronics, including blue and
UV LEDs. Thus, although LEDs are undergoing a renaissance for solid-state lighting, it
is not entirely clear what the status and prospects of LPE are for LED technology. The
situation has no doubt evolved somewhat from 1997 when Moon (Moon, 1997) observed
that based on substrate usage, 60–70 % of optoelectronics was made by LPE, primarily
for LEDs. At that time, according to Moon (Moon, 1997), LPE accounted for over 90 %
of infrared LED production, over 40 % of laser diode manufacture, almost 80 % of visible
LED production, and virtually all optocoupler production.

For several reasons, it can be argued that LEDs are the ideal device application for
LPE. First, in general LPE produces material of high luminescence efficiency due to:
(1) its near-equilibrium growth characteristics which yields material of low point defect
density; (2) the favorable segregation of impurities to the liquid phase which reduces
the background doping and residual impurities in the epilayer; and (3) the reduction of
threading dislocations and other defects originating in the substrate. LPE is perhaps unique
among epitaxy methods in that the crystallographic quality of the epitaxial layers is gener-
ally better than that of the substrate on which the epilayers are seeded. For Ga-containing
III-V materials, LPE produces material with reduced arsenic antisites because, unlike
MOCVD and molecular beam epitaxy (MBE), growth occurs under Ga-rich conditions
which suppresses formation of Ga vacancies and As antisites (As atoms on the Ga sublat-
tice). Arsenic antisites are implicated in the EL2 defect, a minority carrier recombination
center that diminishes near-bandgap luminescence. Second, many LED device designs
incorporate thick (∼10µm) epitaxial layers which are feasible due to comparatively fast
growth rates possible with LPE. LPE growth rates can be ten or more times faster than
MOCVD or MBE. Third, LPE can still compete with other epitaxy methods on the basis
of die cost. A square centimeter of epitaxial material yields sufficient die such that added
cost of epilayer, whether by LPE or CVD, is consistent with total costs on the order of
US$ 0.10 per die. As a rough guide, about 10 % of final LED cost is due to substrate,
and another 10 % is incurred by the epitaxy step. Consequently, there is no an overriding
cost consideration pointing to a single dominant epitaxy method to the exclusion of others
for LED production. Thus, the choice of epitaxy method for a particular type of LED is
better made on the basis of specific materials used,the device structure, and the required
material quality. A strong case can be made for LPE for materials systems where LPE
yields epitaxial layers with superior luminescence efficiency, or where very thick epitax-
ial layers are needed, such as for ‘transparent substrate’ designs that incorporate a thick
(>50 µm), self-supporting epitaxial layer. A secondary consideration in favor of LPE is
its lack of highly toxic precursors or products, which lessens safety and environmental
concerns. Finally, as a general rule many of the limitations associated with LPE tech-
nique with regard to layer thickness control, i.e. reproducibly achieving very thin layers
with good doping control as needed for field effect transistors (FETs) and quantum well
and superlattice devices, are not crucial issues for most types of LEDs. Therefore, the
arguments made against LPE for production of solar cells, lasers and transistors are not
pertinent for most LED applications. Nevertheless, as new materials and novel device
concepts are developed for solid-state lighting, the role of LPE in future LED technol-
ogy is not obvious. On the other hand, there are a host of LED structures that can be
uniquely made by LPE, and which could establish niches for LPE technology if economic
scale-up can be achieved. Finally, there is no reason an LED has to be made by only one
type of epitaxy. For example, LPE could be utilized to grow thick substrates to achieve
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transparency or a lattice constant not available with compound semiconductor wafers,
as well as other specialized structures with favorable optical features. These LPE-grown
epitaxial substrates and structures could then be used with MOCVD to grow the ‘active’
layers of the LED.

This chapter will review the status of LPE in LED production, its use in niche appli-
cations such as mid-infrared emitters, its prospects for competing with or contributing
to wide-bandgap semiconductor LED technologies, and novel LED designs enabled by
LPE. Some overlap with material covered in other chapters devoted to specific materials
is inevitable, and LED applications and issues specific to LPE of LEDs are discussed
rather than LPE processes themselves.

13.2 COMMERCIAL LEDs

LPE is still much used, and perhaps almost exclusively used, for the manufacture of sev-
eral types of LEDs emitting in the infrared and red spectral regions. These include GaAs
(940–950 nm), AlGaAs (650–660 nm), GaP:Zn-O (700 nm) and GaP:N (555–565 nm)
LEDs. Nevertheless, nowadays there is little published in the way of research on these
mature, mass-produced commodity devices. As mentioned, most of the commercial ultra-
bright LEDs in AlGaInP (Vanderwater et al., 1997; Streubel et al., 2002), and the III-V
nitrides (Nakamura et al., 1991; Nakamura and Fasol, 1997), both of which have gar-
nered considerable attention in the last decade, are made by MOCVD. The problems
associated with high aluminum segregation in indium-rich melts encountered with LPE
growth of AlGaInP have precluded broader application of LPE to the manufacture of
AlGaInP LEDs. Takahashi et al. (Takahashi et al., 1994) reported some progress in this
area by growing AlGaInP on Al0.9 Ga0.1As epitaxial layers instead of directly on GaAs
substrates. This approach lessens the dissolution of the underlying layers on contact with
the Al-Ga-In-P melt, and allowed the LPE growth of AlInGaP LEDs with an emission
wavelength of 635–645 nm at room temperature operation. For LEDs with 650–660 nm
wavelength emission, another good candidate materials system is based on InGaP ternary
alloys lattice matched to GaAs substrates. Wu et al. (Wu et al., 1991) developed LPE
methods for Al0.7 Ga0.3As/In0.5 Ga0.5P/GaAs LEDs.

For conventional AlGaAs epitaxial LEDs grown on a GaAs substrate, there are consid-
erable optical losses due to parasitic absorption in the GaAs substrate. To reduce substrate
absorption losses, the epitaxial layers can be bonded to a superstrate and the substrate
can be removed by controlled etching. Alternatively, Woodall et al. (Woodall et al., 1972)
used LPE to grow AlGaAs LEDs on undoped GaP substrates. In still another approach,
these substrate absorption losses can be largely avoided by growing the AlGaAs LED
structure on a thick AlzGa1−zAs ‘transparent’ substrate with a higher bandgap than the
light-emitting AlxGa1−xAs layers, i.e. z > x. Such ternary alloy substrates are difficult
to make by bulk crystal growth, and thus commercial substrate wafers are limited to
elemental or binary compounds, e.g. Si, GaAs and GaP. A thick AlGaAs epitaxial layer
can serve as a transparent substrate. For AlGaAs transparent substrate ultrabright LEDs,
the epitaxial AlGaAs LED structure is formed on a thick (>50 µm) epilayer of Al0.5 Ga
0.5As grown on a GaAs substrate (Ishiguro et al., 1983; Steranka et al., 1988). The GaAs
substrate is subsequently removed by etching, leaving a self-supporting AlGaAs LED
structure which can be mounted in a package with a backside reflector to redirect photons
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through the front surface of the LED. (In an AlGaAs LED made on a GaAs substrate,
these photons are absorbed in the substrate.) Hsieh and Chang (Hsieh and Chang, 2003)
investigated the use of LPE for forming thick current-spreading GaP window layers on
MOCVD-grown AlGaInP double heterostructure LEDs. Adding indium to the Ga-P melt
significantly enhanced the growth rate, permitting thick GaP window layers without per-
turbing the heterostructure doping profile. The inclusion of a GaP window approximately
doubled the optical output power compared with an LED to no window layer.

13.3 LPE FOR WIDE-BANDGAP (BLUE AND UV) LEDs

There are three families of wide-bandgap semiconductors that are of main interest for
short-wavelength (blue and UV) LEDs: (1) SiC; (2) the III-V nitrides including GaN, InN,
AlN and their alloys; and (3) the II-VI compounds including ZnSe, ZnS, ZnTe and their
alloys. LPE has been used to grow all of these materials with varying degrees of success.
Commercial applications of LPE for these materials, and more specifically for LEDs made
in these materials, are practically nil as blue LEDs made in the III-V nitrides grown by
MOCVD have proved far superior to blue LEDs made in other materials. Nevertheless,
a future role for other materials and epitaxy methods in blue LED technology should
not be dismissed. For instance, LPE might find use for making high-quality, low-defect
substrates for epitaxy of LEDs by other methods such as MOCVD. Some of the relevant
LPE work is reviewed below.

13.3.1 Silicon carbide LEDs

Liquid phase epitaxial growth of 6-H SiC on SiC substrates with molten silicon as the
solvent has been used to grow p-n junction SiC blue LEDs (Suzuki et al., 1976; von
Munch and Kurzinger, 1978). For blue LEDs, Matsunami et al. (Matsunami et al., 1977)
described an LPE dipping technique with a silicon melt (with 2.5 % aluminum as a p-type
dopant) in the temperature range of 1500–1650 ◦C in an argon ambient. A 40 µm thick
p-type SiC layer is first grown, and then 0.01 vol % nitrogen (an acceptor in SiC) is
introduced into the ambient to compensate aluminum donors and dope the SiC n-type,
thereby forming a p-n junction. For many years prior to the advent of the GaN LED and
more efficient SiC blue LEDs made by physical vapor transport or CVD, LPE-grown SiC
devices were perhaps the predominant blue LEDs. However, the performance was modest
(quantum efficiencies of ∼10−5),and demand for LPE-grown SiC LEDs was comparatively
small relative to infrared, red, yellow and green LEDs made in the III-V semiconductors.
LPE of SiC from molten silicon is difficult due to the high temperatures, the highly
reactive nature of molten silicon, and the relatively slow growth rates. Other solvents for
SiC LPE, such as Ga-Yb (Safaraliev et al., 1984), Sn-Al-Ga, Ga-Al (Dmietriev, 1993),
Sc (Yakimova et al., 1995), Ga/Sn, Ni, Cu, and Zn-Al (Mauk et al., 2001) and Al-Sn
(Tanaka et al., 2004), would permit lower growth temperatures (950–1200 ◦C) and/or

higher growth rates. A more recent and specific application of LPE to SiC relates the
reduction of micropipe defects in silicon carbide, which plague SiC material grown by
physical vapor transport processes such as the modified Lely technique. Filip et al. (Filip
et al., 2004, 2005) described the LPE growth of SiC on 4-H SiC substrates from SixGe1−x
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(x = 0.1, 0.2, 0.3) melts at 1650 ◦C, saturated with carbon from the graphite crucible, with
a growth rate of 0.5µm h−1, yielding a micropipe reduction of about 80 % in 10 µm thick
SiC epilayers. While this work is directed toward electronic power device applications
that are sensitive to micropipes, the use of LPE to produce low-defect SiC epilayers could
be of interest for SiC-based LEDs and SiC epitaxial substrates for GaN-based LEDs.

13.3.2 Wide-bandgap II-VI compound LEDs

ZnSe, and ZnSexS1−x and Zn1−u−vMguBevSxSe1−x alloys, epitaxially grown on a ZnSe sub-
strate, are also viable candidates for blue LEDs. There has been considerable effort devoted
to these materials for blue LEDs and laser diodes, including a substantial amount of work
using LPE (Ruda, 1992). The main limitations encountered with ZnSe and related alloys
include the difficulty in doping them p-type, and the generation or accumulation of defects
which degrade device performance and operating life, the latter of which is more crucial for
lasers than LEDs due to the high current density employed with laser diodes. The notion that
GaN technology has completely eliminated further consideration of ZnSe for blue LEDs,
however, is not accurate. ZnSe-based blue LEDs have several potential advantages over
GaN-based blue LEDs (Compound Semiconductor, 2002). First, a wider range of color tem-
peratures (3500–8000 K for ZnSe versus 6000–8500 for GaN-based devices) provides
‘warm color lighting.’ Second, ZnSe conducting substrates permit front and back contacts,
unlike GaN-on-sapphire devices where both contacts have to be made from the frontside.
Third, the simultaneous bicolor (blue and yellow) emission possible with ZnSe LEDs can
provide simpler approaches to white-light LEDs that otherwise require a yellow phosphor
and more complicated packaging. Sumitomo Corporation is commercializing a ‘white’
ZnSe-based LED and reports operating lifes of over 10 000 h (Nakamura, 2005).

For many years, it was considered practically impossible to dope ZnSe p-type for
a number of fundamental reasons based on a combination of dopant solubility limits,
native defect compensation, and doping self-compensation (Mandel, 1964; Dismukes,
1970; Laks and van de Walle, 1992, 1993; van de Walle et al., 1992a,b, 1993, 1995; Chadi,
1994a,b). The numerous demonstrations of viable p-n junction ZnSe LEDs shows that
this conclusion was erroneous. Some of the early instances of practical p-type doping in
ZnSe used nonequilibrium growth techniques, such as MOCVD and MBE, combined with
nonequilibrium doping methods such as plasma nitrogen sources (Fan et al., 1994). Thus,
a relevant question is whether near-equilibrium growth process such as LPE could also
produce p-type ZnSe material. More than a few reports indicate the affirmative. Bahrgava
(Bahrgava, 1982) reviewed the liquid phase epitaxy of ZnSe and various efforts to incor-
porate acceptor impurities in ZnSe. Kosai et al. (Kosai et al., 1979) reported the p-type
doping of ZnSe by LPE using bismuth as a metallic solvent, yielding p-ZnSe epilayers
with high resisitivities (>105Ω cm) and low hole mobilities (<5 cm2 V−1 s−1), indicat-
ing a high level of compensation. Nishizawa et al. (Nishizawa et al., 1992) showed that
p-type ZnSe (with a net hole concentration up to 3 × 1017 cm−3) could be grown at 950 ◦C
from Se-rich melts with a 3 atm overpressure of zinc. Extending this process, Sakuri et al.
(Sakuri et al., 1997) described the LPE of p-type ZnSe using Na2S or LiN3 as p-type
dopants. Krasnov (Krasnov, 1995) reported the LPE growth of ZnSe using LiF as a dopant.
With regard to doping studies, the wide selection of dopants available with LPE is an
important advantage. Doping is also influenced by crystal stoichiometry (Zn1−δSe), and the
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concentration of defects such as vacancies and antisites. In solution growth methods such
as LPE, the solid-phase stoichiometry and concentration of point defects is determined in
part by the relative chemical potentials in the liquid phase, e.g. µL

Zn and µL
S in the case of

ZnSe LPE and the overpressures of Zn and Se. The liquid phase chemical potentials of zinc
and selenium can be adjusted by adding other components, e.g. bismuth, tin or gallium,
to the melt. This provides some additional flexibility in controlling doping phenomena.

There are several other reports of LPE of ZnSe and related II-VI compounds of potential
interest for LED applications. Rubinstein (Rubinstein, 1968) summarized the solubilities of
some II-VI semiconductors (ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe) in molten bismuth, cad-
mium, and tin. Fujita et al. (Fujita et al., 1979) described the LPE growth of ZnSe-ZnTe
heterojunctions. Fujita et al. (Fujita et al., 1978) observed a ‘remarkable enhancement’ of
blue luminescence in LPE ZnSe layers grown from Zn-Ga alloy melts which they attributed
to a reduction in Zn vacancies. Nakamura and Aoki (Nakamura and Aoki, 1981) reported the
growth of ‘highly luminescent’ layers of ZnS, ZnSe and ZnSexS1−x alloys using tellurium
as the metallic solvent. Heurtel et al. (Heurtel et al., 1982) presented a thermodynamic cal-
culation of the Zn-Se-Sn ternary phase diagram for the application of LPE to the special
case of melt compositions with equal atomic fractions of Zn and Se. Fitzpatrick et al. (Fitz-
patrick et al., 1981) reported spectroscopic studies of background impurities in ZnSe grown
by LPE. Werkhoeven et al. (Werkhoeven et al., 1981) demonstrated high purity layers of
ZnSe grown by LPE. Ido and Miyasato (Ido and Miyasato, 1982) described a temperature-
difference technique for the growth of ZnSe from Ga solutions.

13.3.3 III-V nitride LEDs

GaN and related III-V nitrides are the pre-eminent material technology for blue LEDs.
The application of LPE to GaN is challenging due to the high vapor pressure of nitrogen
and its low solubility in molten Ga (Thurmond and Logan, 1972), although this could
ameliorated by using other solvents such as molten sodium that permit lower growth tem-
peratures (Yamane et al., 1998). GaN LPE is the subject of Chapter 7, so the discussion
here is limited to a few potential LED applications. For instance, LPE might be employed
for growth of low-defect layers, lateral overgrowth over patterned, masked substrates (see
below) for buried mirror structures and defect filtering, for selective meltback of GaN lay-
ers (Novikov et al., 1997), or for faceted growth to improve optical coupling as discussed
in Section 13.5.

13.4 LPE FOR MID-INFRARED LEDs

This mid-infrared spectral range (2–6 µm wavelength) is well served by LEDs and detec-
tors made in LPE-grown III-V antimonides: InGaAsSb and InAsSbP, and their related
alloys. The main application is molecular spectroscopy and gas sensing. It is relatively
straightforward to modify melt compositions to grow semiconductors with bandgaps rang-
ing from 0.25 to 0.6 eV, although miscibility gaps and lattice matching constraints limit the
available bandgaps of some these materials systems. As LPE of these low-bandgap III-Vs
are covered in more depth in companion chapters, a discussion of relevant LPE technol-
ogy will be limited to a few representative LED applications, and in particular, to some
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of the more prominent examples of LPE-grown mid-infrared LEDs that serve to under-
score some of the achievements realized with LPE in this area. More extensive reviews
of mid-infrared LEDs and their fabrication by LPE are given by Krier (Krier, 2001).
As Krier (Krier, 2001) notes, there is a very extensive Russian literature on mid-infrared
LEDs featuring efforts by the Ioffe Institute and other Russian and Eastern European
workers. Fisher and Krier (Fisher and Krier, 1997) compared the photoluminescence effi-
ciency of InAs grown by melt growth (i.e. bulk crystallization of InAs wafers), MOCVD
and LPE, and found that LPE produced the material with highest luminescence efficiency.
There does not appear to be any follow-up studies or more-recent systematic comparisons
of different epitaxy methods and their utility for producing mid-infrared materials with
high luminescence efficiency. However, a case can be made that LPE-grown material
is superior in this respect due to the combination of low-point defect densities and low
background doping, both of which are associated with mid-gap recombination centers
that reduce near-bandgap luminescence. Low point defect densities result from near-
equilibrium growth conditions, and possibly also from growth under group III-rich (i.e.
Ga- or In-rich) conditions, as opposed to the group V-rich conditions encounted in MBE
or MOCVD growth. With regard to impurities, in addition to the favorable impurity get-
tering inherent in growth from the liquid phase at low temperatures, rare-earth gettering
can be employed in LPE to further reduce the background impurities or residual doping
of LPE material (Gao et al., 1999; Krier and Sherstnev, 2003). Still, the performance
of mid-infrared emitters may be limited by nonradiative Auger recombination that com-
petes with the near-band radiative recombination paths for injected minority carriers. Krier
(Krier, 2001) notes two general approaches to improving the performance of mid-infrared
LEDs: (1) rare-earth gettering to reduce residual impurities, as exploited exclusively in
LPE; and (2) suppression of Auger recombination with type-II interface quantum well
structures. The second expedient is difficult to realize with LPE. On the other hand, MBE
and MOCVD have been used to make strained layer superlattices InAsSb and InAsP
mid-infrared LEDs (Grietens et al., 1997; Allerman et al., 1998). The development of an
LPE-based technique that could make device designs, e.g. quantum well, superlattice,
or strained layer structures, that suppressed Auger recombination effects could lead to a
significant improvement in mid-infrared LEDs.

Some other work in this area is worth noting. Gong et al. (Gong et al., 2000)
described InAs/InAsxP1−x−ySby /InAsxP1−x−ySby and InAs/InAs1−xSbx compositionally
graded layer multilayer LEDs made by LPE. At 300 K operation, an output power
of 10µW with peak emission of 4.8µm was achieved. Gong et al. (Gong et al.,
2002) reported n+Ga0.1In0.9Sb/n-InSb/p+-Ga0.1In0.9Sb heterostructure LEDs grown by
LPE at growth temperatures between 350 ◦C and 360 ◦C. The LEDs exhibited a peak
wavelength of 5.3 µm, and with drive currents of 300 mA, 200µW of optical power
was measured at an operating temperature of 77 K. These LEDs have potential
applications for NO gas sensors. Moiseev et al. (Moiseev et al., 2004) reported room-
temperature photoluminescence of Ga0.96In0.04As0.11Sb0.89 LPE-grown layers lattice-
matched to InAs. Astakhova et al. (Astakhova et al., 2004) made LEDs in GaInAsSb
alloys grown from melts containing lead (Ga-In-As-Sb-Pb), which widens the range of
compositions and growth temperatures compared with growth of GaInAsSb from Ga-In-
As-Sb melts. External photon yields at room temperature were 1.6 % and 0.11 % for LEDs
with emission wavelengths of 2.3 and 2.44 µm, respectively. Matveev et al. (Matveev
et al., 2002) discussed the operation of LPE-grown graded-bandgap InAsSbP LEDs,
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including positive luminescence (forward-bias) and negative luminescence (reverse-bias)
operation. Bonded LEDs made from this material operated at 20–85 ◦C with emission
wavelengths ranging from 5 to 6µm.

13.5 LPE FOR NEW LED DESIGN CONCEPTS

The total efficiency ηtotal of an LED is the product of several efficiencies:

ηtotal = ηinj · ηrad · ηext

where ηinj is the injection efficiency, the fraction of total current due to the injection
of minority carriers into the luminescent ‘active’ region of the device. Less than perfect
injection efficiency is due to perimeter or leakage currents or injection of minority carriers
into the wide-bandgap emitter or cladding layers. The radiative efficiency, ηrad, is the
fraction of injected minority carriers that recombine radiatively to generate a photon with
near-bandgap energy. Losses in radiative efficiency are due to nonradiative minority carrier
recombination at surfaces, defects, or otherwise due to mid-bandgap energy levels. The
extraction efficiency, ηext, represents the fraction of generated photons that are usefully
coupled out of the device and contribute to the external luminescent emission. Losses
in coupling efficiency are due to parasitic optical absorption in the substrate or metal
contacts, or light escaping from surfaces or edges of the device that cannot be efficiently
utilized for the particular application, such as sourcing an optical fiber or illuminating
a display. Coupling efficiency losses are exacerbated by the multiple internal reflections
due to the isotropic nature of radiative emission such that most emitted photons will be
incident upon surfaces at angles exceeding the critical angle for total internal reflection.

For well-developed semiconductor materials, such as GaAs, AlGaAs and InGaP, the
injection and radiative efficiencies can be very high, especially in heterostructures where
the luminescent (base) layer is sandwiched between wide-bandgap emitter or cladding
layers. Thus, there is little room for their further improvement with respect to injection
and radiative efficiencies. The extraction or coupling efficiency, however, is relatively
low (∼10 %) in the rectangular LED die geometries such as shown in the Figure 13.1.
It has been recognized for some time that shaped, sculpted or faceted LEDs could pro-
vide much improved extraction efficiencies. Conventionally, these shapes are produced
from planar epitaxial structures using a combination of mechanical polishing and shaping,
masking, photolithography, and selective etching. These processing steps are generally not
cost-effective for most types of LEDs. On the other hand, the near-equilibrium growth
conditions of LPE that facilitate selective epitaxy, selective meltback and regrowth, and
epitaxial lateral overgrowth (ELO) on patterned, masked substrates, as well as conformal
and faceted growth, can provide LED device geometries with high optical coupling effi-
ciencies. Device structures with performance-enhancing optical features are achieved as a
consequence of the growth phenomena characteristic of LPE, rather than through elaborate
post-growth patterning, masking and etching. This could considerably lower fabrication
costs, thus permitting the utilization of these features in inexpensive LED devices.

The following examples of LED and other optoelectronic devices produced by LPE
will serve to illustrate the various device structures that can be achieved by selective
LPE on masked substrates. Figure 13.2(a) shows selectively grown AlGaAs LED made
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Figure 13.2 Faceted structures made by LPE on masked substrates with mask opening for selec-
tive seeding. (a) Selective AlGaAs LEDs grown by LPE on stripe-patterned, oxide masked, MBE-
grown GaAs-on-silicon epilayer. (After Sakai et al., 1988). (b) Selective LPE of InP faceted crystals
on masked, MOCVD-grown InP-on-silicon epilayer. (After Schnabel et al., 1995)

by LPE on an oxide-masked GaAs-on-silicon epilayer grown by MBE. The mask is
patterned with 6 µm wide stripe openings yielding an LED structure that can lead to
higher extraction of light. Figure 13.2(b) shows a similar approach, but selectively grown
InP on a stripe-patterned, nitride-masked InP-on-silicon layer made by MOCVD. The
differences in morphology and facetting between Figure 13.2(a) and (b) are likely due
to a combination of differences in growth temperature, melt supersaturation, substrate
misorientation, effects of lattice mismatch (4 % for GaAs on silicon, 9 % for InP on
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silicon), wetting properties of the mask layer for their respective melts, and differences
in growth rate. Actually, the main objective of such approaches is to reduce the effects
of lattice mismatch and thermal expansion mismatch on quality of the AlGaAs or InP
material. These selective LPE processes for AlGaAs-on-silicon and InP-on-silicon are
remarkably effective at producing optoelectronic device structures with high material
quality, despite the high degree of lattice mismatch and thermal expansion mismatch (see
Chapter 12). The unique facetted cross-sections, and their potential for improving the
external coupling efficiencies of LEDs, are in some respects a gratuitous feature of these
processes.

Along similar lines, although not developed for LEDs per se, selective LPE on
masked substrates with circular trenched openings yields pyramidal structures, as shown
in Figure 13.3. This particular selective LPE with trenched seeding regions produced
‘hollow’ pyramids thus demonstrating some of the truly unique structures possible with
LPE. Solid pyramids (Trah, 1990), flat hexagons (Cotter et al., 1992), and other highly
faceted shapes (Zhang et al., 2005) have been produced by selective LPE on patterned,
masked substrates (with no trenching of the seeding region defined by openings in the
mask coating the substrate).

Semiconductor structures with curved surfaces approximating conventional lenses can
be made by LPE meltback and regrowth processes. Surface-emitting AlGaAs/GaAs LEDs
with a buried window cylindrical lens (Figure 13.4) using a one-step LPE method were
reported by Yoo et al. (Yoo et al., 1988). The same group (Hahm et al., 1991) developed
a hemispheric AlGaAs microlens LED [Figure 13.5(a)] using a similar LPE meltback and
regrowth technique, which showed significantly enhanced optical output with respect to
similar LEDs with planar surfaces [Figure 13.5(b)].

ELO can be utilized to make LED structures with ‘buried mirrors’ to enhance perfor-
mance. Mauk et al. (Mauk et al., 1997) used LPE to grow AlGaAs double heterostructures
over stripe-patterned, masked GaAs substrates such that a substantial part of the LED
was formed over the reflective mask layer coating the substrate (Figure 13.6). Mask lay-
ers studied included oxides, nitrides, refractory metals, and multilayer stacks of e-beam
deposited SiO2 and polysilicon to form Bragg reflectors. A more than three-fold improve-
ment in optical output could be attributed to the inclusion of the reflective mask between
the substrate and epitaxial LED structure that functioned as a buried mirror to increase the
external efficiency of the LED. As such, ELO can be developed for almost any semicon-
ductor material that can be grown by LPE, and this approach should be widely applicable
to many types of LEDs.

13.6 OUTLOOK

The future role of LPE in LED technology may be limited on account of the preference
for MOCVD to make AlInGaP and III-V nitride materials for ultrabright, blue, and white
LEDs. LPE could provide a supporting role for low-defect epitaxial substrates used for
MOCVD growth of LED structures. More speculatively, commercial applications of the
shaped LED structures that incorporate buried mirrors, faceted surfaces, or lens like struc-
tures, readily produced by selective LPE and selective meltback, could provide a versatile
platform for LPE technology.

Mid-infrared LEDs made in the low-bandgap III-V antimonides could provide another
niche market for LPE. It should be a simpler task to extend existing LPE technology
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Figure 13.3 Hollow pyramid structures produced by selective LPE in trenched openings of a
masked substrate (a) Photograph; (b) crystallographic planes; and (c) section indicating hollow
interior. Reprinted from Semiconduct. Sci. Technol., 17, K. Balakrishman et al., 729, Copyright
(2002), with permission from IOP publishing Ltd
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Figure 13.4 (a) Surface-emitting AlGaAs/GaAs LED with buried-window cylindrical lens made
by a one-step LPE process. (b) Fabrication process. Meltback, regrowth, and epitaxial growth of
LED structure is performed in a single LPE process. (After Yoo et al., 1988)

for the growth of novel quaternary and higher-component number alloys, than to develop
MOCVD or MBE processes for these small-volume speciality applications. Further, it is
plausible that superior material quality, especially with rare-earth gettering techniques,
can be realized with LPE. The main limitation is that more sophisticated LED structures
incorporating quantum wells, strained layers and superlattices cannot be easily made by
LPE. These features may be crucial for reducing Auger recombination losses in some
applications.

The economics of LPE for commercial LED production are favorable, more so than
probably for any other device application. One LED equipment manufacturer offers a
dipping-type LPE system designed for a three-layer epitaxial structure that can process
one hundred 100 mm diameter substrate wafers per day. This would produce 7800 cm2 of
LED material per day, and assuming about 1 mm2 of substrate is consumed for each LED
die, daily production from one such LPE system would be roughly 780 000 LEDs. A rule
of thumb allots about 10 % of LED cost for epitaxy. For a manufacturing cost of US$
0.10 per LED die, this appears to provide sufficient rational for such an LPE system with
respect to capital investment and depreciation, operating costs (electrical consumption,
maintenance, direct labor and overhead), and consumables (melt materials, hydrogen).



LPE FOR LEDs 429

(a)

(b)

metallization

light emission

GaAs substrate

AlGaAs
GaAs

AlGaAs

GaAs
ohmic contact
metallizationSiO2

lens-shaped LED

flat surface LED

50
0

25

50

75

100

125

150

100 150
Injection current (mA)

O
p

ti
ca

l p
o

w
er

 (
m

m
)

Figure 13.5 (a) Cross-section of hemispherical microlens LED made by LPE meltback and
regrowth. (b) Optical power comparison of microlens LED with conventional LED. (After Hahm
et al., 1991)
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Figure 13.6 AlGaAs double heterostructure formed by liquid-phase ELO on a substrate masked
with a reflective coating. The coating is patterned with 10 µm wide stripe openings. Lateral over-
growth up to 400–500µm in width can be achieved. The reflective coating between the GaAs
substrate and AlGaAs device structure functions as a buried mirror, which prevents parasitic opti-
cal absorption of luminescence in the substrate, resulting in a higher optical output. (From Mauk
et al., 1997)
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