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Growth of III-V compounds by liquid phase epitaxy
B M ARORA
Tata Institute of Fundamental Research,Homi Bhabha Road, Bombay400 005, India
Abstract. In this paper, we shall review important aspects of the growth of thin single
crystal layersof binary, ternary and quaternaryIII-V compoundsemiconductorsby liquid
phase epitaxy (LPE). The emphasis will be on materials which can be grown latticematched to the common substrate materials GaAs, InP and GaSb. Usefulness and
limitations of the LPE techniqueare highlighted.
Keywords. Liquidphase epitaxy; III-V compounds;lattice-matching.

1. Introduction
The art and science of growing thin single crystal layers of III-V compounds by
liquid phase epitaxy (LPE) has advanced into a mature field and a number of
reviews (Dawson 1972; Kressel and Nelson 1973; Giess and Ghez 1975; Brice 1977;
Foster 1977; Hsieh 1980; Benz and Bauser 1980; Nakajima 1985) covering various
aspects are available in the literature. Historically, Nelson (1986) first applied the
technique for the growth of thin layers of GaAs. Rupprecht et al (1967) grew the first
alloy structures with LPE-GaAIAs p-n junction electroluminescent diodes.
Subsequent fabrication of low threshold heterostructure lasers by LPE (Alferov
et al 1969; Casey and Panish 1978) was a major achievement of the process. The
introduction of the 'sliding-boat' (Alferov et al 1969; Nelson 1971, Panish et al 1971)
proved to be an important step for the growth of a large variety of multilayered
structures using binary, ternary and quaternary materials for optoelectronic
(Kressel 1974) and microwave applications (Roztoczy and Kinoshita 1974).
Although a number of other epitaxial growth techniques such as vapour phase
epitaxy (VPE) (Grunbaum 1975; Beuchet 1985), molecular beam epitaxy (MBE)
(Tsang 1985) and metal-organic vapour phase epitaxy (MOVPE) (Stringfellow 1985;
Razeghi 1985) have become available over the years, LPE continues to be used for
experimenting with new materials and new structures because (i) it is simple to
implement, and (ii) it can yield materials of very high electrical and optical quality.
If, however, the epi-layer thicknesses are very small < 100~, such as used for
quantum wells and superlattices, then MBE and MOVPE are more suitable growth
techniques.

2. Basic concept
Growth by LPE is basically growth from a liquid solution. The solvent is generally
a group III element such as Ga or In, which is one component of the material to be
grown. Other components of the solid are added as solute to make a saturated
solution. Thus, to grow an epi-layer of GaAs, one forms a saturated solution of
arsenic in gallium. The amount of solute, necessary to prepare a saturated solution
at the desired temperature/'sat, is given by 'liquidus' part of the phase diagram. For
growing binary semiconductors, the liquidus curves with Ga and In as solvents are
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given in Kressel and Nelson (1973). LPE growth of IlI-V compounds by using
other solvents such as Sn has also been described in the literature (Dutartre and
Gavand 1984; Chandvankar and Arora 1987).
To initiate growth, saturated solution is brought into contact with a suitable
substrate and allowed to cool below Tsat. Growth proceeds mainly by diffusion of
the solute from the bulk of the solution towards the solid-solution interface. There
are three basic schemes used in the cooling of the solution:
i) Step cooling. The solution is cooled below Tsat by a few degrees AT before
making contact with the substrate. Such a solution is called super-saturated or
supercooled. AT is limited to 5-10°C to prevent any 'spontaneous' nucleation and
growth in the solution.
ii) Equilibrium or ramp coolino. The solution is brought into contact with the
substrate at temperature Tsat and then cooling of the solution is begun at a linear
rate or°C/rain.
iii) Supercooling. Cooling of the solution is started at a linear rate before making
contact with the substrate. After cooling by AT below Tsat, the solution is contacted
with the substrate and the cooling is continued. This scheme combines (i) and (ii).
In addition to these, a two-phase approach (Hsieh 1980) in which a source crystal
is placed on top of the growth solution and kept in touch with it during the entire
growth process has been used at times.
In a simple binary system, the thickness of the grown layer as a function of the
growth duration t is given by a simple relationship (Small and Barnes 1969; Rode
1973; Hsieh 1974)
d(t) = at 1/2 + bt s/2,

(1)

where the first term is because of the supersaturation by AT with
a=

mrs

and the second term is due to the cooling of the solution at linear rate ct with
b=

3

mCs"

(lb)

In (la) and (lb), m is the slope of the liquidus dT/dC t', D the diffusion coefficient of
the solute in the solvent at the growth temperature, and Cs the molar fraction of the
solute in the growing solid (C~=0.5 for a binary compound). Equation (1) is valid
over a limited temperature range since variation of the slope of the liquidus with
temperature is ignored. Furthermore, it ignores any other means of solute transport
such as mixing by convection. In addition, it is known (Mikawa et al 1972; Rode
and Sobers 1974) that growth near the edges may be thicker than in the central
region. Thickness is generally measured by cleaving a section, staining the junction
and observing it under an optical or electron microscope. A list of staining solutions
is given in table 1.
The description of the growth of ternary and quaternary semiconductors is more
involved because of the following reasons: (i) bulk transport of several solute
components in the solution, (ii)transient effects of interface between binary
substrate and multicomponent solution upon contact, (iii) substrate orientation
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Table 1. Compositions of (A) polishing, and (B) junction revealing chemical solutions
(ratios by volume).
(A) Material

Polishiny solution 1

GaAs substrate

3H2SO 4 : 1H202 : 1H20
Cool to ~40°C; etch for 3 0 4 0 s

InP substrate

20H2SO4: 1H202:1H20
60 s etch, DI water rinse, followed by etch in ~ 1% Brmethanol, for 1 min

GaSb substrate

1HNO 3 : 5HCI
Etch for 30 s or water oxidise for 10 min; etch for 30 s in
IHF: IH20

(B) Structure

Junction revealiny solution z

GaAs epi/GaAs substrate

A-B etchant, 30 s - 1 min
A 0"3 gm AgNO3 +40ml H F + 4 0 m l H20
B 40gm C r O 3 + 4 0 m l H20
(Store A and B separately; mix fresh in equal parts)

GaASl-xSbx epi/GaAs substrate
(0<x<0"2)

Same as above

GaSb epi/GaSb substrate

20K 3 [Fe(CN)6] : IKOH : 1H20
(Prepare IN solution)
Mix and use immediately. Etch for 2 min

lnP epi/InP substrate

A B etchant
A 12gm K O H + 5 0 c c H20
B 8 gm K3[Fe(CN)6 ] + 50cc H20
Mix in equal volumes and etch for ~ 3 min.

lnGaAsP epi/InP substrate

Same as above, time 10-30 s

InGaAs epi/lnP substrate

Same as above, time 3 s
or
10H20: IHzOz: IHF, time 1 min

IStewart 1967; Fuller and Allison 1972; Tuck 1975; Kern 1978; Nishitani and Kotani 1979.
2Abrahams and Buiocchi 1965; Hales et al 1971; Oslen and Ettenberg 1974; Sankaran et al 1976; Chin
and Law 1981; Malathi Ghosh, private communication.

effects, and (iv) liquid and solid composition variations during growth (Illegems and
Pearson 1969; Crossley and Small 1974; Isozumi et al 1977; Joullie 1977; Nakajima
et al 1982). Some of these aspects will be discussed in § 5.
3.

LPE system

Several boat designs for LPE growth have been used by different workers. These
include (i) tipping (Nelson 1963), (ii) vertical dipping (Rupprecht et al 1967), and
(iii) sliding (Alferov et al 1969; Nelson 1971; Panish et al 1971), as shown
schematically in figure 1. Tipping and dipping are generally used for single layer
growth, while the sliding technique is the most favoured for multilayered growths.
Several modifications of these basic systems exist (Lockwood and Ettenberg 1971;
Woodall 1971; Thompson and Kirby 1974; Kaufmann and Heime 1977; ScheeI
1977). Attempts have also been made to design the apparatus for production
purposes (Lorimor et al 1973; Mottram and Peaker 1974; Saul and Lorimor 1974;
Lynch et al 1979; Small et al 1979; Heinen 1982).
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Figure 1.

Schematic diagrams of LPE system,(a) tipping, (b) dipping and (e) sliding.

Figure 2 shows a slider boat which we have used for several years. It is made of
high purity high density graphite. After machining and cleaning it was fired at high
temperature (,~ 1400°C) in 10-4-10 - 5 Torr vacuum before use. Occasionally, we fill
the solution wells with gallium and bake at 900°C in high purity hydrogen to leach
the impurities. All growths are carried out in high purity hydrogen.
In order to carry out growth, we use solvent amounts of about 250-500 mg. The
solvent is generally baked at 800-900°C in high purity hydrogen for a few hours
before use. The rest of the components are cleaned before weighing. For a binary
compound, the saturation of the solution is ensured by initially taking less than the
amount of solute required for saturation, homogenising the solution, and then
keeping the homogenised solution in contact with a substrate of the same material
at the desired saturation temperature Tsat. Thus to grow GaAs at 750°C we
homogenise the solution for one hour and then saturate it for one hour at 750°C. In
the case of ternary and quaternary compounds, accurate weighing of the starting
components is necessary to ensure saturation. In case the solution has an element
like phosphorus which sublimates readily, a plug is put on top of the well
containing the solution. Any loss should be provided for by adding extra material in
the beginning. The homogenised/saturated solution is heated to a few degrees
(~5°C) above Tsat and slow cooling is begun (typically 0.2-0-4°C/min). In most
cases, we supersaturate the solution by cooling it below Tsa t by about 2-5°C. The
solution is then brought into contact with the substrate, while continuing the
cooling. Growth is terminated by separating the solution from the growth substrate.
If the surface of grown epi-layer is good, without any roughness and protrusions or
voids, the wipe-off will be good and no solution will be left behind. Clean wipe-off is
absolutely necessary if more than one layer has to be grown.
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Figure 2. A slider boat.

To ensure good growth, the ouality of surface on which the growth is initiated
should be smooth, featureless arLd free from any foreign matter. To begin with, the
substrate is mirror-polished and cleaned in organic solvents. Just prior to loading in
the growth reactor, it is etched in suitable etchant (see table 1), washed and dried.
However, the substrate surface may degrade due to heating during homogenisation/
saturation of the solution. For example, the InP substrate will lose substantial
amounts of P at 650°C and show extensive pitting. We provide protection to the
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substrate by covering it with a smooth graphite plate, kept in touch with the
substrate. At times, the solution is baked for long hours in order to reduce the
background doping concentration (Kaufmann et al 1976; Wrick et al 1977; Oliver
and Eastman 1980; Cook et al 1982). During this treatment, the substrate surface
will certainly degrade despite some protective cover. Even if the surface does not
look degraded, its electrical and optical characteristics can be different from the
bulk of the substrate. In all such cases, the substrate is in-situ back-etched with a
suitable solvent or undersaturated solution just prior to initiating the growth. It is
essential that the quality of the back-etched surface should be good to ensure a
smooth epitaxial growth (Subramanian et al 1979; Chandvankar et al 1988). For
GaAs, we generally use a 40°C undersaturated Ga solution. For InP, we have used
pure In (Subramanian et al 1979; Chandvankar et al 1988). Etching duration is kept
to a minimum, less than 5 seconds.

4. Surface morphology
Surface morphology of the grown layers depends on several factors. If the heated
substrate develops oxide patches or other impurities because of the initial
preparation or poor quality of the gas, the solution will not wet the substrate
uniformly. In this case, the growth will be patchy or show island growth (figures 3a
and b). We usually carry out a heat treatment run of the substrate to clear this
aspect i.e. the substrate should look unaffected by the heat-treatment. The quality of
gas, the water used in the cleaning of the substrate prior to loading and the process
of drying are all important. Particulate matter may get on the substrate surface
from within the reactor because of (i) loose carbon particles created by rubbing of
the boat parts, and (ii) spontaneous nucleation on the solution surface by improper
supersaturation. These produce spurious nucleation sites and lead to voids and
depressions (Bauser 1978).
A very common feature of growth by LPE is that the surface comes out
to be 'terraced' and 'rippled' instead of remaining flat (figure 3c). Cellular, ridged
and wavy growths are also observed (Crossley and Small 1973). Early works
(Minden 1970) attributed these features to 'constitutional supercooling' i.e. there is
solidification in the liquid ahead of a planar solution-solid interface (Ghandhi 1983).
The growth front then becomes nonplanar, forming protrusions and cellular
features (Nishinaga et al 1977). Saul and Roccasecca (1973), however, showed that
the ripple features arise mainly from substrate orientation and appear both in
growth as well as etch-back. Mattes and Route (1974) showed that nucleation
begins on low index planes. So, if the surface is misoriented with respect to a low
index plane, then the nucleation is not random but along microscopic steps at the
intersection of substrate surface and the low index plane. As a result, the substrate
solution interface becomes nonplanar. Microscopic steps will generally be
distributed in height and width. During growth, the smaller steps merge into the
higher ones. This causes the average step height and width to increase leading to
easily visible ripples and terraces. These phenomena have been investigated in great
detail by Benz and Bauser (1980).
Growth free from ripples and terraces may thus be obtained if the substrate is
accurately oriented to within 0.1 ° of a low index plane (Peters 1973). This, however
is a very stringent requirement considering that normal orientation of the substrates
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Figure 3 (a--e). For caption, see p. 26.

is often within +0.5 ° with respect to a low index plane. Hsieh (1974) found that
supercooling the solution by a few degrees into a metastable state without causing
spontaneous nucleation, can produce smooth growth on nominally oriented

Figure 3 (d-g).

For caption, see p. 26.
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substrates. Supercooling the solution reduces the barrier for nucleation, which then
occurs randomly and in greater concentration thereby reducing the average step
height and width and the surface retains planarity. Subramanian and Arora (1975)
suggested that back-etching may be effective in producing a surface nearer to a low
index plane, thus further improving the planarity. Figure 4 shows a growth after 1
and 3 s on such back-etched surface. Thus, the back-etching and supersaturation
steps described previously can help in improving the growth quality and most
workers use these techniques.
Other features which are generally seen on the surface include (i) facets near the
edges of the epitaxial growth-facets show an absolutely smooth mirror-like growth
and represent growth in an exactly oriented direction (figure 3d) and (ii) meniscus
lines-which are produced by a halting 'stick slip' motion of the solution on the
substrate (figure 3e) during the sliding action.

5. Some aspects of growth of ternary and quaternary compounds
(i) A requirement of good epitaxial growth is that the lattice constant of the epilayer and the substrate should match perfectly (Kressel and Nelson 1973).
Mismatch in the lattice constant creates misfit dislocations at the interface, with
linear density Aa/(a) 2, where Aa=Iasub-aepil and {l=(I/2)(asub+aepi). These
dislocations travel and weave through various epitaxially growing planes and
produce a typical cross-hatch pattern on the surface (figure 3f). Since the choice of
substrates is limited to binary materials like GaAs, InP and GaSb, matching
requirement of the lattice constant restricts the composition of ternary and
quaternary materials which can be grown well on the binary substrates. The system
of solid solutions Gal _,AlxAs is matched to GaAs to within 0.14% over the entire
composition range and is the best matched ternary-binary system. In contrast
Inl_xGa~P is matched to GaAs for only one composition x=0.52. Similarly, there
is one ternary composition ln~ ~Ga,As matched to InP at x=0.47. Quaternaries
like Inl_,GaxAsl yP~. offer a much larger range of materials which can lattice
match to lnP, x varying between 0 to 0.45 and y varying between 0 and 1. Despite
this freedom, however, Ihere still is strong restriction on composition imposed by
the matching requirement. For example, in the In~_xGaxAsyPl_y--InP system, the
condition is y ~ 2.2x.
(ii) The strong restriction on the epi-layer composition for good lattice match
requires that the composition of the solution at the growth temperature has to be
precisely known and controlled. However, this is non-trivial. Even the liquidus
composition in multicomponent solution is difficult to establish accurately because
the solid of the desired composition needed to exactly saturate the solution is
generally not available. An approximate determination of the liquidus and solidus
can be done by theoretical model calculations (Illegems and Pearson 1969; Jordan
1972; Panish and Illegems 1972; Huber 1973; Jordan and Illegems 1975; Osumura
and Murakami 1975; Teramoto et al 1979). For actual growth, however, detailed
tables of the solution compositions, which are saturated at particular temperature
T~t and the corresponding equilibrium solid compositions are prepared by a series
of saturation and growth experiments. An example of this is the liquidus and solidus
determination by Nakajima et al (1980) for the growth of In 1_xGaxAs 1_yPy lattice
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Figure 4. Growth of GaAs on GaAs (a) after 1 s; 200 x ; (b) after 3 s; 75 ×.

m a t c h e d to InP. An a d d e d c o m p l i c a t i o n is that these c o m p o s i t i o n s of the solidus
and the liquidus m a y d e p e n d on the g r o w t h o r i e n t a t i o n ( A n t y p a s et al 1978; O e a n d
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Sugiyama 1978; Feng et al 1980) because the distribution coefficient of the
components of solid depend on the orientation of the growing solid, thus showing
the role of interface kinetics. Another problem arises because of the high
distribution coefficient (5 to 10) of some component in the solution, i.e. the amount
of one component in the saturated solution to produce a solid of the required
composition may be small. For example, the Ga atom fraction in the solution used
for growing Ino.53Ga0.47 As is just 0-03. As the solid grows, this component is slowly
depleted from the solution and variation in-the solid composition may resuli unless
the growth thickness is restricted (Nakajima 1982, 1985). So long as the layer
thickness is restricted, layers of near constant composition are produced by various
growth techniques, step cooling (Feng et al 1980) and ramp cooling (Nakajima
1982, 1985; Chakravarty 1988). Some workers have used a two-phase solution
technique (Sakai et al 1977; Feng et al 1979) for thin layer growths in which a solid
piece of a constituent compound such as InP is kept on top of the solution in the
growth of InGaAsP. This piece is in equilibrium with the solution before starting
growth. Furthermore, growth occurs on this piece also during the cool down below
Tsat(iii) In some systems where lattice matching of the epi-layer substrate system is not
possible such as in the growth of GaAs 1-xSbx on GaAs or GaAsl _xP~ on GaAs, it
is preferable to avoid growing the large mismatched epi directly on the substrate.
Instead a graded composition layer or a bunch of multiple layers of slowly varying
composition is interposed between the desired epi-layer and the substrate. This has
the effect of reducing the abruptness with which lattice constant changes.
Nevertheless, such layers always show the cross-hatch surface features which are
caused by misfit dislocations (figure 3f). If the misfit is large, the defect density
increases and the growth breaks into cellular features shown in figure 3g. The extent
of mismatch between the epi-layer and the substrate is readily obtained from X-ray
diffraction measurements.
(iv) Another important problem which is of concern in heteroepitaxies is related to
the fact that the solution-substrate interface (on establishing the liquid-solid
contact) is a non-equilibrium system. For example, in a Ga-A1-As solution GaAs
substrate system, the substrate has no AI. It is well-known that such a system
reaches a steady state with the formation of a thin skin of an Al-containing solid on
the substrate (Huber 1973; Foster 1977; Woodall and Hovel 1977; Small and Ghez
1979, 1980: Ghez and Small 1981; Bolkhovityanov and Chikichew 1983) which produces quasi-equilibrium between the solution and the substrate. However, in some
systems like the growth of lnP on InGaAs,.the equilibrating 'skin' is not formed and
the substrate tends to dissolve. A similar situation was experienced by Chandvankar
and Arora (unpublished)during the growth of antimony-rich GaAsSb epi
with S b > 5 at % on GaSb substrates. It is possible that if the process of
redistribution and exchange of components at the solid-liquid interface pushes up
the saturation temperature (T~at> T), the system stabilises. On the other hand, if the
r~at is lowered below the actual temperature, dissolution occurs. These phenomena
may occur in localised places on preferred sites and make the solid-liquid interface
rough. Bolkhovityanov and Chikichew (1983) have considered the role of interracial
strain in this process. Nakajima (!982, 1985) shows that supersaturation of the
solution can overcome this problem of dissolution in growing InP on InGaAs and
InGaAsP. Another practical way of preventing the dissolution is to grow an 'antimeitback' layer before growing the desired epi layer (Lourenco 1984).
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(v) Finally, we would like to mention the problem of 'miscibility gap' as related to
the liquid-phase epitaxial growth of certain alloys. It is well-known that certain
compositions of the solid solutions are not thermodynamically stable. Examples of
such behaviour are found in some compositions of alloy systems such as GaAsl-xSb~
(Gratton et al 1975), AI~Gal _~AsySbl -r (Nahory et al 1978) and Ga~Inx _~AsySb~_y
(Nakajima et al 1977). These systems are the ones in which the mismatch of lattice
constants of the pseudobinary components is large. Some treatments of this subject
exist in the literature (Foster 1977; De Cremoux 1981; Marbeuf and Guillaume 1982;
Stringfellow 1983). Since LPE is a near-equilibrium growth process, those solid
solutions which fall in the miscibility gap cannot be grown by this technique, even
though it may be possible to grow them by other techniques (Cheng et al 1984;
Launois and Quillec 1984; Joyce 1985). Furthermore, instabilities in the growth may
lead to microsegregated regions of compositions across the miscibility gap and form
defective regions such as antimony-rich precipitates in the growth of arsenic-rich
GaAs t _xSb~ (Chandvankar et al unpublished).

6. Doping considerations
In most of the III-V compound semiconductors, Zn, Cd, Be and Mg are common
p-type dopants substituting for the group III element and S, Se and Te are
common n-type dopants substituting for the group V element (Kressel and Nelson
1973). Group IV elements such as C, Si, Ge and Sn are amphoteric impurities and
they can substitute for either the group III element and behave as donors or
substitute for the group V element and behave as acceptors. In reality, they may
possess predominant behaviour. For example, C is mainly an acceptor and Sn is
mainly a donor in most of the III-V compounds. On the other hand, Ge is mainly
an acceptor in LPE GaAs while it is a donor in InP (Kressel and Nelson 1973;
Zshauer 1975; Kuphal 1981). Si shows predominant character in the GaAs LPE
which depends on the growth temperature: n-type in the layers grown above 850900°C and p-type in layers grown below 850°C. Arora and co-workers have found
the behaviour of Ge in Inx-xGaxAsyPl-y (y~2.2x) alloys varying from
predominantly acceptor-like for composition y g I to predominantly donor-like for
y < 1. n-type doping of certain alloys such as AlxGal_xAs has posed new problems
in dopant behaviour. The band structure of these alloys changes with composition
from direct in GaAs to indirect in AlAs. For a range of alloy compositions around
the cross-over, the normally shallow donors become fairly deep (Saxena 1981). For
example, Sn which is a shallow donor in GaAs (Eo ~ 6 meV) acquires a deep donor
character for the AI atom fraction x>0-2 in Al~Gat_~As alloys. Donor energy
reaches a maximum of about 150 meV for x = 0"4 and then returns to a lower value
of ~ 50 meV for x~0.8 meV (Kaneko et al 1977; Lifshitz et al 1980; Chakravarty
et.al 1988). The value at high x is consistent with the larger effective mass of
electrons in the indirect gap compositions. Apart from the band structure effects
due to the crossings of the F-, L- and X-bands, the electronic states seem to be
strongly coupled to the lattice, giving rise to persistent photoconductivity.
Persistent photoconductivity depends on the chemical identity of the donors Si, Ge,
Sn or S, Se and Te (Lang et al 1979). The complex behaviour of donors in the alloys
is termed DX and seems to be present in various alloys in which the direct-indirect
transition in the band structure occurs (Mizuta et al 1985).
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7. Special topics
(i) Growth on patterned surfaces
Since 1975, it has been known that LPE growth is strongly affected by topological
features such as channels, terraces and mesas patterned onto the growth substrate
(Burnham and Scrifes 1975; Kirby and Thompson 1976; Botez et al 1936;
Funakoshi et al 1978; Andreev et al 1982). Thus, within a single growth run, the
grown layer is (i) thicker than normal in the concave portions, (ii) thinner than
normal in the convex portions, and (iii) there may even be a melt-etch instead of
growth on the convex corners depending on the degree of supersaturation of the
melt. The effect is related to variations in the chemical potential of a liquid with
changes in curvature of the solid surface (Cohn and Hoffman 1974). Thus, a
homogeneous melt in equilibrium (i.e. just saturated) at planar portions of the
surface is undersatt~rated with respect to a convex surface and oversaturated with
respect to a concave surface. The shape of the grown layer then depends on the
geometry of the surface pattern and the amount of supercooling. The effect is now
widely used in the fabrication of device structures such as buried heterostructure
lasers, distributed feedback lasers and integrated optics.
(ii) Thin growths
LPE growth with layer thickness down to 0.1/~m was achieved in the early
seventies. For structures requiring layer thicknesses of about 100,& or less as for
quantum wells, LPE growth durations must be reduced to a fraction of a second
and growth temperatures reduced as much as possible, consistent with the requirements
of single crystal growth. Several new boat designs incorporating automated slider
movements and capable of growth durations down to milliseconds have been
reported (Bauser et al 1977; Rezek et al 1981; Kelting et al 1986; Andreev et al
1987). For example, by using a growth temperature of 620°C and a growth time of
1.5 to 4"0 s, Kelting et al (1986) grew a single quantum well (SQW) of GaAs of
thickness 24 to 78/~ bounded with Alo.4Gao.6As. Similarly, Andreev et al (1987)
used a temperature of 460°C to grow an AIo.lsGao.asAs quantum well 50-100,&
wide bounded with layers of high AlAs content (30-45% AlAs) and (60-70% AlAs)
on either side. They estimate that the fluctuation in the thickness of the well layer
does not exceed + 1 monolayer. While these reports do establish that LPE can be
used for very thin layer growth, much needs to be learnt about the transient nature
of the growth and the nature of the interfacial region in these heteroepitaxial
growths.
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Figure 3. (a) Patchy growth, GaAs epi on GaAs; I00 x ; (b) patchy growth, GaAs epi on
GaAs; 100 x; (c) terraced growth, GaAs epi on GaAs; 50-100 ×; (d) facet growth, GaAs
epi on GaAs; 50-100 x; (e) meniscus line features, GaSb epi on GaSb: 500 x; (f) cross
hatch pattern of misfit dislocations, GaAso.95Sbo.o5 epi on GaAs; 500x; (g) cellular
growth, GaAso.aSho. 2 epi on GaAs; 1000 x.

