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Abstract—Orientation-dependent growth phenomena have been observed for liquid-phase epitaxial
In,_,Ga,As and other ternary and quaternary III-V semiconductors. The data cannot be explained by
existing regular solution phase equilibria models. In this study we have used the quasi-regular solution
formulation to derive a model which also considers equilibrium between the growing surface and the
bulk solid under it. Orientation~dependent parameters characterizing the growing surface in the (100) and
(111) directions have been included. The model is demonstrated for growth of In,_,Ga,As at 650 and
621°C. Excellent agreement is obtained with data for growth of the ternary on (111)B InP substrates,
whereas some adjustment of the parameters are necessary to obtain similar agreement in case of growth

on {100)-oriented substrates.

1. INTRODUCTION

The ternary alloy IngssGapqsAs lattice-matched to
InP is an important semiconductor for use in the
fabrication of long-wavelength optoelectronic devices.
High-quality epitaxial layers of this material, suitable
for the fabrication of optical sources and detectors,
are being fabricated by liquid-phase epitaxy (LPE).
Several anomalous features have been observed in
the LPE growth of the ternary semiconductor and,
in general, for the growth of the quaternary
In;_,Ga,As,P,_, alloys lattice-matched to InP. Many
authors have recently reported that the distribution
coefficient, growth rate and surface morphology of
the epitaxial layers of the alloys are strongly dependent
on the substrate orientation. This is the result of
different solid compositions being in equilibrium
with the same liquid composition for (100) and
(111)B substrate orientations. The importance of
strain energy in the phase equilibria of In,- Ga,As/
InP and other important ternary and quaternary alloy
semiconductors has been recently demonstrated by
us [1], de Cremoux [2] and Quillec ez al. [3]. With
the inclusion of a lattice strain energy term in the
Jordan-Ilegems—Panish regular solution model {4},
we were able to obtain an excellent agreement with
the experimental solidus isotherm of In,.Ga,As for
growth on (100)-oriented InP substrates. The orien-
tation-dependent strain coefficient for the (111) di-
rection included in the model is not adequate to
explain the measured solidus isotherm for growth of
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In;_.Ga,As on (111)B InP substrates. This is com-
prehensible, since this orientation dependence exists
even at the lattice-matching composition, whereas
the role of strain energy is dependent on the degree
of lattice mismatch.

In this study we wish to present a phase equilibria
model for the LPE growth of In,_,Ga,As. It is
demonstrated that the solidus isotherm of In,_,Ga,As
grown on (111) InP, in close agreement with the
measured one, can be calculated.

2. THEORY

An examination of the arrangement of atoms in
different crystal planes will suggest that properties of
the crystal surfaces are strongly dependent on the
crystallographic orientation. Therefore, any model
aimed at explaining orientation-dependent isotherms
shouild take into account surface excess thermody-
namic quantities as a function of coordination num-
bers, number of bonds and bond energies which can
distinguish between the different orientations. We
have considered the equilibria between various phases
as follows: (a) the (liguid) melt is in equilibrium with
a (solid) surface phase; (b) the surface phase is in
equilibrium with the solid (bulk) phase. In effect, the
orientation dependence will be taken into account in
the surface energies and coordination numbers of
surface atoms, A model for a ternary alloy system is
being developed here.

It is being assumed that the experimentally observed
solid composition corresponds to the composition of
the solid surface in equilibrium with the bulk. Pre-
viously reported solidus data obtained theoretically
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correspond to the bulk in equilibrium with the liquid
where the effect of the surface phase has been ne-
glected. The continued existence of a surface phase
after initiation of epitaxial growth is being assumed
in this model and needs explanation. When a multi-
component liquid-solid system is in equilibrium, the
free-energy change associated with the transfer of
material from one phase to the other is zero. If the
equilibrium solid phase is replaced by another similar
phase, consisting of the same components, but in
different proportions, the equilibrium is disturbed
and the free-energy change is not zero. This provides
the driving force for attaining a new equilibrium.
Equilibrium is attained by solid-state diffusion, and
hence this surface phase is also termed a diffusion
layer. It has been shown that this diffusion layer can
be strained if the lattice constant of the growing solid
solution markedly differs from that of the substrate.
This may be true for In,_,Ga,As/InP growth. It is
also necessary to assume a few monolayers in the
surface phase to ensure its thermodynamic continuity
with the bulk phase.

The chemical potential of the binary molecules
AC and BC (e.g. GaAs, InAs) in the surface of a
ternary solid solution A,B,_,C in the regular solution
formulation can be written as [5]

U = p% 4 RTIn X" + ctapyicL(1 = X7

+ aap M — X = Sap 4, (18)
e = pQ8 "+ RT In (1 — x7) + aap,_cL(x?
+ anBs—xCsz - SAXBI-;CA’ (]b)

where the symbols u, R and 7 have their usual
meanings. The superscript ‘0’ refers to an ideal surface
in which no relaxation or atomic arrangement occurs.
The symbol x" refers to the solid-surface-phase com-
position and corresponds to x in the bulk of the
epitaxial layer. The solid interaction parameter for
interaction between the solids AC and BC is denoted
by aam,..c (henceforth to be written as «), and
Sa.s._.c (henceforth to be written as S) is the surface
free energy per unit area of A,B,..C. 4 is the molar
surface area of A B,_,C, and SA4 the total surface free
energy of the ternmary solid. L is the ratio of the
number of lateral bonds made by an atom to the
total number of first nearest neighbors, and M the
ratio of the number of vertical bonds made by an
atom to each adjacent plane of atoms to the total
number of first nearest neighbors. A representation
of this scheme is shown in Fig. [. A broken bond
model of the melt-solid interface is shown. More
exactly, the lateral and vertical bonds of the surface
layer are perturbed by the interfacial discontinuity.
This change provides the enthalpy of the surface
formation. In the nearest neighbor approximation L
= 1/3, M = 1/3 for the (100) orientation, and L = 1/
2, M = 1/4 for the (111) orientation. We have,
however, used the values of L and M corresponding
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Fig. 1. A representation of the growing semiconducior

surface in equilibrium with the melt.

to effective neighbors [6}, for which L = 0.3 and M
= 0.4 for both (100) and (111) orientations.
Treating the ternary solid in the bulk phase as a
simple solution of the constituent binaries, we can
express the chemical potentials of the latter as [5]

W = W& + RTInx + o1 — X% (2a)

pR& = up™™ + RTIn (1 — x) + ax®. (2b)

Under conditions of equilibrium between surface and
bulk phase, the following equations can be written:

uRE = R (3a)
and
HBE = upek. (3b)

Also, for pure compounds AC and BC, the relations

ua S — U™ = SacAac (4a)
and
pe™ — uf™™ = Spedsc {4b)

are true. Here Sacaey and Aacee are the surface free
energies and molar areas of the binaries AC and BC.
Using eqns (3) and (4) in eqgns (1) and (2), we obtain
relations

SacAac = RTInx + ol — x> — RTIn x"

—aL(t — X'V — aM(l —x)* + S4, (5a)

and

Seedpe = RTIn (1 — x) + ax? — RTIn (1 — x")

— al{(xV — aMx* + S4. (5b)
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Eliminating the quantity S4 between these equations,
we obtain a relation between x and x” as follows:

In [x’(l - X)

i x,)] + BIL(1 — 2x) + (M — 1)1 — 2x)]

1
- E(SBCABC — SacAac) =0, (6)

where § = a/RT.

The equilibria between the liquid (melt) and the
surface (solid) phase can be written as [4, 5]
pal = phc = ud + RT In vixh

+ u¥ + RTIn vixk, (7a)

where the symbols have the same meaning as in Ref.
[4]. Combining eqn (12) of Ref. [4] and eqns (4) and
(7) above, the following relations can be written:

Had — pl&™ = RT In v28X" = Qac — Sacdac, (8a)

pa — uc™ = RT In v8€(1 — x")

= Qpc — SecAerc- (8b)

From eqn (1), with M = 0, and eqn (8), the liquid-
(solid) surface-phase equilibria can be expressed as

x" 1
In (1 = x,) + BILA = 2x)] — 7= [(Sacdac

— SacAnc) + (Qac — Gl =0, (9)

which is similar to eqn (6) derived above for surface-
bulk equilibria. If the effect of the surface phase is
neglected in these equations by substituting p*7
= u® and letting the surface energies reduce to zero,
the familiar solid-liquid equilibrium equation of Ref.
[4] is obtained.

We have solved eqn (6) for x" after including the
effect of strain in the bulk solid [1] through additional
chemical potential terms corresponding to strain en-
ergy. Then the final surface-bulk-phase equilibrium
equation can be expressed as

In [x’(l - X)

(1 = x')] + B[L(1 — 2x") + (M — 1)1 — 2x)]

1
~RT [Sscdsc — SacAacl

+ aolapc — anc) = 0, (10)

2 -
RTa}

Table 1. Parameters used in phase equilibria calculations

Parameter Reference InAs GaAs
Lattice constant(A) 15 6.0584 5.65321
Density (gm-cm-3) 15 5.70 5.316
Surface energy
. -2 (100) 1400 2200
per unit area (erg-cm “) 16
(111) 840 1300
stiffness constant
¢y, (dyne-cm™?) 15 3.96x10""  5.94x10']
Solid interaction
parameter op .. coac 8 2990
(cal—mole_1)
Lattice constant of
substrate (InP)(A) 5.86875

Molar surface area 17

A=fN1/3(M/D)2/3
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where ¢ is the strain coefficient and a, ao, aac and
agc are, respectively, the lattice constants of the
growing ternary A,B,_,C, substrate and binaries AC
and BC.

RESULTS AND DISCUSSION

The model outlined above has been demonstrated
for the growth of In,_,Ga,As on (100) and (111)B-
oriented InP substrates. Equation (10) has been solved
to determine surface composition from bulk com-
positions. Values of L and M mentioned earlier have
been used. Liquid-phase compositions were then
determined from these surface compositions by using
eqn (9). The parameters used in the analysis are listed
in Table 1. The solidus isotherms, relating surface-
and liquid-phase compositions for growth along the
(100) and (111) directions, are thus obtained.

Figure 2 shows the calculated solidus isotherm for
growth of In,_,Ga,As on (111)InP substrate at 650°C
along with the experimental data of Nakajima et al.
[11] obtained under identical conditions. The good
agreement between calculated and observed data,
within the limits of experimental error, is very en-
couraging. A similar solidus isotherm calculated for
growth on (111)B subtrates at 621°C is shown in Fig.
3, alongside the data of Pearsall ef al. [12] obtained
for the same growth conditions. The effect of not
including the surface phase is also shown in the
figure, and it is evident that the present model
provides a better agreement with experimental data
for (111)-oriented growth of In, ,Ga,As/InP. The
calculated solidus isotherm for growth on (100) sub-
strates is shown by the solid curve in Fig. 4, along
with the data of Nakajima er al. [11].

It should be mentioned that the calculated solidus
for (100)-oriented growth, using the present model,
agrees well with the data, as shown in Fig. 4, only
after a slight adjustment of the parameters. Such
adjustments are not necessary at all for the (111)
orientation. It is not easy to justify this, but any one
or more of the following reasons could be responsible.
The surface energies for the (100) and (111) orienta-
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Fig. 2. Calculated solidus isotherms at 650°C in the Ga-In-
As system compared with the experimental data of Nakajima
et al. [11] for growth on (111)B InP substrate.
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Fig. 3. Calculated solidus isotherms at 621°C compared
with the experimental data of Pearsall et al. [12] for growth
on (111)B InP substrates.

tions used in our model are theoretical estimates [8].
No experimental values of the parameter exist, to
our knowledge. Therefore, the values quoted for the
[100] planes, as a matter of pure coincidence, may
be slightly inaccurate. Good agreement with the
experimental solidus data for growth on (100) sub-
strates can be obtained by a slight adjustment of the
thermodynamic input parameters. Many authors have
done this in the past but we prefer to use the
parameters established by us and other authors [1].
Again, there may be a change in the number of
effective neighbors, thereby producing corresponding
changes in the surface energy. Finally, the experi-
mental data for growth on (100) substrates, with
which an agreement is being sought, extend over a
very small range of liquid compositions and the
spread in data is considerable. It can be seen that the
(111)B solidus data extend over a larger liquid com-
position range. In our case, as a matter of convenience,
we have adjusted the surface energy difference to
obtain an agreement with the data of Fig. 4. However,
the near-perfect agreement in the case of growth
along the (111) direction is extremely encouraging.
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Fig. 4. Calculated solidus isotherms at 650°C compared
with the experimental data of Nakajima et al [11] for
growth on (100) InP substrates.
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The model used in this study can be extended to
other ternary and quaternary systems, where similar
orientation dependence has been observed.
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