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/Abstract

Various III-V solid solution systems are characterized by the existence of a spinodal decomposition area, which
imposes limitations on the formation of epitaxial layers, in particular on their composition and thicknesses. In this
work, we have performed a comparative analysis of the change in the stability region boundaries of GaAsSb solid
ternary solutions formed on GaAs, GaSb and InP substrates in the temperature range from 400 to 650 C. The cal-
culations have been completed using the CALPHAD method and the SGTE data. Disregarding the elastic energy
generated by the lattice mismatch between forming solid solutions and substrate, the estimations show a continuous
spinodal decomposition area, between near pure GaAs and GaSb compositions, that expands with decreasing tem-
peratures. Given the elastic energy contribution to the solid solution energy, extensive regions of stable compositions
are always observed in thin epitaxial layers with thicknesses d on the order of a few monolayers. On GaAs and GaSbh
substrates these regions shrink rapidly, as the layer grows, to compositions corresponding to free elastic energy solid
solutions. On the InP substrate, at large thicknesses, within the spinodal decomposition area, the interval of stable
compositions is conserved around the isoperiodic composition with the substrate (GaAs0.515b0.49), and for the 500
nm epitaxial layer lies between 0.46-0.66 molar fractions of GaAs. The results obtained may be of interest for the
growth of thick layers in heterostructures to obtain photodetectors for the mid-infrared wavelength range.
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Introduction
Ternary GaAsSb solid solutions are characterized by a strong
variation in the bandgap, from 0.727 eV for GaSb to 1.42 eV for

of a miscibility gap [4]. Theoretical studies together with ex-
perimental results show that the spinodal decomposition areas
vary with temperature. However, the elastic energy generated

GaAs, depending on the ratio between as and Sb, covering the
electromagnetic wavelength range from 0.873 to 1.7 um at room
temperature [1]. This makes them suitable for the fabrication of
solar cells, telecommunication devices, and broadband photo-
detectors operating from the near to mid infrared range [2, 3].
Nevertheless, the growth of ternary GaAsSb solid solutions is
accompanied by a number of challenges. First, this is related to
the lattice mismatch with the substrate, as in the case of growth
on GaAs substrates, which leads to the formation of crystal
defects and, consequently, degradation of their optoelectronic
properties. In addition, limitations on the growth of GaAsSb sol-
id solutions of certain compositions arise due to the existence
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in epitaxial layers in the presence of lattice mismatch with the
substrate can act as a stabilizing factor for the composition [5].
Its positive contribution decreases in layers of larger thickness.
GaAs, GaSb, InP substrates are typically used to grow GaAsSb
epitaxial layers [6-11]. In this work, we have analyzed the sub-
strate stabilizing effect of elastic energy and its dependence of
the epitaxial layer thickness at temperatures ranging from 400 to
650 °C. We propose to use the CALPHAD method, which has
gained wide application in recent years [12]. The accumulated
empirical data and achieved thermodynamic assessments make
it possible to estimate the free energies of various III-V solid
solutions and to analyze their compositional stability.
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Calculation Method

As the thermodynamic stability criterion for the ternary GaAs-
ySbl-y compounds, we use the condition based on the second
partial derivative of the Gibbs energy with respect to the molar
fraction y of GaAs in the solid phase [13].

>0

oy* ©)
The total Gibbs energy G”total of an epitaxial layer consists of
two components: the free-strain solid energy G*S of the sol-
id phase, and the elastic energy G”el generated due to the lat-
tice-parameter mismatch with the substrate.

Gtatal — GS + GEI (2)
According to the model of regular solutions, the expression to
calculate the strain-free energy of the solid phase [14, 15].

6% = Y630 + (1= y)63s + RTGr Iy + (1= y) (1 =) + 7L = 9L - oss
3)

Where LY, 4 gasp denotes the interaction parameter of the

Table 1: The thermodynamic parameters used in the calculations.

pseudobinary system in the solid phase. G32,. and GgJ, are
the Gibbs energies of the GaAs and GaSb binary solid phases,
respectively, calculated using expressions that include the en-
thalpies | 2 of the stable state of the constituent pure elements at
298.15 K, as well as empirical temperature-dependent functions

GHSER,; [16].

G =H{ +H} + GHSER; @

The elastic energy G”el, assuming the formation of planar films,
was calculated using the Ohtani’s procedure, that allows one to
obtain its dependence on the epitaxial layer thickness h depend-
ing on whether this thickness exceeds the critical value h_cror
not [17].

The thermodynamic parameters used in the present calculations
are listed in Table 1.

Parameters Values (J/mol) Ref.
H°. 5572 (Dinsdale, 1991)
H ¢ 5117.032 (Dinsdale, 1991)
5 5870.152 (Dinsdale, 1991)
GHSER -104352 +265.43256T - 48.681258TInT - 1.1158 x 102 T+ 127670 x (L1, 1998)
T!'-7.1378 x 107 T*
GHSER_ ., -59774.701 +267.809609T - 51.1966138TInT + 5.14355 x 103 T2- (Li, 1998)
17707xT" - 3.043588 x 10 T3+ 1.645x10% T
LSGaASQSb 24824 - 7.74301T + 4774 (2y-1) (Li, 1998)
ul+v
G == N,a®f? (h<hg)
21—Vt (5) V= YVgaus + (1 — ¥IVgasp (10)
Nya? h +(1—-v)
Gel = 4 (1 +In h—) (h = hg) © _ YHgaas%gaas YIHgaspAgasy
The critical thickness h_cr is calculated from a (an
A 1—v
h., = Z—f'z T1v The corresponding Vij and f;; of the binary solid phases were
H (7)  expressed through their elastic stiffness parameters Ci1, Ci2, Cas

A value of A=0.8 J/m"2 was used for the energy barrier, corre-
sponding to growth on (001)-oriented substrates.
The lattice misfit parameter f is given by

a—a
f=
(®)

The lattice constant of epitaxial layer, a, is discribed by the
Vegard’s law

a = yaggas + (1 — ¥)agasy )
where @z, 45 and ag,5p are lattice parameters of binary GaAs

Qg

and GaSb solid compounds. @s is the lattice parameter of the
substrate. The Poisson ratio v and the shear modulus p of the
ternary solid solutions were calculated using the following equa-
tions [18].

Table 2: Elastic parameters for binary compounds [1].

and elastic compliance constants Si1, Si2 in the cubic system
[17].

(i)
C
Hij = =
2 (12)
4 S(U)
11 (13)
s = €1y +Cq2
M (€1 — )€y + 2C15) (14)
s = Ci2
27 (€1 — €12)(Cyq + 2Cy3) (15)

The elastic parameters for the binary compounds are summa-
rized in Table 2.

Binary compound Lattice constanta (A) C, (GPa) C,, (GPa) C,, (GPa)
GaAs 5.65325 1221 566 600
GaSb 6.0959 884.2 402.6 432.2

Page No: 02 /

www.mKkscienceset.com

Nov Joun of Appl Sci Res 2026



Results
Using Eq. (3), we first obtained the Gibbs free-energy curves for

strain-free GaAsSb solid solutions as a function of their compo-
sitions at temperatures of 450, 550, and 650 °C.

Figure 1
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Figure 1: Gibbs free-energy G curves of ternary GaAsSb solid solutions as a function of GaAs molar fraction y at 450 °C, 550 °C,
and 650 °C.

These dependencies are characterized by the presence of a maxi-
mum that shifts with increasing temperature approximately from
the value of GaAs molar fraction y=0.64 at 450 C to y=0.77
at 650 C. Two local minima are located near the binary GaAs
and GaSb compounds. As the temperature increases, the minima
move closer to the central maximum. Such behavior of the Gibbs

free energy as a function of composition indicates the existence
of an area of instable ternary solid solutions of the system under
consideration, shown in Fig. 2 as a white field. The immiscibility
area is asymmetric and shifted toward the GaAs-rich side, and it
narrows at higher temperatures, which qualitatively agrees with
the results reported by [4].

Figure 2
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Figure 2: Decomposition area (light area) of strain-free GaAsSb solid solutions in the temperature range from 400 oC to 650 oC.

In practice, the formation of solid solutions is carried out on
crystalline substrates. Lattice-parameter mismatch at the initial
stages of growth may lead to the formation of planar strained
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epitaxial layers, with the associated elastic energy contributing
to the total energy and reaching its maximum value when the
layer thickness is below the critical thickness.
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Figure 3
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Figure 3: Total Gibbs free-energy curves of ternary GaAsSb solid solutions as a function of GaAs molar fraction y at 450 °C, 550
°C, and 650 °C for epitaxial layers with the thicknesses h below the critical thickness her, formed on (a) on GaAs, (b) GaSb and c)
InP substrates.

In the case of epitaxial growth on GaAs and GaSb substrates,
incorporation of the elastic-energy contribution, corresponding
to its maximum value in the regime of coherent planar films
(Figs. 3a and 3b), leads to Gibbs free-energy profiles that ex-
hibit an almost monotonic increase toward the composition
range mismatched with the substrate. Under these conditions,
only shallow minima are preserved, located in close proximity to
the compositions that are lattice-matched to the respective sub-
strates. This behavior reflects the strong destabilizing influence
of the lattice misfit, which suppresses the formation of composi-
tionally distinct stable states across most of the ternary system.

For epitaxial layers grown on InP, a more pronounced minimum
in the Gibbs-energy curve appears at a GaAs molar fraction of
approximately y=0.4 at 450 C (red line in Fig. 3¢). With increas-
ing temperature, this minimum shifts toward higher values of
y, i.e., toward compositions with a higher as content. At 650 C
(blue curve in Fig. 3c), the minimum moves to approximately
y=0.44, approaching the composition GaAs0.513Sb0.487 that is
lattice-matched to the InP substrate.
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Across the entire temperature interval examined, no inflection
points are observed in the Gibbs-energy functions. The absence
of such curvature changes indicates that the incorporation of
elastic energy eliminates the spinodal region throughout the
full composition range between the binary endpoints GaAs and
GaSb. Consequently, the elastic term acts as a robust stabilizing
factor for the GaAsSb solid solution, grown on InP substrates.
The thermodynamically preferred composition is consistently
pulled toward the lattice-matched value imposed by the sub-
Strate.

It is important to note that the Gibbs-energy dependencies dis-
cussed above correspond to epitaxial layers with thicknesses h
below the critical value h cr, for which strain relaxation pro-
ceeds without the formation of misfit dislocations. When h>h_cr
the elastic-energy contribution decreases because of the forma-
tion of misfit dislocations. This reduction is expected to occur
first for the compositions that exhibit the largest mismatch with
the substrate, even at small thicknesses on the order of a few
nanometers.
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Figure 4

a) On a GaAs substrate
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Figure 4: Total Gibbs free energy curves of ternary GaAsSb solid solutions as a function of GaAs molar fraction y at 450 °C, 550
°C, and 650 °C for epitaxial layers formed on (a) on GaAs, (b) GaSb and c) InP substrates.

For GaAs substrates, a significant reduction of the total Gibbs
energy in the solid phase is observed at a layer thickness of 5
nm for compositions within the range 0<y<0.42 (Fig. 4a). On
GaSb substrates, a similar reduction occurs for 0.6<y<0 (Fig.
4b), since the corresponding critical thickness values for these
compositions are below 5 nm (Fig. 5). For epitaxial layers grown
on InP, a splitting in the Gibbs-energy curves appears only at
larger thicknesses, around 10 nm (Fig. 4c) corresponding to

compositions more distant from the lattice-matched value on ei-
ther side. Within the GaAsSb-InP system, the minimum values
of the critical thickness are higher compared to those for layers
formed on GaAs or GaSb (Fig. 5). This behavior arises from
the smaller maximum lattice mismatch with the substrate, which
reduces the driving force for strain relaxation and shifts the onset
of elastic-energy reduction to larger thicknesses.
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Figure 5: Critical thickness her as a function of the GaAs molar fraction for GaAsSb epitaxial layers grown on GaAs (red line),
GaSb (green line) and InP (violet line) substrates.
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These results should demonstrate that the interplay between lat-
tice mismatch, critical thickness, and elastic-energy relaxation
must be explicitly considered in thermodynamic assessments of
composition stability in ternary GaAsSb epitaxial layers.

For epitaxial layers grown on GaAs substrates, all ternary com-
positions remain thermodynamically stable at thicknesses below
5 nm. However, when the thickness exceeds 5 nm, a region of
unstable solid solutions appears (light area in Fig. 6), located
near the edge of the diagram opposite to the substrate composi-

tion at a molar fraction of y ~ 0.20 at 400 °C and y = 0.25 at 650
°C. It should be noted that these compositions are stable in the
absence of elastic energy. Increasing the epitaxial layer thick-
ness leads to a gradual widening of the instability region and
its shift toward the substrate composition. On GaAs, this shift
reaches y = 0.95 for thicknesses of about 300 nm at 400 °C and
y =~ 0.92 for thicknesses around 150 nm at 650 °C. Further in-
creases in thickness result in a narrowing of the instability region
back to the limits characteristic of the strain-free state (yellow
hatch area in Fig. 6).

Figure 6

a) T=400°C
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Figure 6: Regions of unstable GaAsSb solid phases (light areas) for epitaxial layers with the thicknesses up to 500 nm formed on
GaAs substrate at temperatures of (a) 400 C, (b) 500 and (c) 650 C. The yellow hatched areas represent the spinodal decomposi-
tion domains of the strain-free solid phases.

Importantly, the position of the boundary on the substrate side
remains nearly unchanged with temperature up to the point of
maximal widening. A similar qualitative behavior is observed
for epitaxial layers grown on GaSb substrates, as shown in Fig.
7. For thicknesses below 5 nm, all ternary compositions remain
stable. Instability first appears at compositions y = 0.93 at 400
°C and y = 0.87 at 650 °C. As the layer becomes thicker, the

instability region widens and shifts toward the substrate compo-
sition. The left boundary of this region reaches y = 0.13 at 400
°C for a layer thickness of about 100 nm and y = 0.20 at 650
°C for thicknesses around 45 nm. However, unlike the case of
GaAs, a rapid contraction of the spinodal decomposition region
occurs at larger thicknesses, and by approximately 300 nm its
size approaches that expected in the strain-free state.

Figure 7
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Figure 7: Regions of unstable GaAsSb solid phases (light areas) for epitaxial layers with the thicknesses up to 500 nm formed on
GaSb substrate at temperatures of (a) 400 C, (b) 500 and (c) 650 C. The yellow hatched areas represent the spinodal decomposi-
tion domains of the strain-free solid phases.
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The most distinctive behavior of the instability regions is ob-
served for layers grown on InP substrates. Instability first devel-
ops at thicknesses of about 7 nm for the composition y = 0.95
on the GaAs side and at about 14 nm for y = 0.16 on the GaSb
side (Fig. 8a). With increasing thickness and temperature, the
extreme boundaries of the instability region gradually contract.
However, on the GaSb side they never reach the limits corre-
sponding to the absence of elastic energy. A key feature is the
formation of a symmetric channel of stable compositions around

the value lattice-matched to the substrate. As the epitaxial layer
becomes thicker, this channel narrows but does not disappear en-
tirely. According to our estimates, at a thickness of approximate-
ly 500 nm, its width is about +0.05 in molar fraction of GaAs
around the composition matched to InP (Fig. 8). It is important
to emphasize that the dependence of the channel width on layer
thickness is the same for all temperatures considered. Only the
peripheral boundaries of the instability region shift inward at
higher temperatures.

Figure 8
a) T=400°C

Thickness h, nm
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Figure 8: Regions of unstable GaAsSb solid phases (light areas) for epitaxial layers with the thicknesses up to 500 nm formed on

InP substrate at temperatures of (a) 400 C, (b) 500 and (c) 650 C. The yellow hatched areas represent the spinodal decomposition

domains of the strain-free solid phases. The red vertical line corresponds to the ternary solid composition that is lattice-matched to
the InP substrate.

Discussions

The results obtained may have very important practical impli-
cations for the growth of epitaxial layers by MBE/MOCVD.
On GaAs and GaSb substrates, instability first emerges far from
the substrate composition and expands as the layer thickness in-
creases, before eventually returning to the bulk (strain-free) sta-
bility limits. Growth must therefore be tightly controlled within
a narrow range of stable compositions at intermediate thickness-
es in order to avoid strain-induced phase separation.

The strain term is minimized only at the composition that is
perfectly lattice-matched to the substrate, which for InP corre-
sponds to approximately 0.51. The strain energy increases as the
composition deviates from this point. In combination with this
effect, the G”el contribution produces a sharp, deep minimum
at the isoperiodic composition, effectively lowering the G"to-
talcurve and creating a stable “well” precisely where the bulk
system is most unstable.

The most important result is that this stability channel, although
it narrows with increasing layer thickness, never disappears
completely. This means that even in relatively thick layers (up to
the calculated 500 nm), there always exists a composition range
around the ideal lattice match that remains thermodynamically
resistant to spinodal decomposition.

The persistence of this channel is maintained because the strain
term continues to dominate in the vicinity of the lattice-matched
composition, even when the overall strain energy in the layer
is partially relaxed through the formation of misfit dislocations.
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On an InP substrate, the stable channel is preserved around the
desired isoperiodic composition. This is the optimal scenario:
the thermodynamic driving force strongly promotes the forma-
tion of high-quality, compositionally homogeneous material
near the lattice-matched target, enabling a broader range of ac-
cessible compositions and layer thicknesses without triggering
spinodal decomposition.

Conclusions

Using the CALPHAD method and SGTE thermodynamic data,
we constructed Gibbs free energy dependences for GaAsSb sol-
id solutions over the full compositional range. When the elastic
contribution associated with lattice match is included the char-
acteristics of these dependences change significantly, and result-
ing stability regions vary strongly on the substrate on which the
solid solutions are formed. The incorporation of elastic energy
produces pronounced reduction in total Gibbs energy close to
the lattice-matched composition, thereby a stabilizing effect on
the compositions of epitaxial layers. The boundaries of stable
solution regions become substantially narrower for epitaxial
layers with thicknesses up to ~50 nm, while the changes show
almost no temperature dependence. The most notable and tech-
nologically relevant behavior arises for GaAsSb layers grown on
InP substrates. The strain-modified free-energy surface exhibits
a well-defined stability channel centered on the lattice-matched
composition, ensuring local thermodynamic stability. Impor-
tantly, this stability channel persists even at large thicknesses
on the order of several hundred nanometers. This implies that
a finite composition range surrounding the InP-matched value
remains resistant to spinodal decomposition, even in thick epi-
taxial layers. These results indicate that both lattice-matched and
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metamorphic GaAsSb layers with high Sb content can be grown
on InP while maintaining thermodynamic stability against phase
separation. This finding is particularly significant for the design
of heterostructures intended for far-infrared and long-wave-
length device applications, where high-Sb-content GaAsSb al-
loys are required.
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