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Abstract.

In this work, we have investigated the structural, electronic and thermodynamic properties of

GaP;_,Sb, and AIP;_, Sb, ternary alloys for a number of ordered structures and compositions in a series of first-
principles calculations within the density functional theory, using full potential-linearised augmented plane-wave
(FP-LAPW) method, as implemented in the WIEN2k code. The exchange-correlation effect was treated within the
generalised gradient approximation (GGA) in the form of GGA-PBEsol to optimise the structure and to compute
the ground-state properties. In addition to the GGA, the modified Becke—Johnson (mBJ) potential coupled with the
spin-orbit interaction (SOI) was also applied to obtain reliable results for the electronic properties. Our investigation
on the effect of composition on lattice constant, bulk modulus and band gap showed almost nonlinear dependence
on the composition. The GaP;_,Sb, and AlP;_, Sb, alloys are found to be semiconductors with a positive energy
gap for the whole concentration range. The spin-orbit splitting Ago was found to increase with Sb composition
with a marginal bowing parameter. Besides, a regular-solution model was used to investigate the thermodynamic
stability of the alloys which mainly indicates a phase miscibility gap. In addition, the quasiharmonic Debye model
was applied to analyse the effect of temperature and pressure on the Debye temperature and heat capacity.

Keywords. Ternary III-V antimonides; full potential-linearised augmented plane-wave; spin-orbit interaction;
band structure; miscibility gap; critical temperature.
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1. Introduction

The use of III-V antimony-based semiconductors in
devices has been extensively explored because they
exhibit the smallest band gaps and highest mobili-
ties among the III-V materials. Thus, these materials
have the ability to span the range of wavelengths from
the traditional wavelengths of interest for optical com-
munication (1.3-1.5 pwm) to much longer wavelengths
(>15 pm) [1-6]. These antimony-based materials may
offer the limit in III-V device performance in terms of
speed, long wavelength for optoelectronics and quantum
effects related to low effective mass. These materials

have been used in both emitters and detectors that have
spanned this extensive wavelength range. Some of these
devices have utilised band-gap engineering to develop
unique detectors and emitters using band offsets and
strain. These devices range from simple detectors and
LEDs to lasers with complex cascaded structure [7].
Their uses in electronic devices have been explored
to a lesser extent, but unique devices are being devel-
oped that utilise the very high mobilities available in
these small band-gap materials. The limited exploration
of electronic devices is most likely due to the lack of
a lattice-matched, semi-insulating substrate as well as
the immaturity of the materials and growth science of
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these materials compared to the more extensively exam-
ined arsenides, phosphides and nitrides. In the present
work, we focus our attention on the two phosphide anti-
monides GaP_,Sb, and AIP;_,Sb, alloys.

The ternary phosphide alloy GaP;_, Sb, is potentially
useful for opto-electronic device applications, and is
a useful material for long-wavelength surface emitting
lasers [8,9]. The adjustable band gap of GaP_, Sby with
composition [10] makes it a potentially useful material
in fibre optic communication systems. The expected
resonance enhancement of the hole-impact ionisation
rate makes GaP;_,Sb, a useful material for low-noise
avalanche photodiodes using hole injection [11].

Although some experimental [12,13] and theoretical
[14—17] investigations have been reported on the band-
structure parameters of GaP;_,Sb,, many fundamental
properties of this alloy remain to be determined pre-
cisely [18,19]. The successful growth of AlPg 40Sbg 60
lattice matched to InP has been reported [8]. This
has encouraged people to investigate the properties
of AlP;_,Sb, ternary semiconductor alloys [20,21].
AlP;_,Sb, is a very attractive material for optoelec-
tronic applications. Several groups [22,23] have demon-
strated that an AIPSb/GaPSb system has a large refrac-
tive index difference, which is useful for distributed
Bragg reflectors (DBR) in InP-based vertical cavity
surface emitting lasers (VCSELSs) operating in the long-
wavelength region, recognized as key devices for optical
interconnection systems. Recently, both GaP;_,Sb,
and AlIP;_,Sb, alloys were selected as useful materials
for the quantum dot intermediate band solar cell (QDSC)
[24]. However, the large lattice mismatch between the
GaP and GaSb lattice parameters, which are of the
order of 11.15% and 11.65% between AIP and AlSb
lattice parameters [25], as well as the existence of a
miscibility gap ranging from x = 0.01 to 0.99, cov-
ering essentially the entire range of solid composition
for GaPSb [13] and a complete miscibility gap pre-
dicted for AIPSb [26] causes difficulties in the growth
of these alloys. The fundamental properties of the anti-
monides such as the low melting points and the lack of
a stable antimony hydride introduce difficulties during
the growth of such alloys. The growth of AlSb con-
taining alloys has proven to be the most challenging
of all the antimony containing III-V semiconductors.
This difficulty is primarily due to the lack of suitable
sources for the growth of AlISb at low temperatures
and the resulting incorporation of excess amounts of
carbon. As for the other Al-containing III-V semicon-
ductors, oxygen incorporation was also found to be a
problem which causes a chemically unstable species,
and in some cases the heterogeneity and the contami-
nation of the prepared materials make their application
impossible.
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All these difficulties explain the limited or lack or data
for the fundamental properties for these ternary alloys
over the entire range of composition and the absence of
any experimental data in the literature about AIP;_, Sb,
alloys.

The band-gap energy is known to be one of the
most important device parameters because it is strongly
connected with the operating wavelength of the opto-
electronic devices. Thus, the ability to calculate the
electronic band structure and its derived properties of
semiconductor alloys are important prerequisites for any
analysis of the phenomena occurring in these alloys as
well as in the related devices.

In the present contribution, the aim is to extend the
study of the composition dependence of the energy band
gap and to investigate in detail its derived properties.
We have employed density functional theory (DFT); our
calculations were all-electron ones, included the effect
of spin-orbit interaction, which turns out to be espe-
cially important in the present system. Band structures
are ‘correct’ due to the use of adequate exchange-
correlation functional. In addition to the consideration
of the electronic and the structural properties, we have
studied the phase stability. In the subsequent text, the
computational details are given in §2, the results are pre-
sented and discussed in §3 and the paper is concluded
in §4.

2. Computational details

The calculations were performed in the framework
of DFT [27] using specifically the full potential-
linearised augmented plane-wave plus local orbital
(FP-LAPW+1o) method [28,29] as implemented in
WIEN2k code [30]. The exchange-correlation poten-
tial was treated within the GGA in the form of
PBEsol proposed by Perdew et al [31] which is an
improved form of the most popular Perdew—Burke—
Ernzerhof (PBE) GGA [32]. This option was used
to calculate ground-state properties and to optimise
the structure parameters. In addition, insofar as the
electronic properties are of interest, we recalculated
them, applying the modified Becke—Johnson (mBJ)
scheme [33] for the exchange-correlation potential. The
mBJ potential is known to provide reasonably accu-
rate band gaps of semiconductors and insulators with
an orbital-independent exchange-correlation potential
which depends solely on semilocal quantities. In the
FP-LAPW+lo method, the wave function, charge den-
sity and potential were expanded by spherical harmonic
functions inside non-overlapping spheres surrounding
the atomic sites (muffin-tin spheres) and by plane-waves
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basis set in the remaining space of the unit cell (inter-
stitial region). To specify the parameters entering the
calculation by the WIEN2k code, the maximal /value for
the wave function expansion inside the atomic spheres
was confined to [y, =10. The plane-wave cut-off of
Kmax = 8.0/ Rvt (RMmT is the smallest muffin-tin radius
in the unit cell) was chosen for the expansion of the wave
functions in the interstitial region while the charge den-
sity was Fourier expanded up to Gmax = 14 (Ryd)!/2.
The Ryt values were chosen for Al and P as 2.0 and
for Ga and Sb as 2.1 and 2.2 au, respectively, in all
calculations. The standard special k-points technique
of Monkhorst and Park (MP) [34] was used for accu-
rate Brillouin zone integrations. The k-mesh size was
12x12x 12 MP special points for the binary compounds
and 6x6x6 MP special points for the alloys. Accu-
rate convergence criteria have been followed for all the
above-mentioned parameters before handling the main
study. The spin-orbit interaction (SOI) was added using
second variational method with the scalar relativistic
orbitals as the basis.

3. Results and discussion
3.1 Structural properties

In this section, the structural properties of the binary
compounds GaP, GaSb, AIP and AISb are analysed in
the zinc blende structure. The alloys were modelled
at some selected compositions x = 0.25, 0.5, 0.75
with ordered structures described in terms of periodi-
cally repeated supercells with eight atoms per unit cell.
For the considered structures, we performed the struc-
tural optimisation by minimising the total energy with
respect to the cell parameters and also the atomic posi-
tions. For the considered structures, the calculated total
energy at many different volumes around equilibrium
was fitted to the Murnaghan’s equation of state [35]
to obtain the equilibrium structural parameters of the
binary compounds GaP, GaSb, AIP and AISb and their
ternary alloys GaP;_,Sb, and AIP;_,Sb, within the
GGA-PBEsol approximation.

On the other hand, SOI becomes more significant
for compounds containing heavy elements such as Sb
because the potential near their nuclei is very strong
and consequently the kinetic energy is very large, the
electron velocity becomes comparable to the speed
of light, leading to large relativistic corrections [36—
38]. Therefore, the SOI has been considered and the
results are compared with those of non-SOI calculation.
For GaP, GaPy5Sbp 5, GaSb and AIP, AlPj75Sby 25,
AlSb, the SOI(non-SOI) equilibrium lattice constant
are 5.445(5.444) A, 5.818(5.818) A, 6.111(6.108) A
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and 5.473(5.473) A, 5.671(5.670) A, 6.157(6.158) A,
respectively. It should be noted that the SOI has a
minor effect on obtaining the equilibrium lattice con-
stants. Therefore, SOI was not included in the course
of ground-state structure optimisations (done semi-
relativistically).

The obtained results of the equilibrium lattice param-
eters, bulk modulus and its first pressure derivative are
listed in tables 1 and 2 and are compared with the other
experimental and theoretical predictions.

Our PBEsol results of lattice constant for the binary
compounds agree well with the experimental data and
similar to the recent ones calculated by FP-LAPW
method within WC-GGA for GaP and GaSb compounds
[17]. The results obtained for GaP;_,Sb, alloys are in
excellent agreement with the previous theoretical cal-
culations of Chen and Ravindra [14] using projector
augmented wave method.

Figure 1 shows the variation of the calculated equi-
librium lattice constant with the concentration for
GaP;_,Sb, and AIP;_,Sb, alloys. A large deviation
from Vegard’s law [65] is found with an upward bowing
parameter equal to 0.168 A for GaP;_,Sb, and 0.142 A
for AIP;_,Sb, alloys, obtained by fitting the calculated
values with a polynomial function. The physical origin
of this deviation should be mainly due to the large mis-
matches of the lattice constants of the binary compounds
which are of the order of 11.15% and 11.65% between
GaP-GaSb and AIP-AISbD lattice, respectively.

Unfortunately, there are no experimental and theo-
retical results for AIP;_,Sb, ternary alloys to check
the validity of this calculation. Therefore, the obtained
results can be used to cover the lack of data in the liter-
ature for these ternary alloys.

Figure 2 shows the investigated bulk modulus (B)
of GaP;_,Sb, and AIP{_,Sb, as a function of x. We
observe that the estimated bulk modulus decreases when
x increases. We can also remark that the bulk modulus
makes a wide deviation from the linear concentration
dependence (LCD), with opposite behaviour between
the results of the lattice constants shown in figure 1.
Most of the semiconductor materials and alloys of I1I-
V group [66,67] follow this trend.

3.2 Electronic properties

The crucial role of the two studied ternary alloys in
a variety of technological devices necessitates precise
knowledge of the electronic properties such as the band
structure and density of states (DOS). As was men-
tioned in §2, the band structure calculation has been
done using mBJ exchange-correlation potential, to pro-
vide band-gap values which usually turn out to be in
good agreement with the experimental data and this
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Table 1. Calculated lattice constant (a), bulk modulus ( B), first-order pressure derivative of bulk modulus (B’), band-gap (E o)
and split-off energy (Asop) of GaP_,Sb, alloys compared with experimental and other theoretical results. Values calculated

with and without taking SOI into account are listed.

Compounds a (A) B (GPa) B’ Eg (eV) Aso (meV)
GaP
This work 5.444 PBEsol 85.071 PBEsol 4.575 PBEsol 2.306 mBJ 72.69 mBJ 4SO
2.28 mBJ +SO
Experimental 5.45[39] 88 [39] 2.260 [48] 80 [50]
2.35[49]
Theoretical works 5.445 [17] 85.101 [17] 1.68 [40] 82 [40]
5.41 [40] 91.5 [40] 4.5 [40] 1.59 [41] 86 [51]
5.398 [41] 91 [41] 476 [41] 2.32 [41]
5.560 [42] 95 [42] 4.34 [42] 2.263 [15]
5.322 [43] 92 [43] 2.289 [17]
GaPy.758bo 25
This work 5.642 PBEsol 73.681 PBEsol 4.323 PBEsol 1.879 mBJ 229 mBJ +SO
1.787 mBJ +SO
Theoretical works 5.561 [14] 1.06 [14]
GaPy5Sbg s
This work 5.818 PBEsol 63.856 PBEsol 4.546 PBEsol 1.276 mBJ 404 mBJ 4SO
1.146 mBJ +SO
Theoretical works 5.725 [14] 0.80 [14]
GaP 255bo.75
This work 5.973 PBEsol 56.631 PBEsol 4.903 PBEsol 0.783 mBJ 495 mBJ 4SO
0.631 mBJ +SO
Theoretical works 5.889 [14] 0.68 [14]
GaSb
This work 6.108 PBEsol 51.696 PBEsol 5.284 PBEsol 0.955 mBJ 655.69 mBJ 4SO
0.753 mBJ +SO
Experimental 6.096 [44] 56.3 [44] 0.726 [44] 730 [52]
6.081 [45] 56 [45] 0.81 [49] 752 [53]
Theoretical works 6.107 [17] 51.895[17] 4.822 [45] 0.396 [46] 670 [40]
6.214 [45] 44.627 [45] 5.0813 [45] 0.719 [15] 714 [51]
6.115 [46] 51.9 [46] 4.662 [47]
5.981 [47] 56.7 [47]

agreement is of the same order which can be achieved
with computationally expensive GW (convolution of
Green’s function G and this screened Coulomb interac-
tion W) or hybrid functional methods [68]. The SOI has
also been considered for electronic calculation and the
results are compared with those of non-SOI calculation.
For electronic calculations, it is important to take SOI
effects into account because the hole effective masses
are strongly dependent on this interaction even when the
heavier materials in this group such as GaSb and AISb
are considered. Results for the electronic band structures
obtained with non-SOI and SOI are displayed in figures
3 and 4 for selected materials. The Fermi level (EF) is set
to zero energy. An indirect band gap has been observed
for AIP, GaP and AlSb compounds, where the valence
band maximum (VBM) and conduction band minimum
(CBM) occur at I and X points, respectively, and a direct

gap at I for GaSb. The results are presented in tables 1
and 2. It can be seen from figures 3 and 4 that SOI has
a minor effect on the profile of the band structure, no
bands cross Ef and a positive band gap appears for all
selected structures which indicate a semiconductor gap
behaviour for all the values of concentration. The figures
also show that the conduction band moves towards the
Fermi level by incorporating SOI in the potential with
increasing Sb composition.

The calculated band-gap energies of the consid-
ered alloys using both non-SOI and SOI within mBJ
scheme are presented in tables 1 and 2. The values
obtained for the band gap with SOI are smaller than
the non-SOI ones and are in better agreement with
the available experimental results. It is clear that the
degenerate states at high symmetry points split after the
inclusion of SOI.
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Table 2. Calculated lattice constant (a), bulk modulus (B), first-order pressure derivative of bulk modulus (B’), band-gap (E )
and split-off energy (Aso) of AlP_,Sb, alloys compared with experimental and other theoretical results. Values calculated

with and without taking SOI into account are listed.

Compounds a(A) B (GPa) B’ Eg (eV) Aso (meV)
AlP
This work 5.473 PBEsol 86.515 PBEsol 4.050 PBEsol 2.314 mBJ 53.73 mBJ +SO
2.295 mBJ 4SO
Exp. 5.47 [39] 86 [39] 2.5 [59] 70 [61]
2.52 [18]
Other works 5.507 [54] 82.619 [54] 4.054 [54] 1.54 [40] 59 [51]
5.44 [40] 89 [40] 4.20 [40] 2.570 [54] 60 [40]
5.436 [41] 89 [41] 4.14 [41]
5.511 [41] 82 [41] 3.99 [41]
AlP( 755bg .25
This work 5.671 PBEsol 74.368 PBEsol 4.097 PBEsol 2.011 mBJ 213.00 mBJ +SO
1.945 mBJ +SO
AlPy5S5by s
This work 5.851 PBEsol 65.360 PBEsol 4.189 PBEsol 1.716 mBJ 369.00 mBJ +SO
1.607 mBJ +SO
AlP( 255b .75
This work 6.013 PBEsol 58.397 PBEsol 4.236 PBEsol 1.569 mBJ 472 mBJ 4SO
1.435 mBJ +SO
AlISD
This work 6.158 PBEsol 53.210 PBEsol 4.447 PBEsol 1.796 mBJ 620.39 mBJ 4SO
1.620 mBJ +SO
Exp. 6.135[18] 55.1[57] 1.615 [60] 670 [62]
58.2 [58] 1.696 [18] 673 [50]
750 [63]
Other works 6.167 [45] 54.412 [45] 4.109 [45] 1.47 [46] 630 [40]
6.118 [45] 56.440 [45] 4.253 [45] 1.29 [40] 658 [51]
6.23 [55] 49 [55] 4.28 [55] 640 [64]
6.08 [56] 56 [56] 4.31 [56]
6.09 [47] 56.1 [47] 4.362 [47]

For GaP;_, Sb, alloys, Stringfellow group observed
from an absorption spectra measurements [69] that
single-line peaks at 1.14eV for GaPgs3Sbp47 and at
1.625eV for GaPg76Sbpo4a are in good agreement
with the SOI-mBJ calculated values of 1.146 eV for
GaPy 5Sbg 5 and 1.787eV for GaPg 75Sbg.25 and these
values are more accurate than the recent ones calculated
using projector augmented wave method with negligible
SOI [14]. For GaPg25Sbg 75 ternary alloy, our calcu-
lated band-gap width is 0.631(0.68)eV, which agrees
well with the corresponding Chen and Ravindra results
presented within parenthesis [14].

For AIP;_,Sb, alloys and from our calculations for
the band-gap energies, we expect that the obtained
results will be tested, to confirm their reliability, in future
both theoretically and as well as experimentally.

In figure 5, we display the composition dependence of
the calculated band gaps of the two ternary alloys using
mBJ scheme. The band gap increases nonlinearly with

increasing concentration x providing a positive band-
gap bowing (it is a parameter describing the deviation
from linearity). Indeed, it is a general trend to describe
the band gap of an alloy AB_, C, in terms of the energy
gaps of the pure compound Eap and Eac by the semi-
empirical formula:

E; = (1 —x)Ea +xEac —x(1 — x)b, (D)

where the curvature b is commonly known as the
gap bowing parameter. The values of » obtained by
quadratic fit are 1.412 and 1.552 eV for AlP;_,Sb, and
GaP;_,Sby respectively obtained using SOI-mBJ cal-
culation. In order to understand the physical origins of
band-gap bowing, it can be routinely decomposed into
three contributions resulting from volume deformation,
charge transfer and bond length relaxation [70,71].

On the other hand, the energy of spin-orbit interaction
Aso is calculated for both AIP;_,Sb, and GaP;_,Sb,
ternary alloys and their binary compounds. The SOI of
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Figure 1. Composition dependence
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semiconductors at I'-point leads basically to a splitting
of the highest valence p-bands into p; 2 band (I'7y) and
p3/2 band (I'gy). This SO splitting is defined as

Aso = E(I'gy) — E(I'7y).

Our calculated values of spin-orbit (SO) splitting are
given in tables 1 and 2 where good agreement is found
with available theoretical calculations and experimental
data. We found that the SO splitting becomes strong for
AISb and GaSb and corresponds to 620.39 and 655.69
meV respectively, compared with the weak SO splitting
of the light compounds such as AIP (53.73 meV) and
GaP (72.69 meV). The remarkable importance of the
SO splitting of AISb and GaSb compounds is a conse-
quence of the stabilisation(destabilisation) of the py/2
(p3/2) orbital energies.

It is clear that the SO coupling is important in
antimony-based semiconductors. Thus, it has been taken
into consideration to study the electronic properties
of the two considered ternary alloys. Figure 5 shows
the variation of this property with Sb concentration.
Generally, Agop increases with Sb concentration. The
significant increase of Agp with increasing Sb compo-
sition is attributed to the large atomic mass of Sb which
increases the interaction between the electron spin and
orbital angular momentum.

A reasonable fitting of our calculated data correspond-
ing to the AlPy_,Sb, and GaP;_,Sby alloys varies
almost linearly with a marginal upward bowing param-
eter equal to 0.085 and 0.086 eV respectively which
is in agreement with most of the studies [18], which
showed that the split-off gap of most of the III-V ternary
semiconductor alloys can be fitted quite well by linear
interpolation.

We can note that our calculations of the band gap
of AIP;_,Sb, and GaP_,Sb, alloys show strong non-
linear dependence region which expand from the visible
range of wavelengths to the infrared range making the
material under study extremely interesting. This is why
they have been selected and recommended for use in a
variety of new devices.

For more explanation of the nature of the electronic
band structure, we present and analyse the computed
total and partial densities of states (TDOS/PDOS) for
AlIP;_,Sb, and GaP|_,Sb, alloys (0 <x < 1) usingmBJ
scheme with SOI, i.e. the prediction of the contribution
of each atomic character to these bands by dividing the
total DOS into s, p and d orbitals. It is observed that the
TDOS of all the binary compounds (the plots are not
displayed) are divided into two fundamental regions,
the valence band (VB) and conduction band (CB). The
upper region of the VB is formed by the hybridisation
between both Al_s and Sb_p states for AlSb, Al_s and
P_p for AIP, Ga_s and Sb_p for GaSb and Al_s and Sb_p
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for AISb, while the bottom of the CB is mainly occupied
by the Al_s/p states for AIP and AlSb, by Ga_s/p states
for both GaP and GaSb.

Referring to figures 6 and 7, TDOS and PDOS of
the two considered ternary alloys at different x con-
centrations have great similarity and unique behaviour
except the magnitude of the peaks that varies with
respect to the values of x and the type of the studied
compounds. It is remarkable that for all the consid-
ered materials, the TDOS is divided into three main
regions, two located in the VB, the lower valence band
(VBiow), higher valence band (VBpjgher) and the con-
duction band. VBj,y is mainly dominated by the P_s
and Sb_s states for both GaP;_,Sb, and AIP;_,Sb,
ternary alloys. VBpigher is divided into two sub-bands.
The first one is mainly occupied by Ga_s and P/Sb_p
states in the case of GaP|_,Sb, and by Al_s and P/Sb_p
states in the case of AIP_,Sb,, while the second one is
mainly dominated by Ga/P/Sb_p states for GaP;_, Sb,
and by Al/P/Sb_p states for AIP;_,Sb, ternary alloys.
On the other hand, the contribution in the bottom of the
CB is principally composed of a mixture of Ga_s and
P/Sb_p states for GaP;_,Sb, and of Al_s and P/Sb_p
states for GaP;_, Sby while the remaining part is mainly
formed with Ga/P/Sb_p states for GaP;_,Sb, and with
Al/P/Sb_p states for AIP;_,Sb,.

3.3 Thermodynamic properties

In this section, we present a rigorous theoretical study
of the thermodynamic properties of GaP;_,Sb, and
AlIP;_,Sb, alloys based on the regular-solution model
[72]. The calculations carried out here are based on ab-
initio method. We calculate the Gibbs free energy of
mixing AG,(x, T) which allows us to access the 7T—x
phase diagram and obtain the critical temperature, T,
for miscibility. Details of the calculations are given in
refs [73,74]. Indeed, an important contribution arises
from the mixing enthalpy, which can be obtained from
the calculated total energies as

AH;, = EpB,_,C,

— (1 =x)EAB — xExc, ()

where Eap, .c,. Eap and Eac are the energies of
AB|_,C, alloy, and the binary compounds AB and AC
respectively. We then calculated A H,, to obtain Q as
a function of concentration. The calculated values of
the formation enthalpies for alloys of interest are sum-
marised in table 3. Comparison with the available data
has been made wherever possible. The values obtained
are in good agreement with the previous theoretical cal-
culations of Chen and Ravindra [14]. From our results
we can remark that for a given composition, the calcu-
lated values show that the mixing enthalpy decreases
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Figure 5. Energy band gap and spin-orbit splitting energy in GaP;_,Sb, and AlP;_, Sb, alloys as a function of Sb concen-

tration.

from AIPSb to GaPSb. This is due to the smaller lat-
tice mismatch and smaller bulk modulus in GaPSb. This
smaller lattice mismatch leads to smaller strain energy
and thus smaller formation enthalpy.

The results show that the mixing enthalpy does not
monotonically decrease from GaP to GaSb. Instead,
AH ,, is smaller in GaPg 75Sbg 25 and GaPg »5Sbg 75 and
larger in GaPg 5Sbg 5. The same trend is also found in
Al compounds. This is because the large degree of alloy
mixture induces more strain energy and hence larger
formation enthalpy. This also explains the hold of large
range miscibility gap in the phase diagram shown later.
We note that the values of the enthalpy of mixing are all
positive, which is the trend of all III-V semiconductors
alloys [75].

By using the expression 2 = AH,,/x(1 — x), we can
calculate, for each x, the value of 2 from the above DFT
values of A H,,. The interaction parameter €2 depending
on x is then obtained from a linear fit to the €2 values.
The best fit gives

GaP;_,Sb, = Q(kcal/mol) = 15.607 — 13.376x
3)

AlP;_,Sby = Q(kcal/mol) = 15.959 — 3.350x.
“)

The average value of x-dependent 2 in the range 0 <
x < 1 derived from those equations for GaP;_,Sb;
alloy is 8.919 kcal/mole and for AIP;_,Sb, is 14.284
kcal/mole.

The larger enthalpy for GaP;_,Sb, and AlP;_,Sb;,
alloys suggests a large value of €2 and, hence a higher
critical temperature. By calculating free energy of mix-
mg,

AG,, = AH,; — RT[xInx + (1 —x)In(1 —x)], (5)

where R is the gas constantand 7' is the absolute temper-
ature. We determine the temperature—composition phase
diagram, in which the critical temperature, the stable,
metastable and unstable composition can be obtained.
In the region above T¢, the solid solution is miscible in all
proportions. Below T; the two binodal points are deter-
mined as those points at which the common tangent line
touches the AG,, curves. The two spinodal points are
determined as those points at which the second deriva-
tive of AG,, is zero; 82(AG,,)/8x* = 0.
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Figure 6. Total and partial density of states of GaP;_, Sb, alloys for x = 0.25, 0.5 and 0.75 using mBJ functional with SOI.
Fermi level is indicated by dashed line.
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Table 3. The calculated value of enthalpy of mixing AH, of
GaP;_,Sb, and AlP|_,Sb, alloys for different compositions
X.

Enthalpy of mixing (eV /atom)

Alloy Our calculations Literature [14]
GaP0.75 Sb().25 0.095 0.060
GaP 5Sbg 5 0.109 0.071
GaPy.»55bg.75 0.041 0.048
AlPg 755b 25 0.122 _
AlP( 5Sbg 5 0.156 _

AlPy 25Sbo 75 0.109 _

The binodal curve or coexistence curve in the phase
diagram describes the limits of solid solubility, i.e.
the miscibility gap. Figure 8 shows the calculated
phase diagram including the spinodal and binodal
curves for the alloys of interest. We have calcu-
lated the phase diagram by using the average value
of the x-dependent €2, and hence the phase diagram
looks symmetric. For temperatures and compositions
above the spinodal curve, a homogeneous alloy is
predicted. The wide range between this curve and
binodal curves indicates that the alloy may exist as
a metastable phase in which the order and disorder
phases simultaneously exist. The critical alloy forma-
tion temperature occurs at a point where both the
first and second derivatives of the free energy are
zero, i.e. the plot has no curvature. The miscibility
gap disappears at Tc. We observed a critical temper-
ature 7z = 2246 K and a miscibility gap ranging
from x = 0.004 to 0.99 at 530°C (803 K), cov-
ering essentially the entire ranging of solid compo-
sition for GaP;_,Sb,, close to the predicted results
of Stringfellow [75] with a calculated critical tem-
perature of 1996 K and a miscibility gap ranging
from x = 0.01 to 0.99 at the same temperature. For
AlIP;_,Sb, alloys, we observed a critical temperature
T. = 3596 K. Concerning this alloy, no theoreti-
cal works or experimental data were published in the
literature.

For the considered phase diagram, more stable semi-
conductor alloys are likely to form at high temperature
and these results indicate that the alloys are unstable
over a wide range of intermediate compositions at nor-
mal growth temperature.

Finally, to investigate some thermal properties, we
used the quasiharmonic Debye model as implemented
in the Gibbs program [76]. Through the quasiharmonic
Debye model, one could calculate the thermodynamic
quantities of any temperatures and pressures of com-
pounds from the calculated E—V data. The theoretical
details of this procedure are available in ref. [76]. The
thermal properties are determined in the temperature
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alloys as a function of Sb concentration. Solid line represents
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range 0-600 K, where the quasiharmonic model remains
fully valid. The pressure effect is studied within 0-10
GPa.

Debye temperature is a fundamental thermodynami-
cal parameter that is directly related to many physical
properties of solids, such as elastic constants, melt-
ing temperature, specific heat and it is an important
characteristic of the temperature of solids. When the
temperature rises above absolute zero, the atoms of
the solid gradually vibrate to Debye’s temperature.
This represents the temperature at which the vibra-
tions reach their maximum possible modes. It is a
good approximation of the hardness of solids. Fig-
ure 9 shows the Debye temperature 6p as a function
of temperature for GaPg,5Sbg75 and AlPg75Sbg 25
ternary alloys at different pressures. At a given pres-
sure, Op is found to be nearly constant from O to
100 K. In this temperature range, the anharmonicity is
low and the crystal expands very little with increas-
ing temperature. At low temperatures, one expects
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the high-frequency modes to be frozen, i.e., vibra-
tional excitations arise only from acoustic vibrations.
Op diminishes quite linearly with increasing tempera-
ture, indicating the change in the vibrational spectrum
of the atoms with temperature. 0p is associated with
the maximum crystal vibration frequency for a given
structure and symmetry. At room temperature and zero
pressure, the values of Debye temperature are 348.60
and 605.48 K for GaP0_25Sb0_75 and A1P0_75Sb0_25,
respectively. The variations of heat capacity Cy with
temperature at different pressures for GaPg25Sbg 75
and AlPg 75Sbg 25 ternary alloys are presented in fig-
ure 10. From this figure, for low temperature, the
proportionality of heat capacity to T is clear as given
in Debye model. Cy increases rapidly with tempera-
ture due to the enhanced anharmonic effect at elevated
temperatures, while for higher temperatures it tends
to the classical Dulong—Petit limit, approximately to
197.414 and 193.214 (J mol~! K~1) for GaPy »5Sbo.75
and AlPg 75Sbg 25, respectively, indicating that all the
phonon modes are excited. In addition, Cy increases
with the increase in temperature at a given pressure
and slightly decreases with the pressure rise at a given
temperature. The effects of temperature on the heat
capacity at low temperatures (below fp) are very sig-
nificant.

4. Conclusions

In this study, we have presented a complete theoretical
analysis of the structural, electronic and thermodynamic
properties of GaP;_,Sb, and AlP;_,Sb, alloys for a
number of ordered structures and compositions using
the FP-LAPW+lo method within DFT. The composi-
tion dependence of the lattice constant and bulk modulus
is investigated. The lattice constants of GaP;_,Sb, and
AIP;_,Sb, exhibit a large deviation from Vegard’s law
which is mainly due the large mismatch between the
lattice constants of the parent binary compounds. A
significant deviation of the bulk modulus from linear
concentration dependence is observed for these alloys.
Our results of the lattice constant for GaP;_, Sb, alloys
are in excellent agreement with the available results
reported in literature. The inclusion of SOI has signif-
icant contribution in explaining the band structure of
GaP;_,Sb, and AlP;_,Sb, within the mBJ scheme.
The inclusion of the SOI decreases the band gap by shift-
ing the CB towards lower energies and gives the value
of the band-gap energies for GaP;_,Sb, alloys to be in
close agreement with experimental results of Stringfel-
low group. With the inclusion of SOI, the band structures
show topological semiconductor character with a posi-
tive energy gap for all ranges of concentrations for the
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two considered ternary alloys. Therefore, the magnitude
of the SO splitting Agp grows with Sb concentration
and fits quite well by linear interpolation. Finally, it is
expected that these alloys are attractive materials which
find applications in optoelectronic devices and solar cell
applications in the infra-red (IR) and visible regions.

The calculated phase diagrams reveal that GaP|_, Sb,
and AlP;_,Sb, alloys exhibit a significant phase mis-
cibility gap and indicate that these alloys are stable at
high temperature. Debye model is successfully applied
to determine 6p and heat capacity Cy for temperatures
up to 600 K for a given pressure.

The reported calculations for AIP;_,Sb, ternary
alloys are newly investigated. Hence, this contribution
is to cover the lack of data in the literature for these
ternary alloys and add to the limited theoretical effort
explored in the fundamental properties of GaP;_,Sb,
ternary alloys.
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