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First-principles calculations are performed to study the structural, electronic, optical and thermodynamic
properties of technologically important AlyGa;_xAs, AlyGa;_,Sb, GaAsxSb1_x and AlAs,Sb_, ternary alloys
using the full potential-linearized augmented plane wave plus local orbitals method within the density
functional theory. We use both Wu-Cohen and Engel-Vosko generalized gradient approximations of
the exchange-correlation energy that are based on the optimization of total energy and corresponding
potential, respectively. Our investigation on the effect of composition on lattice constant, bulk modu-

g/:_%s(;_Dk lus, ionicity, band gap, effective mass and refractive index for ternary alloys shows almost non-linear
71.15.Ap dependence on the composition. The bowing of the fundamental gap versus composition predicted by
71.15.Mb our calculations is in good agreement with available experiment data. The different roles of structural
71.20.—b and chemical effects on the gap bowing and its variation with composition are identified and discussed.
77.22.Ch It is found that charge-exchange effect overwhelms the other contributions to the gap bowing. Besides,

) a regular-solution model is used to investigate the thermodynamic stability of the alloys which mainly
Iég&‘gg\j‘ indicates a phase miscibility gap. In addition, the quasi-harmonic Debye model is applied to determine
DET the thermal properties at room temperature.
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1. Introduction

Semiconductor alloys provide a natural means of tun-
ing the magnitude of the forbidden gap and other material
parameters so as to optimize and widen the applications of
semiconductor devices [1]. With the advent of small-structure
systems, such as quantum wells and superlattices, the effects
of alloy compositions, size, device geometry, doping and con-
trolled lattice strain can be combined to achieve maximum
tenability [2].

The III-V semiconductor alloys are promising candidates for
many device applications such as high-speed electronic and long
wavelength photonic devices because their band gaps cover a wide
spectral range [3,4]. Among these materials, the (Al,Ga)(As,Sb)
ternary alloys are covering wavelengths between the visible and
infrared region. AlyGaj_xAs is the most important and the most
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studied III-V semiconductor alloy, its key role in a variety of
transistor and optoelectronic devices has necessitated a precise
knowledge of the fundamental energy gap as well as the align-
ment of the three main conduction-band valleys [5-9]. AlyGa;_,Sb
is an important material employed in high-speed electronic cover-
ing the 1.30-1.55 pwm range which is required for infrared optical
fiber communication system [10-13]. GaAsxSb_y is very attractive
material for optoelectronic applications. They are widely used as a
material for the active region of light-emitting diodes and photo
detectors for the wave lengths 1.3-1.6 mm [14-16]. AlAsxSb;_x isa
versatile large-gap barrier material that can be lattice matched to
InP, InAs, or GaSb substrates [8,17-19]. The studied ternary alloys
(Ga,Al)(As,Sb) form a border of the AlyGa;_xAsySby_, quaternary
alloys which are interesting materials in the commercial technolo-
gies [20].

In spite of the importance of ternary alloys for device appli-
cations, limited theoretical work on the AlyGa;_yxAs, AlxGa;_xSb,
GaAsxSbq1_y and AlAsxSby_y ternary alloys has been carried out
because of computational complexities and difficulties associate
with disorder in the alloys, hence in order to complete the excit-
ing experimental and theoretical works and to provide a basis for
understanding future device concepts and applications, we have
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Table 1

Calculated lattice parameter a, bulk modulus B, and gap energy E; for the binary compounds in zinc-blende structure at equilibrium volume. Experimental data are also
shown for comparison. (Ours: this work; WC: Wu and Cohen GGA; PBE: Perdew-Burke-Ernzerhof GGA; EV: Engel-Vosko GGA).

a(A) B (GPa) Eg (eV)

Our work exp. Our work Exp. Our work Exp.

WC PBE WC PBE WC EV
GaAs 5.666 5.754 5.6532 69.6 60.9 75.52 0.336 0.966 1.424 (Egr)a
Gasb 6.115 6.221 6.096° 51.9 459 56.32 0.000 0.396 0.726 (Egr)a
AlAs 5.678 5.736 5.661?2 72.3 66.8 78.12 1.861 2.104 2.170 (E§ )
AlSb 6.160 6.232 6.135° 54.9 49.7 55.1¢ 1.343 1.470 1.696 (E5 P
2 Ref. [9].
b Ref. [8].
¢ Ref. [31].

employed density functional theory (DFT) to some properties of
these ternary alloys.

The present work aims to extend the study of the composition
dependence of the energy band gap and to investigate in detail the
physical origin of the band gap bowing b. The refractive indices
and the optical dielectric constants of the materials have been
investigated as a function of composition. In addition to the consid-
eration of the electronic and structural properties, we have studied
the phase stability. Finally, the quasi-harmonic Debye model was
successfully applied to determine the thermal properties. In the
subsequent text, the computational details are given in Section 2.
The results are presented and discussed in Section 3. Section 4 is
the conclusion.

2. Computational details

Describing random alloys by periodic structures will clearly
introduce spurious correlations beyond certain distance. Pre-
venting this problem needs a very large supercell for which
first-principle self-consistent calculations are still impractical.
However, many physical properties of solids are characterized by
microscopic length scales and local randomness of alloys and mod-
ifying the large scale randomness of alloys does not affect them.
Zunger et al. [21] implemented this fact to construct Special Quasir-
andom Structures (SQS) approach by close reproduction of the
perfectly random network for the first few shells around a given
site, deferring periodicity errors to more distant neighbors. They
argued that this approach, adopted in our calculation, effectively
reduces the size of the supercell for studding many properties of
random alloys.

We have employed the scalar-relativistic FP-LAPW+lo method
[22-24] within the framework of DFT [25] as implemented
in WIEN2K [26] code. For structural properties the exchange-
correlation potential was calculated using the generalized gradient
approximation (GGA) in the new form (WC) proposed by Wu
and Cohen [27] which is a improved form of the most popu-
lar Perdew-Burke-Ernzerhof (PBE) GGA [28]. In addition, and for
electronic properties only, we also applied the Engel-Vosko (EV)
scheme [29]. In the FP-LAPW+lo method, the wave function, charge
density and potential were expanded by spherical harmonic func-
tions inside non-overlapping spheres surrounding the atomic sites
(muffin-tin spheres) and by plane waves basis set in the remain-
ing space of the unit cell (interstitial region). A mesh of 35 special
k-point for binary compounds and 27 special k-point for ternary
alloys were taken in the irreducible edge of Brillouin zone. The
maximum [ quantum number for the wave function expansion
inside atomic spheres was confined to Inax =10. The plane wave
cutoff of Kmax =8.0/Ryt (Rvr is the smallest muffin-tin radius in
the unit cell) is chosen for the expansion of the wave functions in
the interstitial region while the charge density is Fourier expanded
up to Gyax = 14(Ryd)'/2, The muffin-tin radius was assumed to be

2.0, 2.1, 2.2 and 2.3 a.u. for Al, Ga, As and Sb atoms, respectively.
Both the plane wave cutoff and the number of k-point were varied
to ensure total energy convergence. Our calculations for valence
electrons were performed in a scalar-relativistic approximation,
with neglecting spin—-orbit coupling, while the core electrons were
treated fully relativistic.

3. Results and discussion

Before handling the main steps of the present work, let us start
with a preliminary study of the structural and electronic proper-
ties of the zinc-blend binary compounds GaSb, GaAs, AlSb, and
AlAs. The calculated total energies using GGA scheme at many
different volumes around equilibrium were fitted by the Mur-
naghon’s equation-of-state [30]. The equilibrium lattice parameter,
bulk modulus and gap energy were presented and compared with
the experimental data in Table 1. It is clearly seen that the WC cal-
culated lattice constants and bulk modulus are more accurate than
those of PBE. A small difference (less than 1%) could be observed
between WC calculated and experimental lattice constants which
can be attributed to the general trend that GGA usually overesti-
mates this parameters [32,33].

The computed band structures of binary compounds using WC
and EV schemes indicate a direct band gap for GaAs and GaSb, while
AlAs and AlSb are an indirect band gap with the X-L-I" ordering
of the conduction valley minima. In fact, GGA usually underesti-
mates the experimental energy band gap [34,35], this is an intrinsic
feature of DFT which is not suitable for describing excited-state
properties. However, it is widely accepted that GGA electronic band
structures are qualitatively in good agreement with experiments as
regards the ordering of the energy levels and the shape of the bands.
Engel and Vosko by considering this shortcoming of the energy gap
constructed a new functional form of the GGA which s able to better
reproduce exchange potential at the expense of less agreement in
exchange energy. This approach (EV) yields a better band splitting.
However, in this method, the quantities that depend on an accurate
description of exchange energy E, such as equilibrium volumes and
bulk modulus are in poor agreement with experiment. Therefore,
in order to obtain more accurate energy band gaps in our calcula-
tions, we applied EV to the theoretical lattice constants obtained
by WC throughout this paper.

3.1. Structural properties

The second step of our calculations was to study the structural
properties of AlyGaj_xAs, AlxGaj_,Sb, GaAsySbq_, and AlAsySby_y
alloys. The lattice structures have been modeled at some selected
compositions x=0.25, 0.5, 0.75. For the considered structures, we
perform the structural optimization by minimizing the total energy
with respect to the cell parameters and also the atomic posi-
tions (as prototype, Table 2 summarizes the atomic positions of
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Table 2

Atomic positions for GaAs,Sb;_y alloys.
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X Atom Atomic positions
0.25 Luzonite Ga (1/41/41/4),(3/43/41/4),
(3/41/43/4),(1/43/43/4)
As (000)
Sb (01/21/2),(1/201/2),(1/2
1/20)
0.5 Chalcopyrite Ga (000),(01/22/8),(1/2

/1/24/8),(1/206/8)
As (1/41/41/8),(3/43/41/8),
(3/41/43/8),(1/43/43/8),
(1/41/45/8), (3/43/45/8),
(3/41/47/8),(1/43/47/8)
Sb (1/21/20),(1/202/8),(00
4/8),(01/2 6/8)

0.75 Luzonite Ga (1/41/41/4),(3/43/41/4),
(3/41/43/4),(1/43/43/4)
As (01/21/2),(1/201/2),(1/2

12 0)

Sb (000)

GaAsxSbq_y). For the compositions x=0.25 and 0.75 the simplest
structure is an eight-atom simple cubic cell (luzonite): the anions
with the lower concentration form a regular simple cubic lattice.
For the composition x = 0.5, the smallest ordered structure is a four-
atom tetragonal cell, corresponding to the (00 1) superlattice. This
structure is strongly anisotropic, and thus not very suitable for
simulating random alloys which are macroscopically isotropic. We
consider therefore the chalcopyrite structure, which has a 16-atom
tetragonal cell. Our calculated lattice constants at different compo-
sition of AlyGaj_xAs, AlyGa;_xSb, GaAsxSby_y and AlAsxSb;_y alloys,
as shown in Fig. 1, were found to vary almost linearly following
the Vegard’s law [36] with a marginal upward bowing parameters
equal to —0.008 (Exp. [6]: +0.007 A), —0.016, —0.098 and —0.099 A,
respectively. However, violation of Vegard’s law has been reported
in semiconductor alloys both experimentally [37,38] and theoreti-
cally [39].

A deviation of the bulk modulus from the linear concentra-
tion dependence (see Fig. 1) with downward bowing equal to 0.2
(Exp. [6]: 0.26GPa), 1.9, 8.4 (Exp. [6]: 19GPa) and 10.1 GPa for
AlxGaj_yAs, AlyGa;_xSb, GaAsxSb1_x and AlAsxSb;_y alloys, respec-
tively was observed. It should be noted that the values of the bulk

modulus bowing are small for the two first alloys which should be
mainly due to the small mismatches of the bulk modulus of the
constitute binary compounds. A more precise comparison for the
behavior of the GaAsxSb;_y and AlAsxSby_y ternary alloys (Fig. 1)
shows that a decrease of the lattice constant is accompanied by a
decrease of the bulk modulus while for the other two ternary alloys
areverse phenomenon was observed. It represents bond strength-
ening or weakening effects induced by changing the composition.
The charge density is an appropriate tool that provides us a bet-
ter understanding of the bonding character in these compounds
and FP-LAPW gives an accurate description of the valence charge
density. Ionic charge obviously plays a decisive role in the physics
of alloys and they are yet quantities difficult to assess in a con-
sistent and meaningful way. Even if we know the distribution of
the valence charge in a semiconductor, the ionic charges are arbi-
trary, depending on the way we divide the space assigned to the
individual atoms. One can correlate the valence charge density to
the ionicity factor through an empirical formula [40], which has
been successfully applied to other ANB&-N compounds [41]. The cal-
culated ionicity values for GaSb, GaAs, AlSb and AlAs compounds
are respectively, 0.211 (0.261), 0.275 (0.310), 0.191 (0.250) and
0.225 (0.274). Our WC calculated values agree well with the cor-
responding Phillips results [42] presented inside the parentheses.
The ionicity decreases when the group VI anion changes from As
to Sb. In Fig. 2, we show the ionicity of the bonds at different con-
centrations which decreases as the lattice constant increases and
vice versa. It is relevant to note that for all the four alloys the
ionicity changes almost linearly by going from x=0 to x=1 with
slopes equal to —0.998, —0.997, 0.998 and 0.997 for AlyGa;_xAs,
AlxGaq_,Sb, GaAsxSbq_y and AlAsxSby_y alloys, respectively.

3.2. Electronic prosperities

The crucial role of the four studied ternary alloys in a variety of
technologically devices has necessitated precise knowledge of the
fundamental energy gap as well as the alignment of the three main
conduction-band valleys. Investigations are complicated by the fact
that whereas GaSb and GaAs are a direct-gap material with I"-L-X
valley ordering, AISb and AlAs are an indirect-gap material with
exactly the reverse ordering. Particular attention has been devoted
to the crossover point, at which the I" and X valley minima have
the same energies. The EV calculated band gap energy is displayed

Fig. 1. Composition dependence of the calculated lattice constant (left panel) and bulk modulus (right panel) of the ternary alloys of interest using WC-GGA.
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Fig. 2. The ionicity variation of the calculated bonds versus concentration.

in Fig. 3. The crossover of direct-indirect-gap occurs at x equals to
0.43 (Exp. [6]: 0.45) and 0.25 (Exp. [8]: 0.27) for AlyGa;_xAs and
AlxGaq_,Sb alloys, respectively.

However one may note that due to the systematic underestima-
tion of the energy band gap in local density approximation (LDA)
(GGA)-DFT studies, our results are not accurate enough to be appli-
cable in industry. This obstacle can be overcome by taking into
account the scissor correction scheme [43], which in its simplest
form requires a rigid shift of the unoccupied part of the DFT-GGA
band structure. To do this correction, one may use the experimental
values of binary compounds band gaps in Eq. (1) along with the EV
calculated band gap bowing parameters. We have done this scissor
type correction for all ternary alloys and the results are presented
in Fig. 3 (lines without symbols).

The band gap increases non-linearly with increasing of the con-
centration x providing a positive gap bowing. Indeed it is a general
trend to describe the band gap of an alloy ABxC;_y in terms of the
pure compound energy gap E4g and E4c by the semi-empirical for-
mula:

Eg:XEAB+(1 — X)Eac — x(1 — x)b, (1)
where the curvature b is commonly known as gap bowing parame-
ter. The results, obtained by quadratic fit, are presented in Table 3.

In order to better understand the physical origins of the
gap bowing parameter b, Bernard and Zunger [45] decompose
it into three contributions resulting from volume deformation,

charge-exchange, and structural relaxation. The overall gap bowing
coefficient at x=0.5 measures the change in band gap according to
the reaction:

AB(aap) + AC(aac) — ABy.5Co.5(deq), (2)

where a,p and asc are the equilibrium lattice constants of the binary
compounds AB and AC, respectively; and aeq is the alloy equilibrium
lattice constant.

First, volume deformation (byp) represents changes in the band
gaps of the bulk materials that are compressed and dilated, respec-
tively, from their equilibrium lattice constants to the intermediate
alloy one a=a(x), according to the following reaction:

AB(ap) + AC(apc)~>AB(a) + AC(a), (3)
So that
bvp = 2[eap(aa) — €a(a) + eac(aac) — eac(a)]. (4)

Secondly, charge-exchange bcr represents the change in the
band gap upon bringing together the constituents, already pre-
pared at the lattice constant a, without permitting any sublattice
relaxation. The formal reaction is

AB(a) + AC(a)-EABy 5Co 5(a). (5)

This term includes charge-transfer effects due to the different
bonding behaviors of the two constituents; the contribution of this
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Fig. 3. Energy band gap as a function of composition for the ternary alloys. Lines symbols: calculated values using EV, lines: scissor corrected values. The top axis is exactly

the same as the bottom axis.

charge transfer to the bowing is hence:

bce = 2[eap(a) + eac(a) — 2eapc(a)]. (6)

The final step measures changes due to the structural relaxation
in passing from the unrelaxed to the relaxed alloy by bgg,

S
ABO_SC0_5(a)—R>ABo_5C0.5(aeq)’ (7)
bsg = 4leapc(a) — eapc(aeq)]- ®)
Table 3

The addition of the three contributions (4), (6), and (8) leads to
the total bowing parameter b. The computed bowing coefficients b
together with the three different contributions for alloys of inter-
est is given in Table 3. The calculated quadratic parameters (gap
bowing) are very close to their corresponding results obtained by
Zunger approach. The smallest contribution of volume deforma-
tion term byp is attributed to the marginal mismatch of the lattice
constant occurring between the bulk materials as shown in the pre-
vious section. The total gap bowing for all the four alloys were found

Decomposition of the optical bowing into volume deformation (VD), charge-exchange (CE), and structural relaxation (SR) contributions compared with that obtained by a

quadratic fit and other predictions (all values are in eV).

Our work Exp.2
Zunger approach Quadratic fits
L r X L r X L r X
AlyGaj_xAs
bvp 0.001 0.014 0.001
bee 1.536 0.515 0.163
bsr 0.287 —0.042 —-0.005
b 1.824 0.487 0.168 1.888 0.455 0.209 1.705 0.438 0.16
AlyGa;_,Sb
bvp 0.006 —0.001 0.001
bee 0.586 0.409 0.082
bsr 0.009 0.046 0.009
b 0.601 0.454 0.092 0.720 0.530 0.202 0.64 0.47 0.05
GaAsxSby_x
bvp 0.017 0.085 0.010
bce 0.222 0.443 0.324
bsg 0.014 0.669 0.012
b 0.253 1.197 0.454 0.362 1.371 0.481 0.248 1.2 0.31
AlAsSby_«
bvp 0.059 0.002 0.012
bce 0.405 0.722 0.222
bsg 0.032 -0.025 —-0.007
b 0.496 0.699 0.227 0.489 0.724 0.322 0.474 0.691 0.25

o

Ref. [44].
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to be mainly caused by the charge-exchange b, this is related to
the electronegativity [46] Mismatch for Al (1.6), Ga(1.81), As (2.18)
and Sb (2.05). The contribution of the structural relaxation term bsg
to the bowing parameter, although smaller than b¢, is notignorable
(bsg sometimes negative).

It is also interesting to discuss at the end of the band structure
study, the effective masses of electrons (mg) and holes (m; ), which
are important for the excitonic compounds. We have calculated the
effective masses using EV scheme. A theoretical effective mass in
general turns out to be a tensor with nine components. However,
foraveryidealized simple case where E(k)is a parabola at k=0 (high
symmetry point I"), the effective mass becomes a scalar. We have
computed the effective masses of electrons and holes both at the
conduction-band minima and valance-band maxima. The results
obey the following variations:

mi(x) = 0.056 — 0.179 x + 0.325 x2

m(x) = 0.242 +0.174 x — 0.066 x2 ° )

AlGa;_yAs = {
h

mi(x) =0.073 — 0.21 x 4 0.482 x?

AlGa1-xSb = { m(x) = 0.337 +0.101 x — 0.001 x2 ° (10)
m3(x) = 0.057 + 0.034 x + 0.018 x2

GaAsxShyx = { m(x) =0.338+0.078 X+ 0.014 x? ° (1)
mi(x) = 0.187 — 0.344 x + 0.395 x2

AlAsxSb1x = {m;(x):0.250+0.079x+0.016 X2 (12)

Accordingly, the electron effective masses increase non-linearly
with increasing of concentration x, while the hole effective masses
variation is almost linear.

3.3. Optical properties

Since the alloys of interest have cubic symmetry, we need to
calculate only one dielectric tenor component to completely char-
acterize the linear optical properties. In the following &(w) is the
frequency-dependent dielectric function. The imaginary part €;(w)
of the frequency-dependent dielectric function is given by [47]:

2
o) = 13 /B Me)P (k) - @)k (13)
v,Cc

The integral is over the first Brillouin zone, the momentum
dipole elements, Mc,(k) = (ucle.Viu,) where e is the potential
vector defining the electric field, are matrix elements for direct
transitions between valence-band u,(k) and conduction-band
uc (k) states, and the energy hawey(k) = E¢i — Ey is the correspond-
ing transition energy.

The real part e¢1(w) of the frequency-dependent dielectric
function can be derived from the imaginary part using the
Kramers-Kronig relations,

2 * wey(w) ,
e1(lw)=1+ =P 276160, (14)
T 0 w' _wz

where P implies the principal value of the integral. Knowledge of
both real and imaginary parts of the frequency-dependent dielec-
tric function allows the calculation of important optical functions
such as the refractive index n(w):

5 5 1/2
() = [81(20)) VAR 82(@] (15)
At low frequency (w=0):
n(0) = £'/2(0) (16)

The refractive index and optical dielectric constants are very
important to determine the optical and electric properties of the
crystal. Advanced applications of these alloys can significantly ben-
efit from accurate index data. The use of fast non-destructive optical
techniques for epitaxial layer characterization (determination of
thickness or alloy composition) is limited by the accuracy with
which refractive indices can be related to alloy composition. These
applications require an analytical expression or known accuracy
to relate the wavelength dependence of refractive index to alloy
composition, as determined from simple techniques as photolumi-
nescence.

In the calculations of the optical properties, a dense mesh of uni-
formly distributed k-point is required. Hence, the Brillouin zone
integration was performed with 816 and 729 k-point in the irre-
ducible part of the Brillouin zone for binary and ternary compounds,
respectively. Broadeningis taken tobe 0.2 eV. The EV scheme within
scissor correction was used in order to perform accurate optical
parameter calculations.

Fig. 4 displays the &,(w) for our studied alloys, at special com-
position x=0.5 as prototype, for a radiation up to 12 eV. As can be
seen, the linear optical absorption varies from one compound to
another. This is attributed to the fact that the conduction bands are
different, and the symmetry of the wave functions dictate that the
selection rules are fully reflected in the matrix moment elements.
Our analysis of the g;(w) curves show that the threshold energy
(first critical Points) of the dielectric function occurs at about 1.71,
1.01,0.9 and 1.85 eV for A10_5Gao.5AS, Alo.s Ga0_5Sb, GaAso,s Sb0_5 and
AlAsg 5Sbg 5 alloys, respectively. These points are I",—X, splitting for
Alg5Gag 5As, AlgsGagsSb and AlAs0.5Sb0.5 alloys (I7,- 1" splitting
for GaAsg 5Sbg 5 alloy). This gives the threshold for indirect (direct)
optical transitions between the highest valence-band and the low-
est conduction band. This is known as the fundamental absorption
edge. These critical points are followed by small peaks. The main
peaks in the spectra are situated at 4.62, 3.83, 4.21 and 4.26eV
for AlO.SGao‘sAS, A10.5Ga0,55b, GaAsO.SSb0‘5 and AIASO.5Sb0.5 alloys,
respectively.

According to the Kramers-Kronig dispersion relation, the real
part &1(w) of the frequency-dependent dielectric function &(w) is
also obtained and displayed in Fig. 4. We note that there are two
main peaks in these spectra. Thereafter, £1(w) goes to be negative
at about 5.10, 5.21, 4.42, and 4.45 eV for Alg5Gag 5As, Alg5Gag 5Sb,
GaAsg5Sbg 5 and AlAsg 5Sbg 5 alloys, respectively.

In Fig. 5 the refractive index at low frequency are plotted.
Whereas refractive index bowings of AlyGa;_xAs [—-0.045 (Exp. [6]:
0.09)] and GaAsxSb;_ [—0.028] were found to be small, a deviation
from the linear concentration dependence, with values equal to
0.162 and 0.194 for AlyGa;_,Sb and AlAsxSb;_, alloys respectively,
was observed.

3.4. Thermodynamic properties

We investigate in this part the phase stability of ternary alloys
(Ga,Al)(As,Sb) solid solution systems based on the regular-solution
model [48]. The Gibbs free energy of mixing for the alloys is
expressed as

AGm = AHm — TASp, (17)
where

AHpm = £2x(1 =), (18)
ASm = —R[xInx + (1 —x)In(1 — x)]. (19)

AHp, and ASy, are the enthalpy and entropy of mixing, respectively,
§2 is the interaction parameter which depends on the material, R
is the gas constant, and T is the absolute temperature. The mix-
ing enthalpy of alloys can be obtained as the difference in energy



86 F. El Haj Hassan et al. / Journal of Alloys and Compounds 499 (2010) 80-89

Dielectirc function g(w)

0 2 4 6 8 10 12
Photon energy (eV)

Dielectirc function &(w)

0 2 4 6 8 10 12
Photon energy (eV)

25

- - N
o o o o

Dielectirc function ()
o

-10 L 1 1 N 1 L 1 " 1 .
0 2 4 6 8 10 12

Photon energy (eV)

(C) —

= N N
o o

Dielectirc function g(w)
o (&) 5 [6)]

'
(4]

2 4 6 8 10 12
Photon energy (eV)

L
o

Fig. 4. Calculated real (solid line) and imaginary (dotted lines) parts of the dielectric function of (a) Alg5GagsAs, (b) Alg5Gags5Sb, (c) GaAsgsSbos and (d) AlAsgsSbg s ternary

alloys.

between the alloy and the weighted sum of the constituents:

AHm = Epp,c, , —XEap — (1 — x)Epc. (20)

The resulting averaged formation enthalpies of alloys are indi-
cated by the solid circles in Fig. 6. AHy; has a maximum near x=0.5.
By rewriting expression (18) as £2= AHp; /x(1 — x) we can calculate,
for each x, a value of §2 from the above DFT values of AHy,. The
only shortcoming we may notice for the regular-solution model
for a statistical description of entropy is that the model could be
affected by the number of DFT enthalpy values extracted from DFT
calculation and, consequently, by the nature of the fit needed. The
interaction parameter §2 depending on x is then obtained from a
linear fit to the §2 values. The best fit gives:

AlyGaqi_yAs = 2.317 — 0.253x (kcal/mole), (21)
AlyGay_4Sb = 3.718 + 1.037x (kcal/mole), (22)
GaAsySb1_x = 4.107 + 2.375x (kcal/mole), (23)

)

AlAsxSb_x = 5.309 + 2.496x (kcal/mole).

The average values of the x-dependent §2 in the range
0<x<1 obtained from these equations are 6.557, 4.236, 5.294
and 2.190 kcal/mole for AlyGa;_xAs, AlyGai_xSb, GaAsxSbi_yx and
AlAs,Sb_y alloys, respectively. Next we calculate AH,; expressed
by Eq. (18) with Egs. (21)-(24), as drown by the solid curve in Fig. 6.
The DFT results of AH,; (solid circles) are accurately reproduced
by the above AHy, curve. Besides, £2 averaged values independent
of x is also used to draw AH;;, as shown by the dotted curve in
Fig. 6. The latter is symmetric around x = 0.5, while the x-dependent
parameter is asymmetric leading to a slight deviation toward left or
right. The effect of this asymmetry will be pronounced in the phase
diagram shown later. The formation energies are all positive, this

implies that the system has strong tendency to segregate in its con-
stituents at low temperature. At high T, disordered configurations
are expected to become favored because of the important increase
of the entropic term. Our aim here is to determine the behavior of
the alloy between such limits.

Now, we first calculate AGy,; by using Egs. (17)-(19). Then we
use the Gibbs free energy at different concentrations to calculate
the T-x phase diagram which shows the stable, metastable, and
unstable mixing regions of the alloy. At a temperature lower than
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' o. —0O—AlGa, Sb
F Al Ga, As
36 o —R—AlAs,Sb,,
O\
r \D\
é 34T e D\
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E I \
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i \‘_\Q\
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28 %
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Fig. 5. Calculated refractive index as function of concentration x for the ternary
alloys of interest.
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the critical temperature T, the two binodal points are determined
as those points at which the common tangent line touches the AGp,
curves. The two spinodal points are determined as those points at
which the second derivative of AG, is zero; 3*(AGy,)/0x* = 0.

The composition region between two binodal points is the
miscibility gap. Thermodynamically unstable phases may exist
metastably in cases where the decomposition kinetics is slow, com-
bined with rapid quenching. Within the miscibility gap, there also
exists two inflection spinodal points.

Using the x-dependent interaction parameter 2, we quantita-
tively determine the critical temperature T¢ and the stable and/or
metastable boundary lines. In Fig. 7, we show the resulting phase
diagram for alloys of interest. The critical alloy formation temper-
ature 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 tempera-
ture T¢ (at critical composition x¢) of 553 (0.46), 1078 (0.58), 1379
(0.64), and 1693 (0.63)K for AlyGa;_xAs, AlyGa1_,Sb, GaAsxSby_x
and AlAs,Sb;_y alloys, respectively. For our phase diagram, more
stable semiconductor alloys are likely to form at high temperature,
these results indicate that the alloys is unstable over a wide range
of intermediate compositions at normal growth temperature. This
purpose can be supported by the work of Guisbiers et al. [5].

Finally, to investigate same thermal properties, we used the
quasi-harmonic Debye model [49] in which the non-equilibrium
Gibbs function G*(V; P, T) is written in the form:
G*(V;P, T)=E(V)+ PV +A,p[0(V); T], (25)
where E(V) is the total energy per unit cell, PV corresponds to the
constant hydrostatic pressure condition, 6(V) is the Debye temper-
ature and A,;, is the vibrational term which can be written using

the Debye model of the phonon density of states as:

Ayip(0; T) = nkT {g? +3In(1-e%Ty—D (?)} , (26)

where n is the number of atoms per formula unit, D(6/T) represents
the Debye integral and for an isotropic solid, 6 is expressed as:

_h 20,1/2,,11/3 Bs
HD—E[BTFV n| " f(o) -

M being the molecular mass per unit cell, Bs is the adiabatic bulk
modulus, which is approximated given by the static compressibil-

ity:

(27)

d2E(V)
dv?
Details on f{o) can be found elsewhere [50,51]. Therefore, the non-

equilibrium Gibbs function G*(V; P, T) as a function of V, Pand T can
be minimized with respect to volume V:

{BG*(V;P, T)} o
P,T

Bs=B(V)=V (28)

5 (29)

By solving Eq. (29), one can obtain the thermal equation-of-state
(EOS) V(P, T). The heat capacity Cy and the thermal expansion coef-
ficient « are given by [52]:

6 36/T
Cv = 3nk {41) (T) ~ T 1] ; (30)
Yo
=gy 31
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where is the Griineisen parameter which is defined as

dIng(V)
V=""dmv - (32)
Through the quasi-harmonic Debye model, one could calculate
the thermodynamic quantities of any temperatures and pressures
of compounds from the calculated E-V data at T=0 and P=0.
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Fig.8. The Debye temperature 6 as function of concentration for the alloys of interest
at room temperature.

The calculated Debye temperature 6 at 300K are depicted in
Fig. 8. Accordingly, the increase of concentration x leads to the
Debye temperature increase as well as the compressibility decrease
(see Fig. 1). This result is in accordance with the fact that Debye
temperature is proportional to the bulk modulus and that a hard
material exhibits a high Debye temperature.

The vibrational properties which are related to the ther-
mal effects are the heat capacity Cy and the thermal expansion

90
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Fig. 9. The heat capacity Cy as function of concentration for the alloys of interest at
room temperature.
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Fig. 10. The thermal expansion coefficient « as function of concentration for the
alloys of interest at room temperature.

coefficient «. Our results concerning the heat capacity Cy at room
temperature show a no linear behavior in Fig. 9. The x-dependent
thermal expansion coefficient o at room temperature with a
smooth variation was displayed in Fig. 10.

4. Conclusions

We have investigated the structural electronic, optical and ther-
modynamic properties of the Aly,Ga;_xAs, AlyGa;_,Sb, GaAsxSbq_y
and AlAsySby_y ternary alloys as a function of the composition x by
using the FP-LAPW+lo method within DFT. A non-linear behavior
of the lattice constant, bulk modulus and band gap dependence on
x has been observed. Our results regarding the gap bowing of the
ternary alloys are found to be in reasonable agreement with the
experimental data. The investigation of the origin of the band gap
bowing shows that this one is mainly dominated by the charge-
transfer effect, while the volume deformation and the structural
relaxation contribute at smaller magnitude. The critical point struc-
ture of the frequency, dependent complex dielectric function was
investigated and analyzed to identify the optical transitions. The
enthalpy of mixing AH,, is calculated in the whole composition
range. The calculated AHy, is expressed within the regular-solution
model using the x-dependent interaction parameter 2. The calcu-
lated phase diagram indicates a significant phase miscibility gap.
These results indicate that the four ternary alloys are unstable over
a wide range of intermediate compositions at normal growth tem-
peratures. Finally, the quasi-harmonic Debye model is successfully
applied to determine the thermal properties at room temperature.
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