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a b s t r a c t

First-principles calculations are performed to study the structural, electronic, optical and thermodynamic
properties of technologically important AlxGa1−xAsySb1−y quaternary 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 modulus and band gap for pseudobi-
nary as well as for quaternary alloys shows nonlinear dependence on the composition. The bowing of
the fundamental gap versus composition predicted by our calculations is in very good agreement with
experiments available for pseudobinary alloys. The presented contour maps of energy band gap and lattice
constants versus concentrations could be very useful for designing new structures with desired optical
ielectric function
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properties. In addition, the energy band gap and natural band offset of zinc-blende AlxGa1−xAsySb1−y

quaternary alloys lattice matched to GaSb and InAs substrates is investigated. The obtained results show
that the quaternary alloys of interest could be appropriate materials for designing heterostructures with
desired optical and interfacial properties.

© 2010 Elsevier B.V. All rights reserved.
1.20.−b
7.22.Ch

. Introduction

The capabilities of III–V quantum well devices can frequently
e expanded by introducing quaternary layers to the design. This

ncreased flexibility does, however, come at the expense of a more
ifficult growth coupled with the need for multiple tedious calibra-
ion runs to accurately fix the composition. A major requirement
or optoelectronic applications of materials is the ability to tune
ndependently the band gap – to realize the desired optical prop-
rties – and the lattice parameter – in order to be able to match it
n a given substrate [1,2].

The AlxGa1−xAsySb1−y semiconductor alloys cover a wide spec-

ral range of wavelengths between the visible region and infrared
egion (0.57–1.72 �m) [3] and thus are promising for many device
pplications such as injection lasers [4,5], photodiodes [6], and solar
ells [7]. The AlxGa1−xAsySb1−y alloys are also interesting materials

∗ Corresponding author at: Université Libanaise, Faculté des sciences (I), Labora-
oire de Physique de Matériaux, Elhadath, Beirut, Lebanon.
el.: +961 5 460494; fax: +961 5 461496.

E-mail address: hassan.f@ul.edu.lb (F.E.H. Hassan).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.05.161
for cladding layers of the GaInAsSb/AlGaAsSb injections lasers [8,9].
The alloys can be grown lattice matched to commercially available
binary substrates GaSb [10] and InAs [11].

The quaternary compounds AlxGa1−xAsySb1−y are bordered
by the ternary alloys AlxGa1−xAs, AlxGa1−xSb, GaAsxSb1−x and
AlAsxSb1−x which are studied recently by our group [12].

The theoretical work carried out on the AlxGa1−xAsySb1−y
quaternary alloys was so far limited by computational diffi-
culties associated with the alloy disorder. The band gap of
AlxGa1−xAsySb1−y−y was estimated using the interpolation [13,14]
scheme and the correlated function expansion [15] (CFE) method-
ology. The effects of structural and chemical disorder on the
electronic properties were studied on the basis of tight-binding
theory [16]. The elastic properties were calculated using pseudopo-
tential empirical method (EPM) [17].

In order to complete the existing experimental and theoreti-
cal works and to provide a basis for understanding future device

concepts and applications, we have employed density functional
theory (DFT) to study the structural, electronic, optical and thermo-
dynamic properties of AlxGa1−xAsySb1−y quaternary alloys. First,
the lattice constant parameter, the bulk modulus, the band gap
energy, the refractive index, the Debye temperature, the heat

dx.doi.org/10.1016/j.jallcom.2010.05.161
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hassan.f@ul.edu.lb
dx.doi.org/10.1016/j.jallcom.2010.05.161
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Table 1
Calculated lattice parameter a, bulk modulus B, and gap energy Eg 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 (Å) B (GPa) Eg (eV)

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

WC PBE WC PBE WC EV

GaAs 5.666 5.754 5.653a 69.6 60.9 75.5a 0.336 0.966 1.424 (E�
g )a

GaSb 6.115 6.221 6.096a 51.9 45.9 56.3a 0.000 0.396 0.726 (E�
g )a

AlAs 5.678 5.736 5.661a 72.3 66.8 78.1a 1.861 2.104 2.170 (EX
g )a

AlSb 6.160 6.232 6.135b 54.9 49.7 55.1c 1.343 1.470 1.696 (EX
g )b

6.058a 58.0d 0.417 (E�
g )b
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a Ref. [13].
b Ref. [29].
c Ref. [30].
d Ref. [31].

apacity and the thermal expansion coefficient were found to vary
n additive way in what regards their dependences on cationic
nd anionic compositions (x, y). Second, the energy band gap, nat-
ral band offset, optical and thermal properties of zinc-blende
lxGa1−xAsySb1−y quaternary alloys lattice matched to GaSb and

nAs substrate have been investigated.
The paper is organized as follows: in Section 2, we describe

he computational details; results and discussions concerning the
inary compounds as well as the ternary and quaternary alloys are
resented in Section 3; the paper is concluded in Section 4.

. Computational details

Describing random alloys by periodic structures will clearly
ntroduce spurious correlations beyond certain distance. Pre-
enting this problem needs a very large supercell for which
rst-principle self-consistent calculations are still impractical.
owever, many physical properties of solids are characterized by
icroscopic length scales and local randomness of alloys so that
odifying the large scale randomness of alloys does not affect these

roperties. Zunger et al. [18] implemented this fact to construct
pecial Quasirandom Structures (SQS) approach by close reproduc-
ion of the perfectly random network for the first few shells around
given site, deferring periodicity errors to more distant neighbors.
uch an approach somehow justifies a use of specially designed
upercells, whose size remains the user’s choice, for the study of
ertain properties of random alloys. As the limiting case, we use
n the present study the minimal supercells compatible with the
ercentage of constituents in question. The lattice structures of the
ernary alloys have been modeled at some selected compositions
= 0.25, 0.5, 0.75. For the considered structures, we perform the
tructural optimization by minimizing the total energy with respect
o the cell parameters and also the atomic positions. For the com-
ositions x = 0.25 and 0.75 the simplest structure is an eight-atom
imple cubic cell (luzonite): the anions with the lower concen-
ration form a regular simple cubic lattice. For the composition
= 0.5, the smallest ordered structure is a four-atom tetragonal cell,
orresponding to the (0 0 1) superlattice. This structure is strongly
nisotropic, and thus not very suitable for simulating random alloys
hich are macroscopically isotropic. We consider therefore the

halcopyrite structure, which has a 16-atom tetragonal cell.
We have employed the scalar-relativistic FP-LAPW + lo method

19–21] within the framework of DFT [22,23] as implemented
n WIEN2K [24] code. For structural properties the exchange-

orrelation potential was calculated using the generalized gradient
pproximation (GGA) in the new form (WC) proposed by Wu
nd Cohen [25] which is a improved form of the most pop-
lar Perdew–Burke–Ernzerhof (PBE) GGA [26]. In addition, and
or electronic properties only, we applied the Engel–Vosko (EV)
scheme [27]. 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 remaining
space of the unit cell (interstitial region). A mesh of 35 special k
points for binary compounds, 27 special k points for ternary alloys,
and 32 special k points for quaternary alloys were taken in the irre-
ducible wedge of Brillouin zone. The maximum l quantum number
for the wave function expansion inside atomic spheres was con-
fined to lmax = 10. The plane wave cutoff of Kmax = 8.0/RMT (RMT 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 Gmax = 14(Ryd)1/2. 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-points were varied to ensure total energy con-
vergence. 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

The quaternary compounds AlxGa1−xAsySb1−y are bordered
by the ternary alloys AlxGa1−xAs, AlxGa1−xSb, GaAsxSb1−x and
AlAsxSb1−x which are bounded, in their turn, by four binary com-
pounds (GaSb, GaAs, AlSb, and AlAs). Before handling the main steps
of the present work, let us start with a preliminary study of the
structural and electronic properties of the binary compounds GaSb,
GaAs, AlSb, and AlAs which crystallize in the two-atom unit cell
zinc-blende lattice structure. The calculated total energies using
GGA scheme at many different volumes around equilibrium were
fitted by Murnaghan’s equation-of-state [28]. The equilibrium lat-
tice parameter, bulk modulus and gap energy were presented and
compared with the experimental data in Table 1. In addition, the
properties of InAs, which is one of the zinc-blende compounds
lattice matched with the alloys, were added to the same Table.
It is clearly seen that the WC calculated lattice constants and
bulk modulus are more accurate than those of PBE. A small dif-
ference (less than 1%) could be observed between WC calculated
and experimental lattice constants which can be attributed to the
general trend that GGA usually overestimates these 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-� ordering
of the conduction valley minima. In fact, GGA usually underesti-
mates the experimental energy band gap [34–36], 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
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concerning lattice constant and bulk modulus are depicted in
ig. 1. Composition dependence of the calculated lattice constant (left panel) and
ulk modulus (right panel) of the four ternary alloys using WC-GGA.

tructures are qualitatively in good agreement with experiments
s regards to the ordering of the energy levels and the shape of the
ands. Considering this shortcoming of the energy gap, Engel and
osko constructed a new functional form of the GGA which is able

o better reproduce exchange potential at the expense of less agree-
ent in exchange energy. This approach (EV) yields a better band

plitting. However, in this method, the quantities that depend on
n accurate description of exchange energy Ex, such as equilibrium
olumes and bulk modulus, are in poor agreement with experi-
ent. Therefore, in order to obtain more accurate energy band

aps in our calculations, we applied EV to the theoretical lattice
onstants obtained by WC throughout this paper.

The second step of our calculations was to study the structural
roperties of AlxGa1−xAs, AlxGa1−xSb, GaAsxSb1−x and AlAsxSb1−x
lloys. Our calculated lattice constants at different compositions, as
hown in Fig. 1, were found to vary almost linearly following Veg-
rd’s law [37] with a marginal upward bowing parameters equal to
0.008 (Exp. [31]: +0.007 Å), −0.016, −0.098 and −0.099 Å, respec-

ively. However, violation of Vegard’s law has been reported in
emiconductor alloys both experimentally [38,39] and theoreti-
ally [40].

A deviation of the bulk modulus from the linear concentra-
ion dependence (see Fig. 1) with downward bowing equal to 0.2
Exp. [31]: 0.26 GPa), 1.9, 8.4 (Exp. [31]: 19 GPa) and 10.1 GPa for
lxGa1−xAs, AlxGa1−xSb, GaAsxSb1−x and AlAsxSb1−x alloys, respec-

ively, was observed. It should be noted that the values of the
ulk modulus bowing are small for the two first alloys mainly due
o the small contrast in bulk modulus of the constituting binary
ompounds. A more precise comparison for the behavior of the
aAsxSb1−x and AlAsxSb1−x ternary alloys (Fig. 1) shows that a
ecrease of the lattice constant is accompanied by an increase of
he bulk modulus while for the other two ternary alloys the lat-
ice constant increase as well as the bulk modulus. It represents
ond strengthening or weakening effects induced by changing the
omposition.

The crucial role of the four studied ternary alloys in a variety
f technologically devices has necessitated precise knowledge of
he fundamental energy gap as well as the alignment of the three

ain conduction-band valleys. Investigations are complicated by
he fact that whereas GaSb and GaAs are direct gap materials with
-L−x valley ordering, AlSb and AlAs are indirect gap materials with

xactly the reverse ordering. Particular attention has been devoted
o the crossover point, at which the � and X valley minima have
he same energies. The EV calculated band gap energy is displayed
n Fig. 2. The crossover of direct–indirect gap occurs at x equals to
Fig. 2. Energy band gap as a function of composition for the ternary alloys.
Lines–symbols: calculated values using EV, lines: scissor corrected values.

0.43 (Exp. [31]: 0.45) and 0.25 (Exp. [29]: 0.27) for AlxGa1−xAs and
AlxGa1−xSb alloys, respectively.

The band gap increases nonlinearly 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 ABxC1−x in terms of the
pure compound energy gap EAB and EAC 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 param-
eter.

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 [41], 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. 2.

The bowing parameters calculated using Eq. (1) are in rea-
sonable agreement with the corresponding experimental values
[42] presented inside the parentheses. The results of AlxGa1−xAs,
AlxGa1−xSb, GaAsxSb1−x and AlAsxSb1−x alloys are, respectively,
equal to 0.455 (0.438), 0.530 (0.47), 1.371 (1.2) and 0.724 (0.691) eV
for (E�

g ), while for (EX
g ) they are equal to 0.209 (0.16), 0.202 (0.05),

0.481 (0.31) and 0.322 (0.25) eV.
In order to compute the lattice parameter, bulk modulus,

gap energy, refractive index and thermal properties of the
AlxGa1−xAsySb1−y quaternary alloys we have adopted super-
cells obtained by a simulated-annealing procedure by which we
searched among many 64-atom simple cubic structures, including
systems with random, low symmetry, and high symmetry atomic
positions, those that minimize the total energy with respect to
the cell parameters, and also the atomic positions. We found out
that the structure with the most symmetric atomic positions is
the most stable system and has the least total energy. Our results
Figs. 3 and 4, respectively. Accordingly, a marginal deviation of
the lattice constant from Vegard’s law can be observed. Moreover
a large deviation of the bulk modulus from linear concentration
dependence is visible.
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ig. 3. Contour map of the calculated lattice constant in angstroms (solid lines) and
irect–indirect minimum energy band gap in electron volts (dashed lines) versus
he compositions x and y for AlxGa1−xAsySb1−y quaternary alloys.

The formation energies (EF) of quaternary alloys at different
oncentrations were calculated using the following formula:

Form(x, y) = Etot(x, y) − xyEAlAs + (1 − x)yEGaAs + x(1 − y)EAlSb

+ (1 − x)(1 − y)EGaSb, (2)

here EAB is the total energy of the AB binary compounds and Etot

s the total energy of quaternary alloys at corresponding concen-
ration. We note that the results of the formation energy do only
o some extent provide insight onto stability and for a more com-
lete study the entropy of the system should be included. Fig. 4
hows the results in a contour plot form, the darker part of the graph
eaning higher stability of the corresponding alloy. It is apparent

hat the least stable alloys are those with concentrations near 65%
oncentration of Al and 60% of As.

The band gap energies of Al Ga As Sb alloy were com-
x 1−x y 1−y
uted using EV and presented in Fig. 3. One can note that the
and gap energies depend nonlinearly on the compositions. This
gure could be very useful for engineering of semiconductor alloys
ecause it enables us to select alloys with desired optical properties

ig. 4. Contour map of the calculated bulk modulus in GPa (dashed lines) and for-
ation energy contour lines in mRyd/pair (solid lines and shadings) versus the

ompositions x and y for AlxGa1−xAsySb1−y quaternary alloys (E2 = 102).
Fig. 5. Contour map of the calculated refractive index versus the compositions x and
y for AlxGa1−xAsySb1−y quaternary alloys.

on any given substrate by looking for concentration in which the
system has the required lattice constant and band gap.

The refractive index is known to be one of the most impor-
tant device parameters because it is strongly connecting with the
design of heterostructure lasers, as well as other waveguiding
devices. Since the alloys of interest have cubic symmetry, we need
to calculate only one dielectric tensor component to completely
characterize the linear optical properties. In the following ε(ω) is
the frequency-dependent dielectric function. The imaginary part
ε2(ω) of the frequency-dependent dielectric function is given by
[43]

ε2(ω) = e2h̄

�m2ω2

∑
v,c

∫
BZ

|Mcv(k)|2ı[ωcv(k) − ω]d3k. (3)

The integral is over the first Brillouin zone, the momentum
dipole elements, Mcv(k) =

〈
uck

∣∣e.∇
∣∣uvk

〉
where e is the potential

vector defining the electric field, are matrix elements for direct
transitions between valence band uvk(k) and conduction-band
uck(k) states, and the energy h̄ωcv(k) = Eck − Evk is the correspond-
ing transition energy.

The real part ε1(ω) of the frequency-dependent dielectric
function can be derived from the imaginary part using the
Kramers–Kronig relations:

ε1(ω) = 1 + 2
�

P

∫ ∞

0

ω′ε2(ω′)
ω′2 − ω2

dω′, (4)

where P implies the principle 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(ω):

n(ω) =
[

ε1(ω)
2

+
√

ε2
1(ω) + ε2

2(ω)

2

]1/2

. (5)

In the calculations of the optical properties, a dense mesh of uni-
formly distributed k points is required. Hence, the Brillouin zone
integration was performed with 816, 729 and 666 k points in the
irreducible part of the Brillouin zone for binary, ternary and quater-

nary compounds, respectively. Broadening is taken to be 0.2 eV. The
EV scheme within scissor correction was used in order to perform
accurate optical parameter calculations.

Fig. 5 displays the contour map of the calculated refractive index
versus the compositions x and y for AlxGa1−xAsySb1−y quaternary
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Table 2
Calculated natural valence band offsets �Ev (eV) of the quaternary alloys lattice
matched to GaSb and InAs.

x AlxGa1−xAsySb1−y/GaSb x AlxGa1−xAsySb1−y/InAs

0 0 0 0.32
ig. 6. Energy band gap of AlxGa1−xAsySb1−y quaternary alloys lattice matched to
aSb and InAs as a function of the x composition. Lines–symbols: calculated values
sing EV, lines: scissor corrected values.

lloys. One can note that the refractive index decreases with the
ncreasing of x and y and depend nonlinearly on the compositions,
specially at around 50% concentration of Al atom and 30% concen-
ration of As atom.

Finally, in order to gain some understanding about the inter-
aces of our investigated alloys and proximity effects of substrates
n them, we present the properties of the AlxGa1−xAsySb1−y alloys
attice matched to GaSb and InAs semiconductor substrates. Similar
o the ternary alloys, the lattice constant a(x, y) of the quaternary
lloy is determined using Vegard’s rule as

(x, y) = xyaAlAs + (1 − x)yaGaAs + x(1 − y)aAlSb

+ (1 − x)(1 − y)aGaSb, (6)

here aAlAs, aGaAs, aAlSb and aGaSb are the lattice constants of the
inary compounds. By putting a(x, y) equal to the lattice con-
tant of GaSb and InAs, the corresponding concentrations for lattice
atched AlxGa1−xAsySb1−y quaternary alloys are obtained as fol-

ows:
For GaSb substrate:

= 0.045x

0.449 + 0.033x
(0 = x = 1), (7)

hereas, for InAs substrate

= 0.015 + 0.045x

0.449 + 0.033x
(0 = x = 1). (8)

The above expression specifies a line on the field of (x, y) con-
entrations in which the corresponding alloy is lattice matched to
he GaSb and InAs substrates. We have considered four different
oncentrations along the line of lattice matching to both GaAs:
x, y) = (0/32, 0/32); (10/32, 1/32); (21/32, 2/32); (32/32, 3/32) and
nAs: (x, y) = (0/32, 1/32); (8/32, 8/32); (16/32, 2/32); (32/32, 4/32).
n Fig. 6 we display the energy gap as a function of the aluminum
omposition along both GaSb and InAs matching lines of the com-
osition. The crossover of direct–indirect gap occurs at x equals to
.48 (Theor. [13,14]: 0.45) and 0.74 (Theor. [13,14]: 0.45) for lat-
ices matched to GaSb and InAs, respectively. The visible nonlinear
ehavior of band gap versus concentration x leads to the gap bowing
arameters for E�

g (EX
g ) of 0.65 (0.20) and 0.47 (0.22) eV within EV
or quaternary alloys lattice matched to GaSb and InAs substrates,
espectively. To apply the mentioned scissor type correction to
hese data, in addition to the bowing parameters, one needs to
tudy the experimental band gaps of the alloys that are at the bor-
ers of the lattice matched plots [(x, y) = (0,0); (1,3/32) for matching
10/32 0.02 1/4 0.41
21/32 0.38 1/2 0.76
1 0.63 1 1.12

to GaSb and (0,1/32); (1,1/8) for matching to InAs]. Except for the
first one that is a binary alloy, other bordering materials are ternary
alloys with no available measured band gap. Therefore instead of
the experimental values, we have taken their corrected values from
Fig. 2. These parameters were used to apply a similar scissor type
correction to the lattice matched data and the results are presented
in Fig. 6. The results show that by tuning the concentrations in
quaternary alloy, a broad range of band gaps and therefore opti-
cal properties are accessible for alloys grown on GaAs and InAs
substrates. The EV calculated band gap of AlxGa1−xAsySb1−y com-
pound matched to GaSb range from 0.396 to 1.051 eV, while in the
case of the InAs substrate, the corresponding range is from 0.602
to 1.789 eV.

Another property that we have determined from the results
of constrained lattice constant calculations is the natural valence
band offset �Ev that is defined as the difference between the
valence band maximums of two semiconductor compounds form-
ing a heterostructure. As a very important parameter in interfacial
structures, it can control several parameters such as quantum con-
finement of carriers, quality of ohmic contacts, and height of the
Schottky barriers. Following Wei and Zunger [44] the valence band
offset between compounds AX and BY is given by

�Ev

(
AX

BY

)
= �EBY

v,C ′ − �EAx
v,C + �EAX/BY

C,C ′ , (9)

where �EAx
v,C = EAX

v − EAX
C (and similarly for �EBY

v,C ′ ) are the core
level (C) to valence band maximum separation for pure AX (pure
BY), while �EAx/BY

C,C ′ = EBY
C ′ − EAX

C is the difference in core level
binding energy between AX and BY at the AX/BY heterojunction.
Therefore accurate description of �Ev

(
AX
BY

)
needs the AX/BY het-

erojunction calculations that for a quaternary alloy could be a very
heavy task. However, the results obtained using Eq. (9) show that
band offset is indeed a bulk property and could be calculated with
reasonable accuracy using bulk values [44]

�Ev

(
AX

BY

)
= �EBY

v − �EAX
v (10)

We have used this formula for reliable estimation of �Ev for
AlxGa1−xAsySb1−y−y/GaSb and AlxGa1−xAsySb1−y/InAs heterostruc-
tures. Our calculated valance band offsets that are presented in
Table 2, show a monotonic increase of �Ev versus concentration for
both GaSb and InAs semiconductor substrates. It is clearly seen that
the offsets could be varied in a broad range by changing the concen-
trations, thus indicating high susceptivity of AlxGa1−xAsySb1−y for
band engineering and designing heterostructures with the desired
interfacial properties.

The calculated refractive indices of the lattice matched systems
as a function of photon energy are shown in Fig. 7. One can conclude
that the refractive index of AlxGa1−xAsySb1−y alloys decreases with
increasing of the composition x in both case, lattice matched GaSb
and InAs. The calculated refractive index of AlxGa1−xAsySb1−y com-

pound matched to GaSb range from 3.83 to 3.38 while in the case
of the InAs substrate, the corresponding range is from 4.07 to 3.18.

Finally, to investigate some thermal properties, we used the
quasi-harmonic Debye model [45] in which the non-equilibrium
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ibbs function G*(V; P, T) is written in the form:

∗(V ; P, T) = E(V) + PV + Avib[�(V); T], (11)

here E(V) is the total energy per unit cell, PV corresponds to the
onstant hydrostatic pressure condition, �(V) is the Debye temper-
ture and Avib is the vibrational term which can be written using
he Debye model of the phonon density of states as:

vib(�; T) = nkT

[
9�

8T
+ 3 ln(1 − e−�/T ) − D

(
�

T

)]
, (12)

where n is the number of atoms per formula unit, D(�/T) repre-
ents the Debye integral and for an isotropic solid, � is expressed
s:

D = h̄

k

[
6�2V1/2n

]1/3
f (	)

√
BS

M
, (13)

being the molecular mass per unit cell and BS the adiabatic bulk
odulus, approximated by the static compressibility:

S
∼= B(V) = V

d2E(V)
dV2

. (14)

Details on f(	) can be found elsewhere [46,47]. Therefore, the
on-equilibrium Gibbs function G*(V; P, T) as a function of V, P and
can be minimized with respect to volume V:

∂G∗(V ; P, T)
∂V

]
P,T

= 0. (15)

y solving Eq. (15), one can obtain the thermal equation-of-state
EOS) V(P, T). The heat capacity CV and the thermal expansion coef-
cient ˛ are given by [48]:

V = 3nk

[
4D

(
�

T

)
− 3�/T

e�/T − 1

]
, (16)

= �CV

BT V
, (17)

here � is the Grüneisen parameter defined as

d ln �(V)
= −
d ln V

. (18)

Through the quasi-harmonic Debye model, one could calculate
he thermodynamic quantities of any temperatures and pressures
f compounds from the calculated E–V data at T = 0 and P = 0.
Fig. 8. The thermal properties of AlxGa1−xAsySb1−y quaternary alloys lattice
matched to GaSb and InAs: (a) the Debye temperature �, (b) the heat capacity CV

and (c) the thermal expansion ˛.

Fig. 8 displays the Debye temperature �, the heat capacity CV and
the thermal expansion ˛ at room temperature of AlxGa1−xAsySb1−y
quaternary alloys lattice matched to GaSb and InAs. The increase
of concentration x leads to the Debye temperature increase as well
as the compressibility decrease. This result is in accordance with
the fact that Debye temperature is proportional to the bulk modu-
lus and that a hard material exhibits a high Debye temperature. It
should be noted that the variation of the three thermal parameters
as a function of concentration is not linear.

4. Conclusions

We have investigated the structural and electronic properties
of the quaternary AlxGa1−xAsySb1−y and their four pseudobinary
alloys as a function of the compositions x and y using the FP-LAPW
method within DFT. A nonlinear behavior of the lattice constant,
bulk modulus and band gap dependence on x and y has been
observed. The calculations of formation energies showed that the
least stable alloys are around 65% concentration of Al atom and
60% concentration of As atom. Our results regarding the gap bow-
ing of the ternary alloys are found to be in reasonable agreement
with the experimental data. The crossover of direct–indirect gap
occurs at x equals to 0.43 and 0.25 for AlxGa1−xAs and AlxGa1−xSb
alloys, respectively. The energy band gap, the offset, the refrac-
tive index and the thermal properties of the quaternary alloys
AlxGa1−xAsySb1−y matching to GaSb and InAs substrates have been
investigated.
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