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We have investigated the structural and electronic properties of the
BAs,Sb;_,, AlAs, Sb;_,, GaAs,Sb;_, and InAs,Sb;_, semiconductor alloys
using first-principles calculations under the virtual crystal approximation
within both the density functional perturbation theory and the pseudopoten-
tial approach. In addition the optical properties have been calculated by using
empirical methods. The ground state properties such as lattice constants, both
bulk modulus and derivative of bulk modulus, energy gap, refractive index
and optical dielectric constant have been calculated and discussed. The ob-
tained results are in reasonable agreement with numerous experimental and
theoretical data. The compositional dependence of the lattice constant, bulk
modulus, energy gap and effective mass of electrons for ternary alloys show
deviations from Vegard’s law where our results are in agreement with the

available data in the literature.
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INTRODUCTION

During the last fifty years, there has been consid-
erable interest in III-V zinc blende semiconductors
compounds, because they show mechanical, thermal
and electrical promising properties,’ among them the
ITII-Antimonides (BSb, AlSb, GaSb, and InSb). They
have been shown to be an important technological
factor in high temperature electronic and optical
devices."? Moreover, the ITI-Arsenide’s (BAs, AlAs
GaAs, and InAs) have also considerable use in the
manufacture of electric devices.®> However, some
optical devices must have specific properties, which
cannot be found in the above compounds. Therefore,
the combination of two materials (such as III-Anti-
monides and III-Arsenides) with different physical
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properties gives rise to new materials with interme-
diate properties.* In the present work, we have given
the importance of the study of the structural, elec-
tronic and optical properties of the ternary alloys
ZAs,Sby (where Z = B,Al,Ga, and In).  The
BAs,Sb;_, alloys reveal considerable importance for
the reason that they suggest a new class of materials
and open new practical perspectives for band-gap
engineering in III-V related materials.® The
AlAs,Sby_, is considered as a variable large-gap
barrier III-V semiconductor with its 2properties
matched to InP, InAs, or GaSb substrates.”%® In the
other hand, the band-gap of GaAs,Sb;_,, makes it an
attractive material, which can be used in devices
operating at the wave lengths between 1.3 mm and
1.6 mm, such as light-emitting diodes and photo-
detectors.® Among all III-V semiconductors alloys, the
InAs,Sb;_, has the lowest band-gap with values that

4805


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-017-5425-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-017-5425-9&amp;domain=pdf

4806

Bounab, Bentabet, Bouhadda, Belgoumri, and Fenineche

Table I. Calculated equilibrium zinc-blende lattice constants a, bulk modulus B, first-order pressure
derivative of bulk modulus B’, and gap energy E, for the binary compounds with experimental data also

shown for comparison

a (A) B (GPa) B’ E, (eV)

Compounds Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Other works

BAs 472 4777 144.46 - 4.03 - 1.34 1.45% 1.48
1.468

BSb 5.18 - 109.37 - 4.26 - 0.77 - 0.527}‘l

AlAs 5.61 5.661° 74.3 78.1° 4.21 - 1.33 2.17° 2.202)

AlSb 6.09 6.135° 55.56 55.14 4.37 - 1.14 1.696°¢ 1.836

GaAs 5.53 5.653" 75.16 75.5P 4.51 - 1.00 1.424° 1.226

GaSb 5.98 6.096" 56.44  56.1° 4.66 - 0.55 0.75° 0.503’
0.726" ,

InAs 5.92 5.97°¢ 61.41 - 4.59 - 0.20 0.35% 0.32%

InSb 6.32 6.478" 47.37 46" 4.70 - 0.22 0.2%, 0.2352" 0.052

“Ref. 37."Ref. 14.°Ref. 2.9Ref. 12.°Ref. 13.Ref. 38.ERef. 39."Ref. 40.'Ref. 41 Ref. 42.*Ref. 43.
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COMPUTATIONAL METHOD 0.0 0.2 0.4 0.6 0.8 1.0

Our calculations were performed using the Abinit
code based on the density functional theory (DFT)!!
within the local density approximation (LDA). The
exchange-correlation potential in the Ceperley—
Alder form'® as parameterized by Perdew and
Zunger'® was used. The interactions between elec-
trons and ions were described using nonlocal, norm-
conserving pseudopotentials which were generated
using the Hartwigsen—Goedecker—Hutter scheme.'”
The energy cut off of the plane wave basis was chosen
as 80 Ha. The special points sampling integration
over the Brillouin zone was employed with 8 x 8 x 8
by using the Monkhorst—Pack method.'’ For the
alloy system in question, we have used the virtual
crystal approximation (VCA),'® in which the virtual
pseudo- potential of the alloy ZAs,Sby ,(Z=
B,Al,Ga and In) was constructed by the combina-
tion of the pseudo- potential of binary compounds ZAs
and ZSb according to Vegard’s law:

Vvca = xVzus + (1 — x)V zsp. (1)

We have used the VCA instead of the special
quasi-random structure (SQS)' to avoid a large

Arsenic composition x

Fig. 1. Composition dependence of the calculated lattice constant
for the ternary alloys. BAs,Sb,_,, AlAs,Sb,_,, GaAs,Sb;_, and In-
As,Sb,_,. Solid line is the quadratic fit to our data and the dashed
line represents Vegard’s law.
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Fig. 2. Composition dependence of the calculated bulk modulus for
the ternary alloys. BAs,Sby_,, AlAs,Sb;_,, GaAs,Sb; _x and In-
ASXSb*],X.
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Fig. 3. Energy band gap as a function of arsenic composition for the ternary (a) BAs,Sby_, (b) AlAs,Sb,_,, (c) GaAs,Sby_,and (d) InAs,Sby_,.

supercell (needed in SQS), and; therefore, we can
reduce the computational time.

RESULTS AND DISCUSSION

In order to study the structural and electronic
properties of the alloys in question, we start our
calculations with a preliminary study of the zinc-
blend binary compounds constituting these alloys
Z-As(/Sb) with Z = B, Al, Ga and In (with two
atomic positions Z (0,0,0) and As/Sb (1/4,1/4,1/4)). To
obtain the structural parameters such as the equi-
librium lattice parameter ag, bulk modulus B and
its first pressure derivative B’, the total energies
versus different volumes around equilibrium, using
LDA scheme, are calculated and fitted to the
Murnaghan’s equation-of-state®® and are listed in
Table I. The gap energy is also presented in Table I
compared with theoretical and experimental data.

As can be seen from Table I, our calculated lattice
constants and bulk modulus for the binary com-
pounds (III-As and III-Sb) are in good agreement
with the experimental values. The computed band

structures of binary compounds show a direct band
gap (I' — I') for GaAs, GaSb, InAs and InSb, and an
indirect band gap (I' — X) for BAs, BSb, AlAs and
AlSb. As expected, our calculated gap energy of the
ITI-As(/Sb) binary compounds, are underestimated
using DFT (usually DFT+LDA underestimated the
gap energy by up to 40% for insulator and semicon-
ductors). This is explained in the literature in terms
of the effects of self-interaction'® and particularly of
the derivative discontinuity®~2® of the exchange
correlation energy. However, for InSb the gap
energy for is underestimated only by 6.9% from
the experimental data (see Table I). This is due to
the fact that In and Sb have close electronic
configurations (correlated 4d electrons) which make
the systematic error in the description and in the
construction of the pseudo-potential and the
exchange-correlation for the two atoms (In and
Sb), smaller compared to very different electronic
configurations for the other compounds.

For the alloy system, we have used the virtual
crystal approximation (VCA). Figure 1 displays the
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Table II. The optical band gap bowing for BAs,Sb,_,,AlAs,Sb,_,, GaAs,Sb;_, and InAs,Sb;_, alloys
compared with other predictions (all values are in eV)

b
Present work Other works
r X L r X L
BAs,Sb;_, 0.25 0.23 0.82 - 0.178* -
0.109%
AlAs,Sby_, 0.62 0.20 0.64 0.724° 0.322° 0.489°
0.691<,, 0.25%, 0.474%,,
GaAs,Sb;_, 0.61 —-0.15 0.56 1.371° 0.481°, 0.362°
1.2, 0.31%,, 0.248,,
InAs,Sb; 0.39 0.21 0.45 0.7284 - -
aRef. 27.PRef. 8.°Ref. 26.9Ref. 3.
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Fig. 4. The electronic partial density of states (PDOS) as a function of the energy for the binary (a) BSb, (b) AISb, (c) GaSb and (d) InSb. The
Fermi level is set to zero energy.
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Fig. 5. The electronic partial density of states (PDOS) as a function of the energy for the binary (a) BAs, (b) AlAs, (c) GaAs and (d) InAs. The

Fermi level is set to zero energy.

evolution of the calculated equilibrium lattice
parameter as a function of the As concentration
for BAs,Sbi_,, AlAs,Sbi_,, GaAs,Sb;_, and
InAs,Sby_, alloys. Our results, obtained by fitting
the calculated values with a polynomial function,
shows a slight deviation from Vegard’s law for all of
the four alloys, with small upward bowing param-
eters equal to —0.200 A and —0.188 A for the
BAs,Sb; _, and AlAs,Sb,_,, respectively, and —0.189
A for GaAs,Sb,_, and InAs,Sb,_, alloys. The devi-
ation from Vegard’s law for all of the four com-
pounds is caused by the large mismatches of the
lattice constants of binary semiconductors. For
example, BAs,Bs;_,: BAs and BSb have different
lattice constants 4.72 A and 5.18 A, respectively.
Figure 2 displays the variation of the bulk mod-
ulus versus arsenic concentrations. Our results
show positive bowing parameters with 25.66, 13.08
(The.®:10.1 GPa),14.19 (The.:8.4 GPa®; Exp.:19

GPa®') and 10.63 GPa, for the BAs,Sh; .,
AlAs,Sby_,, GaAs,Sb;_, and InAs,Sb; , respec-
tively. The large bowing value for BAs,Sb;_, com-
pared to those for AlAs,Sb; ,, GaAs,Sb;_, and
InAs,Sb;_, is due to the considerable mismatch of
the bulk modulus of BAs and BSb compounds.

In Fig. 3, we report the evolution of the direct and
indirect band gap energies (E!, EX and E}) versus
arsenic  concentration for the ZAs,Sbi_,
alloys (with Z = B,Al,Ga and In) in zinc blende
structure. As one can see, all studied band gap
energies increase non-linearly with increase of the
arsenic concentration. Indeed, we can see also that
the BAs,Sb,_, and AlAs,Sb,_, alloys are indirect gap
materials, whereas the GaAs,Sb;_, and InAs,Sb;_,
are direct-gap materials.

The bowing parameter b is an important quantity
for investigating the band gap energy ternary
alloys.?® This parameter can be derived directly
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from the parabolic term of the second-order empir-
ical relation of the ternary alloy energy band gap:

E,(x) = fo’” +(1- x)EgZS" —bx(1-x), (2)
where and EZ are the energy band gaps of ZAs
and ZSh (with Z = B,Al,Ga and In) binary com-
pounds, respectively. So, we note that a positive value
of b represents a downward bowing (parabolic term),
otherwise an upward bowing if b is negative. Our
calculations, obtained by a quadratic fit of the calcu-
lated band gaps as a function of the As concentration for
alloys of interest, are presented with some available
theoretical and experimental values in Table II. In
view of Table II, we note that our obtained values of the
optical band gap bowing, downward, for the four
studied ternary alloys are relatively in disagreement
with those reported both experimentally [26, Reference
in 3] and theoretically,®?” except for the AlAs,Sb;_,
alloys, from which we can observe that the band gap

EZAs

bowing parameters of this alloys are in reasonable
agreement (b" = 0.64 Exp.%%: 0.474; b" = 0.62 Exp.%5:
0.691 and 5% = 0.20 Exp.26: 0.25 eV). Therefore, we can
explain this difference in bowing as due to the disorder
effect, which is not taken into account by the VCA. It
may also be noted that the materials with direct gaps
(the GaAs,Sb;_, and InAs,Sb;_, with bowing param-
eters equal 0.61 eV and 0.39 eV respectively) are more
affected by the compositional disorder compared to the
materials with indirect gap (the BAs,Sb; , and
AlAs,Sb,_, with bowing parameters equal to 0.23 eV
and 0.20 eV, respectively).

For more details of the electronic proprieties for
the four alloys, we calculate the total and partial
DOS by means of the tetrahedral method®® for these
materials. In Figs. 4, 5, and 6, we present the
partial DOS of binary compounds (x =0 and x = 1)
and the total densities of states for x = 0.5 for the
BAs,Sb,, AlAs,Sb,, GaAs,Sb, and the InAs,Sb,
alloys, respectively. From the calculated partial
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DOS of binary Compounds ZY (where Z = B, Al, Ga
and In; Y = As and Sb), we can note the following
observations: The valence band is divided into three
zones; the first zone is dominated by the anion Y — s
states; while the cation Z — s and anion Y —p
states dominate the next zone. The third zone,
which is located just below the Fermi level Ep, is
dominated by cation Z and anion Y p states. The
cation states (Z-s and Z-p) incorporated with the
anion states Y-p contribute essentially to the con-
duction band (especially the lower portion). Note
also the strong perturbation of the conduction band
minima, which is due to the incorporation of Z and Y
atoms.

The effective masses of electrons, which are
strongly linked with the carrier mobility, are essen-
tial material parameters describing most transport
properties of both electrons and holes in semicon-
ductors.? It can be obtained from the band struc-
ture, and exactly, in the vicinity of the conduction
band minima. In three dimensions, a theoretical
effective mass in general became a tensor with nine
components because the electron acceleration is not
collinear. However, k-space can be centered to get
an idealized simple case where E(k) is a parabola at
k = 0 (high symmetry point I') and, therefore, all off-
diagonal elements of the tenser are zero, and the
effective mass becomes a scalar,’® according to

E :’;ZT’EZ, where m” denotes the effective mass of
the electron. In the present study, we adopt a
second-order (parabolic) fit to calculate the effective
masses of electrons at the conduction-band minima.
Table III lists our results compared with the avail-
able experimental and theoretical values. As can be
seen, we report a good agreement only for GaAs and
AlAs with a value of 0.051m, (0.067m,”) and
0.169mo (0.15m¢>) respectively, compared with
those recommended in Ref. 2 where mg stands for
the electron mass in free space. However, the
disagreement for the rest of the binary compounds
is due to the LDA calculations, which underestimate
not only the band gap, but also the electron effective
masses (the underestimation of the bang gap is
known to reduce the electron effective mass). For
the ternary alloys our results obey the following
expressions:

BAs,Sh; , : 0.412 + 0.555x — 0.696x>  (3)
AlAs,Sb; , : 0.513 — 0.729x + 0.40x> (4)
GaAs,Sb; , : 0.057 — 0.014x 4 0.008x%>  (5)

InAs,Sby_, : 0.051 — 0.011x + 0.005x2  (6)

Consequently, the electron effective masses
increase non-linearly with increasing of concentra-
tion x for BAs,Sb; , and AlAs,Sb;_, with an upward
bowing (0.696m,) and downward bowing parameter

(0.40m) respectively, while for the GaAs,Sb;_, and
InAs,Sb;_, are almost linear.

The refractive index and dielectric constants
represent important physical parameters that
describe their optical properties.®’ Their values
are needed for devices such as photonic crystals,
waveguides, solar cells and detectors.® The concen-
tration dependence of the static refractive indices
has been computed using the following empirical
methods: the modified Moss-relation suggested by
Moss using an atomic model®® and the relation of
Ravindra et al.®* which determines linearly the
variation of refractive index with energy gap in
semiconductors, as well as the empirical relation
proposed by Hervé and Vandamme®® All of these
relations are directly related to the fundamental
energy band gap (E,) as follows:

1. The Moss formula
n‘E, =k (7

k is a constant with a value of 95 eV.
2. The Ravindra et al. relation,

n =4.084 — 0.62E,. (8)

3. The Hervé and Vandamme empirical expres-
sion,

Table III. The electron effective mass (in units of
free electron mass) in BAs,Sb,_,, AlAs,Sb,_,,
GaAs,Sb;_, and InAs,Sb,_, alloys compared with
other predictions

Es

m,

x This work Other work
BAs,Sb;_,

0 0.40 0.142

0.3 0.471 -

0.7 0.420 -

1 0.339 -
AlAs,Sb;

0 0.544 0.14P

0.3 0.304 -

0.7 0.21 -

1 0.169 0.15°
GaAs,Sb; .

0 0.056 0.039°

0.3 0.0054 -

0.7 0.051 -

1 0.051 0.067°
II]_ASbel,x

0 0.051 0.0135°

0.3 0.049 -

0.7 0.046 -

1 0.046 0.026°

aRef. 44.°Ref. 2.
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n:\/H(Eglig_LL)Z, ©

where n is the refractive index.

In Fig. 7, we have plotted these relations for
refractive index as a function of arsenic concentra-
tion of the alloys of interest (BAs,Sb;_,1,
AlAs,Sby_,, GaAs,Sb;_, and InAs,Sb;_,). We
observe that for all models used, the refractive
index for these alloys decreases with increasing As
concentration (x), except the Moss relation for the
InAs,Sb,_, alloy, for which one sees an increase
with increasing As concentration (x) until x = 0.6
followed by a rating decrease up to x = 1. This
unusual behavior in comparison to the rest of the
alloys is another confirmation of the failure of the
Moss relation at lower gap energy. Indeed, Herve

et al.>> and Tripathy®® found that the Moss relation
gives a strongest deviation at lower energy gaps
(<1.43 V) as our case of InAs,Sb;_, alloy (0.22—
0.20 eV).

The high-frequency dielectric constant (¢,.,) of a
material is related to the refractive index as:

P (10)

The obtained results are listed in Table IV. Our
calculated results are in close agreement with the
available experimental data given in Ref. 36. Fur-
thermore, the composition dependence of (¢,) for
the BAs,Sb; .1, AlAs,Sby_,, GaAs,Sb;_, and
InAs,Sb,_, alloys are displayed in Fig. 8. It can be
seen from this figure that except for the Moss
relation for the InAs,Sb;_, alloy, which is related to
their lower energy gaps, all other relations show a
common trend.
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Table IV. The high-frequency dielectric constant (s..) of BAs,Sb,_,1, AlAs,Sb,_,, GaAs,Sb;_, and InAs,Sb,_,.
alloys for different As concentrations x

Material Moss relation The Ravindra et al. relation Hervé and Vandamme relation Experimental
BSb 12.163 13.187 11.841 -
BAsg2Sho g 11.504 12.803 11.406 -
BAso5Sbg 5 10.476 12.068 10.623 -
BAs( gSbo 2 9.432 11.098 9.688 -
BAs 8.967 10.571 9.222 -
AlSb 9.729 11.401 9.97 10.2%
AlAsg 2Sbg g 9.678 11.351 9.922 -
AlAs 5Sbg 5 9.549 11.22 9.80 -
AlAsg gSbg 2 9.299 10.953 9.558 -
AlAs 9.021 10.636 9.278 10.22
GaSb 14.064 14.029 12.878 13.7%
GaAsg 2Sbg g 13.826 13.94 12.765 -
GaAsg 5Sbg 5 13.209 13.691 12.451 -
GaAsg gShg o 11.752 12.954 11.576 -
GaAs 10.397 12.003 10.558 10.92
InSb 21.972 15.565 15.085 15.7%
InAsg 2Sho g 24.779 15.8 15.465 -
InAsg 5Shg 5 30.739 16.105 15.976 -
InAsg gShy o 30.037 16.078 15.93 -
InAs 23.151 15.674 15.26 12.3%

#Experimental data cited in Ref. 36.
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Fig. 8. The high-frequency dielectric constant (¢,.) of (a) BAs,Sbq_,1, (b) AlAs,Sb,_,, (c) GaAs,Sb;_, and (d) InAs,Sb,_, alloys as a function of
As concentration (x).
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CONCLUSIONS

In this paper we have presented a theoretical
study of the structural, electronic and optical prop-
erties of the BAs,Sb;_,1, AlAs,Sby_,, GaAs,Sb;_,
and InAs,Sb;_, alloys in the zinc-blende structure
using the first-principles pseudopotential plane-
wave method. For the structural properties, our
results were found to agree well with the experi-
mental data. We have observed a non-linear behav-
ior of the lattice constant, bulk modulus and band
gap with the arsenic concentrations (x) (a relative
violation of Vegard’s law), which is due to the
disorder effect which is not considered by the VCA.
the BAs,Sb;_, and AlAs,Sb;_, alloys are indirect
gap materials with a downward bowing equal to
0.23eV and 0.20 eV, respectively, while the
GaAs,Sb;_, and InAs,Sb;_, are direct-gap materi-
als with a downward bowing equal to 0.61 eV and
0.39 eV, respectively. Consequently, the latter are
more affected by the compositional effect. The
electron effective masses for these materials have
been calculated, and we find that it increased non-
linearly with increase of arsenic concentration for
BAs,Sb; , and AlAs,Sb;_, with an upward bowing
(0.932my) and downward bowing parameter
(0.29mq) respectively, while for the GaAs,Sb;
and InAs,Sb;_, are almost linear. Using empirical
methods, it is found that for all used methods the
refractive index and the high-frequency dielectric
constant (¢,,) varies non-linearly versus the concen-
tration x. We note also that the Moss relation gives a
strongest deviation for the InAs,Sb,_,, which is due
to the invalidity of this relation for the low energies.
For the binary compounds our results are in rea-
sonable agreement with the available data.

Taking into account the few studies on
IITAs,Sb,_, alloys investigated in this work, our
results provide predictions and may serve as a
support for future investigations.
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