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Abstract.  First principles calculations of the structural, electronic and optical properties of GaSb, InSb and their ternary
Ga;_,In,Sb alloys (x = 0.25, 0.50 and 0.75) have been performed using the full-potential linear muffin-tin orbital
(FP-LAPW) method within density functional theory (DFT). The generalized gradient approximation and modified Becke
and Janson functional with local density approximation (mBJ-LDA) are utilized for the treatment of exchange and
correlation potentials. The results show the calculated lattice constants increase linearity with increasing the In con-
centration. The electronic band structure indicates that these alloys are direct band gap semiconductors for all the values
of x and the band gap decreases as x increases from x = 0 to x = 1. The results also show that the there is a non-linear
dependence of the band gap on composition x in Ga;_,In,Sb alloys. Regarding optical properties, the real and imaginary
parts of the dielectric function have been calculated. The results show that the static dielectric constant increases with
increase in concentration of In, consistent with reduction in energy band gap. The onset point and major peaks in the
imaginary parts of the dielectric function spectra are identified for the Ga,_,In,Sb alloys and shown that they are related to
the corresponding band gap values. The results also show that for energy values higher than = 4 eV, the electromagnetic

wave transition through Ga;_,In,Sb alloys is nearly zero.
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1. Introduction

The properties of semiconductor materials can be tuned
through alloying. Using III-V group compounds and alloys,
optoelectronic devices working at different wavelengths can
be fabricated. Thus, exploring new materials provide
opportunities to improve existing devices or to demonstrate
new devices designed for new applications. Like other
III-V semiconductor materials, GaSb and InSb have also
shown their potential for many applications including
electronic and optoelectronic devices due to their direct
band gap nature and other fundamental properties. Since the
electronic and optical properties of alloys can be changed in
a wide range between the corresponding properties of the
starting compounds, thus, GaSb and InSb compounds hav-
ing different physical properties can be combined to obtain
new materials, Ga;_,In,Sb ternary alloys with intermediate
properties [1].

Ga;_,In,Sb alloy crystals are widely used as substrate
materials to make various optoelectronic devices, such as
lasers [2], detectors [3,4], satellite navigations [5] and so on,
due to both band gap and lattice parameters can be regu-
lated by the x values in Ga;_,In,Sb alloys. Thus, Studies of
basic properties of these alloys are very important for the
understanding of devices characteristics and the
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improvement of their performance. Motivated by the
technological importance of these alloys, in the recent
years, some works on Ga;_,In,Sb crystals for different x
values have been published [6-9]. These previous theoret-
ical and experimental studies limited to growth of
Ga;_,In,Sb alloys and notwithstanding the potential device
applications of these alloys, to the best of our knowledge,
no experimental or theoretical investigations on the elec-
tronic and optical properties of Ga;_,In,Sb alloys have been
appeared in the literatures. In fact, experimental and theo-
retical results on the optical and electronic properties were
mainly restricted to just InSb and GaSb and not for
Ga;_4In,Sb alloys. Thus, a comprehensive study for a better
understanding of the structural, electronic and optical
properties of Ga;_,In,Sb alloys for different x values within
an accurate method is required. Hence, in the present work,
we study the structural, electronic and optical properties of
Ga;_,In,Sb (x = 0, 0.25, 0.50, 0.75 and 1) alloys within
density functional theory (DFT) [10,11] by utilizing the all
electron full potential linearized augmented plane wave
(FP-LAPW) technique [12,13]. These calculations can be
viewed as a prediction, which can be tested against exper-
iment in the future works.

This paper is organized as follows: in section 2, we give a
brief description of computational method. The results of
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the structural, electronic and optical properties are discussed
in section 3. The results are also compared with other
existing experimental data and theoretical results. Finally,
the summary of main results and conclusion are given in
section 4.

2. Computational details

Present theoretical simulations are carried out based on
density functional theory DFT [10,11] by utilizing the FP-
LAPW [12,13] technique as implemented in WIEN2k
package [14,15]. The structural properties were performed
using Wu and Cohen (GGA-WC) potential [16]. To over-
come the shortcoming of underestimating the energy band
gap with GGA approach, we have computed the electronic
and optical characteristics of the present materials by
applying modified Becke and Janson functional with local
density approximation (mBJ-LDA) [17]. The basis function
was expanded to Ry X Kmax = 8, where R, represents the
smallest muffin-tin radius of all atomic spheres in the unit
cell and Kp,x indicates the plane wave cutoff. The Fourier
expansion of the charge density was set with a maximum of
Gmax = 12, and the wave functions in the muffin-tin spheres
were expanded to /y.x = 10. The muffin-tin radius was
selected in such a way that there was no charge leakage
from the core. Besides, 3000 k-points were used to calculate
the structural and electronic properties in the irreducible
Brillouin zone. Additionally, 10,000 k-points were used for
the optical properties because the calculation of optical
properties requires a dense mesh of eigenvalues and their
corresponding eigenvectors [17].

3. Results and discussion

3.1 Structural properties

Both GaSb and InSb are semiconductors exhibiting zinc
blende structure [18,19]. In this study, Ga;_,In,Sb alloys
(x = 0, 0.25, 0.50, 0.75 and 100) were modelled with
ordered structures described in terms of periodically repe-
ated 1 x 1 x 1 supercells with eight atoms and then,
replacing one by one Ga atom with In atom to get the alloys
with 25, 50, 75 and 100% concentrations. Structural opti-
mizations were performed by minimizing total energy with
respect to the unit cell volume and the results of total energy
vs. unit-cell volume were fitted with Murnaghan’s equation
of states [20]. The optimized lattice constants are given in
table 1 with corresponding theoretical and experimental
data available in the literatures. For the parent compounds,
GaSb and InSb, the calculated lattice parameters are in good
agreement with experimental data and previous theoretical
works. A similar level of accuracy is expected for
Ga;_,In,Sb alloys (x = 0.25, 0.50 and 0.75), where exper-
imental and theoretical data for the specific concentration
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Table 1. Calculated lattice parameter (1&) of GaSb, InSb and
Ga;_,In,Sb (x = 0.25, 0.50 and 0.75) alloys.

X Our work Expt. Other calc.
0 6.126 6.096 [18] 6.122 [21]
0.25 6.219 — —
0.50 6.329 — —
0.75 6.412 — —
1 6.537 6.479 [19] 6.536 [22]

considered in this study are missing. The calculated lattice
constants are plotted as a function of x in figure 1. The
lattice constants of these alloys follow closely the Vegard’s
linear law. As expected, due to larger atomic radius of In
compared to Ga, the lattice parameter of these alloys
increases with the increase in x. Equation (1) shows the
calculated lattice parameters of these alloys that are fitted
by the first order polynomials:

a = 6.122 4 0.405x. (1)

To study the stability of Ga;_,In,Sb alloys, the formation
energies of these alloys are calculated. The formation

energy per formula unit of these alloys as a function of x is
defined as:

Eformation = E(Gal—xlnbe) — XE(IIISb)
(1 — x)E(GaSb),

where E(Ga;_,In,Sb), E(GaSb) and E(InSb) are total
energy per formula unit of Ga;_,In,Sb alloys, GaSb and
InSb, respectively. Using the above definition, the forma-
tion energy of Ga;_,In,Sb alloys is calculated. The calcu-
lated formation energy of these alloys is given in table 2.
The results of these calculations show that the formation
energy of these alloys for all values of x is negative.
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Figure 1. Calculated lattice constant vs. composition (x) for

GaSb, InSb and Ga;_,In,Sb (x = 0.25, 0.50 and 0.75) alloys. The
solid curve is linear fit to the data points.
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Table 2. Calculated formation energy (E(Ry)) of Ga;_,In,Sb
alloys.

X E(RYy)

0.25 —54421.33
0.50 —62326.20
0.75 —72169.91

Negative formation energy of these alloys means that
Ga;_,In,Sb alloys are thermodynamically stable.

3.2 Electronic structure

The electronic properties of Ga,_,In,Sb alloys (x = 0, 0.25,
0.50, 0.75 and 1) were investigated by calculating the
energy band structure. The electronic band structures of the
considered alloys were calculated by following the high
symmetry k-points path using mBJ-LDA potential. The
results of these calculations are shown in figure 2. The
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calculated electronic band structures indicate that
Ga;_,In,Sb alloys (x = 0, 0.25, 0.50, 0.75 and 1) demon-
strate direct band gap semiconductor nature as the valence
band maximum and the conduction band minimum both are
located at gamma point, which can be seen in figure 2.

Table 3 presents the calculated band gap (E,) along with
previously reported theoretical and experimental results.
For the parent compounds, GaSb and InSb, the calculated
energy band gaps are in good agreement with experimental
data and previous theoretical works. A similar level of
accuracy is expected for Ga;_,In,Sb alloys (x = 0.25, 0.50
and 0.75), where experimental and theoretical data for the
specific concentration considered in this study are missing.
Figure 3 shows the variation in band gap with respect to the
concentration x. As shown in figure 3, In incorporated into
GaSb leads to a dramatic band gap reduction and the band
gap value varies in non-linearity with increasing In com-
position. Equation (2) shows dependence of the obtained
band gap on the concentration, x. The results are fitted to a
quadratic equation:

Eq(x) = 0.482x* — 0.908x + 0.589 (2)
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Figure 2. Calculated band structure of (a) GaSb, (b) InSb, (¢) Gag75Ing25Sb, (d) Gagsolngs0Sb, (f) Gagoslng75Sb

alloys using mBJ-LDA functional.
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Table 3. Calculated band gap energy (E,) of GaSb, InSb and

Ga;_,In,Sb (x = 0.25, 0.50 and 0.75) alloys using mBJ-LDA
functional.

X Our work Expt. Other calc.
0 0.604 0.726 [18] 0.861 [21]
0.25 0.375 — —
0.50 0.221 — —
0.75 0.243 — —
1 0.137 0.240 [19] 0.122 [22]
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Figure 3. Calculated band gap vs. composition (x) for GaSb,
InSb and Ga;_,In,Sb (x = 0.25, 0.50 and 0.75) alloys. The solid
curve is quadratic fit to the data points.

3.3 Optical properties

The study of the optical properties of Ga;_,In,Sb alloys is
very important because of their potential use in the opto-
electronic devices. In this study, the optical properties of
Ga;_,In,Sb alloys were calculated using mBJ-LDA
potential. The linear response of a material to an external
electromagnetic field could be described using the complex
dielectric function &(w) [23,24]. The dielectric function
¢(w) depends on the electronic band structure of a crystal
and its investigation via optical spectroscopy is an effective
way for the determination of the overall band structure
behaviour of a solid [23,24]. It means that the electronic
band structure calculations of a solid can be utilized for
acquiring the dielectric function and examination of the
optical function aids to provide a better elucidation for
the electronic band structure. As stated earlier, in this study,
the calculations have been done using FP-LAPW method.
The procedure for the determination of the linear dielectric
function &(w) using the FP-LAPW method is described in
detail by Abt ef al [25] and Ambrosch-Draxl and Sofo [26].
Complex dielectric function ¢(w) can be divided into two
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parts: real part ¢ () and imaginary part & (w) as given in
equation (3):

g(w) = ¢ (w) + ier(w). (3)

The imaginary part of the complex dielectric function can
be calculated using equation (4):

Ve?
e (w) :m/d3k2|<kn|p|kn.

> Pf(ka)[1 = f (k) 3(Ex, — Ex,, —Tiw), )

where 7iw is the energy of incident photon, |k, > are the
eigenfunctions with eigenvalues Ej , p is the momentum
operator and f(k,) is the Fermi distribution function and the
integral is over the first Brillouin zone [26]. The real part of
the complex dielectric function can be obtained using the
imaginary part as given in equation (5):

2 [Cg(o)o'do

(o) =1+ 2p [ ECIE ©
where p is the principals of integral. Other optical properties
can be calculated by the knowledge of the complex
dielectric function [27].The calculated real part, & (®) and
imaginary part, & (w) of complex dielectric function are
shown in figures 4 and 5. The &(w) values show the
interband transition for the semiconductor materials and
describe the complete response of materials to disturbances
caused by electromagnetic radiation. Furthermore, & (w) is
directly related to the electronic band structure of materials
and describes their absorptive behaviour. The onset point in
the & (w) spectra, as shown in figure 4, is observed at a
point for the Ga;_,In,Sb alloys, which are related to the
corresponding band gap values as given in table 2. The
major peaks (b and c) of & (w) are also shown in figure 4.
The energy values of these peaks are closely related to the
corresponding band gap energy values in the calculated
electronic band structure.

The most important quantity in the real part of dielectric
function is the static dielectric function that is zero fre-
quency limit, & (0). The calculated static dielectric function
of GaSb, InSb and Ga;_,In,Sb (x = 0.25, 0.50 and 0.75) are
given in table 4. The values of & (0) for the GaSb and InSb
agree well with the result obtained in the previous studies.
The comparison of our calculated static dielectric constant
of GaSb (& (0) = 12.461) and InSb (¢ (0) = 13.693) with
room temperature measurements, &;(0) = 15.70 for GaSb
[29] and &;(0) = 16.8 for InSb [29] shows that we get
similar increase when going from GaSb to InSb, but the
values are underestimated. The increase of static dielectric
constant from GaSb to InSb is related to the reduction in the
band gap and the deviation to the experimental values may
be related to the neglect of temperature effects in our the-
oretical results. For Ga;_,In,Sb (x = 0.25, 0.50 and 0.75)
alloys, experimental results for the static dielectric con-
stants to compare with, are still missing. The calculated
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Figure 4. Calculated imaginary dielectric function, & (w) of Ga;_,In,Sb alloys with respect to In

content (x) using mBJ-LDA potential.
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Figure 5. Calculated real dielectric function,e;(w) of
Ga;_,In,Sb alloys with respect to In content (x) using mBJ-
LDA potential.

Table 4. Calculated static dielectric constantg (0) of
Ga;_,In,Sb alloys with respect to In content (x) using mBJ-LDA
potential.

X Our work Expt. Other calc.
0 12.461 15.70 [28] 13.77 [21]

0.25 13.234 — —

0.50 13.370 — —

0.75 13.248 — —

1 13.693 16.80 [29] 14.426 [22]

static dielectric constants are plotted as a function of x in
figure 6. The results of static dielectric constant vs. x com-
position are fitted to the following equation:

£1(0)(x) = 12.45 4 5.48x — 10.68x* + cx°. (6)

As can be seen from figure 5, for all x values, the & (w)
decreases in energy =~ 4 eV and becomes negative in the
special energy range. Hence, the incident photon is atten-
uvated and the electromagnetic wave transition through
Ga;_,In,Sb alloys is nearly zero in this energy range.

4. Conclusions

In this research, we have performed ab initio DFT calcu-
lations using FP-LAPW method to investigate the struc-
tural, electronic and optical properties of Ga;_,In,Sb alloys.
We have calculated the concentration dependence of the
lattice parameter of considered alloys. A linearity following
Vegard’s law with lattice parameter has been shown. In
addition, we have computed electronic band structure of
considered alloys. The results show that In incorporation
into GaSb reduces the band gap dramatically. The results
also show that there is a non-linear dependence of the band
gap on composition x in Ga;_,In,Sb alloys. Regarding
optical properties, the real and imaginary parts of the
dielectric function have been calculated. &(0) increases
with an increase in concentration of In, consistent with
reduction in energy band gap. The onset point and major
peaks in the é&(w) spectra were investigated for the
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Figure 6. Calculated static dielectric constant vs. composition
(x) for GaSb, InSb and Ga;_,In,Sb (x = 0.25, 0.50 and 0.75) alloys.
The solid curve is cubic fit to the data points.

Ga;_,In,Sb alloys and shown that they are related to the
corresponding band gap values. For all values of x, ¢ (o)
decreases in energy = 4 eV and become negative for higher
energy values. Hence, the incident photon is attenuated and
the electromagnetic wave transition through Ga;_,In,Sb
alloys is nearly zero in this energy range.
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