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Study of electronic band structure and optical
parameters of X-antimonides (X=B, Al, Ga, In) by
modified Becke-Johnson potential
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Electronic band structure and optical parameters of X-antimonides (X=B, Al, Ga, In) are investigated by first-principles FP-L
(APW+lo) scheme of calculation based on a new exchange correlation potential approximation known as mBJ (modified
Becke-Johnson). In this approach of exchange correlation approximation, excited states properties are dealt more
accurately. Pattern of our calculated numerical band gap energy values is as follows: E¢(mBJ-GGA/LDA)> Ey4(GGA) >
Ey¢(LDA). The band gap values of InSb and AISb are not only close to the experimental results but also realistic. A
comprehensive analysis of linear optical parametric quantities (dielectric constant, refractive index, reflectivity and optical
conductivity) related to electronic band structure is also presented. In our calculations, the first critical point (optical
absorption’s edge) is noted at about 1.136 eV, 1.804 eV, 1.331 eV, and 0.503 eV for BSb, AlSb, GaSb and InSb
respectively. The present study suggests the use of these compounds in optoelectronic applications in different energy

ranges.
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1. Introduction

X-Antimonide (X= B,Al,Ga,In) binary compounds
belonging to 111-V semiconductors are important because
of their useful electronic and optical properties. They
crystallize in zinc blend structure at ambient conditions;
characterize by a single lattice constant [1]. The band gap
of BSb along with AISb is indirect while that of GaSh
together with InSb is direct [2].

I11-Antimonides are under extensive study because of
their multiple high technological applications such as
anode material for lithium batteries [3-9]. They are also
suitable for quantum wells [10], hetero-structures [10],
diode lasers, LED’s, mixing components for frequency,
photo-detectors, and electro-optic modulators [1].
Antimonide compounds are used in advanced device
applications due to high mobility [11]. BSb is a
recommended for optical and electronic devices operating
at elevated temperatures [2]. AlSb is ideally applicable for
solar cells, high energy photon detectors [12] and
optoelectronics based on Ga;AlSb [13]. For low radiator
temperature systems, GaSb is better applicant for thermo-
voltaic cells than Silicon as its cell technology is simpler
and more efficient [2].

True evaluation of electro-optical parametric
guantities is important for the devices. For this purpose, a
recent technique namely modified Becke Johnson

Potential (mBJ) is being employed for first time on these
compounds which is known for overcoming the problem
of band gaps’ underestimation, in case of LDA (Local
Density Approximation) [14] and GGA (Generalized
Gradient Approximation) [15].

Previously, alternative form of GGA called as EV-
GGA proposed by Engel and Vosko was used [2] to
calculate band gap values of these compounds. In DFT,
exchange correlation (functional) in addition to subsequent
potential is a main contributor for overall energy
estimations. Recently calculated direct band gap values [2]
are underestimated compare to our calculated values. The
difference between the present and other calculations is the
use of mBJ potential which produces improved band gap
results than ordinary LDA and GGA which calculate
underestimating band gap values [16]. To address this
issue, number of ways has been developed to reduce the
difference between calculated and experimental value of
material’s band gap. Among these techniques, OEP
(optimized effective potential) produces precise results as
compared to theoretical and experimental studies [16, 17].
LDA+U [18] is another possibility but its implementation
is not diverse. OEP and LDA+U methods are
computationally expensive [16, 17].

Thus, to solve above mentioned dilemma matchless
choice is the use of mBJ (exchange potential
approximation) [19] that produces the band gap of
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semiconductors and insulators in a precise way. A lot of
previous studies support that mBJ gives better band gap
results (very close to the experimental values) as compare
to the LDA and GGA techniques [20, 21].

2. Method of calculations

We have carried out the computational work using the
FP-LAPW+lo (Full potential linearized- augmented plane
wave + local orbital) method under theoretical study of
DFT [22] through recent version of WIEN2k computer
package [23]. The mBJ (potential) was selected as it
improves the judgment of band gap values as compared to
LDA and GGA.

In the FP-LAPW scheme, a unit cell is divided into an
atomic sphere (having specific radius known as RMT) and
interstitial zone. Inside Atomic spheres known as muffin-
tin (MT) the basis set is divided into two subsets: (1) core
and (2) valence states. The core states are enclosed within
MT sphere and have charge density in spherical symmetry
[24]. Inside the MT spheres, the basis sets are solved as
radial solutions of Schrodinger equation arranged linearly.

These calculations involve a parameter RMT*Kmax =
8 (determines the extent of the secular matrix), where the
RMT is radius of MT sphere and K. represents
maximum K vector value in the first BZ (Brillion Zone).
Gmax Was selected to be 14(Ry)Y? which describes Fourier
expansion of the charge density. (0, 0, 0) and (0.25, 0.25,
0.25) are the position of atoms in zinc blend structure
which consists of two interpenetrating face centered cubic
sub-lattices. The fallowing states 4d'°5s?5p®, 4d'5s%5p*,
3d"%4s%4p', 3s?3p' and 2s*2p* for Sh, In, Ga, Al and B
respectively are considered as valence electrons. The MT
radii of Sh, In, Ga, Al and B, and are adopted to be 2.3,
24, 21, 20 and 15 (au) respectively. K-mesh
accompanying 700 K-points in first Brillion zone
integration within respective irreducible wedge is
performed. A number of iterations (40) are dedicated to
accomplish self consistency. For succeeding iterations,
there is a total energy difference of less than 0.00001 Ry in
per formula unit.

3. Results and discussions

The study involves comparison of electronic band
structure with LDA, GGA and mBJ-GGA while optical
traits (dielectric’s real and imaginary part, refractive index,
extinction coefficient, reflectivity and optical conductivity)
of Ill-Antimonide compounds are presented with mBJ-
GGA.

Firstly, optimum volume was obtained by minimizing
the total energy with respect to the volume. By the use of
Murnaghan equation of state (EOS) [25], optimized values
of a, (lattice constants), B, (the bulk modulus) and B'(bulk
modulus pressure derivative) are obtained and are listed in
Table.l. It is clear from Tablel that our reported a, value
for the compounds does not differ more than 1% from
experimental values which shows a close agreement.
Almost in all of band gap plots by LDA and GGA produce
similar results and also in case of mBJ-GGA and mBJ-
LDA similar behavior is observed. The unoccupied bands
moved away from Fermi level in case of mBJ-GGA/LDA
to enhanced band gap as compare to GGA/LDA with the
similar shape and character of band structure.

Fig. 1 shows the calculated band structure of
compounds with mBJ-GGA, mBJ-LDA, GGA and LDA.
With GGA/LDA our band gap results are in good
agreement with the results obtained by earlier GGA/LDA
calculations while in case of mBJ-GGA/LDA enhanced
band gap results are obtained over GGA/LDA calculated
results [2]. It is clear from the figures that BSb & AISb are
indirect band gap and GaSb & InSb are direct band gap
compounds. Direct band gap shows the optical activeness
of materials, this feature can be utilized in photonic and
optoelectronic applications [34]. In case of GGA/LDA, the
band gap values for GaSb/InSh are closer to zero showing
metallic behavior that is not true. The reason for not
reporting the true nature of GaSh/InSb band gap might lie
in the selection of exchange correlation functional in these
approximations [2]. This means band gap results (1.331eV
for GaSb and 0.503 eV for InSb) in case of mBJ-GGA are
closer to the true instinct of GaSb/InSb. This is very
important that the band gap calculated in the present study
is much enhanced to other calculated band gaps of the
herein studied material. The usage of mBJ potential has
significantly improved the band gap values calculated with
ordinary GGA/LDA [16]. In the present study band gap
value (Eg) calculated with mBJ-GGA/LDA is greater than
values obtained from GGA/LDA and are reported in
Table 2.
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Table 1. The lattice parameter (a), volume (V), bulk modulus (B) and its pressure derivative (B') of BSb, AlSb, GaSh, and InSh

compounds.

Compounds | Method |a(A”) | V(au)’ | B(GPa) B

BSb

Present work FP-LAPW-GGA 5.277 248.171 97.021 4.341
FP-LAPW-LDA 5.188 235.845 110.832 4.579

Experiment - - - - -

Other calculations FP-LDA 5.191 [2] - 111 [2] 4.36 [2]
FP-GGA 5.279[2] - 096 [2] 4.55 [2]
PP-LDA 5.12 [26] - 115 [26] 5.28 [26]
PP-LDA 5.156 [27] - 108 [27] 4.03 [27]
FP-GGA 5.252 [28] - 103 [28] 3.89[28]

AlSb

Present work FP-LAPW-GGA 6.226 407.583 49.296 4.121
FP-LAPW-LDA 6.108 384.875 55.695 4.379

Experiment - 6.135 [29] - 58 [29] -

Other calculations FP-LDA 6.111[2] - 56 [2] 4.52 [2]
FP-GGA 6.230 [2] - 49 [2] 4.28 [2]
PP-LDA 6.09 [30] - 56 [30] 4.36 [30]
PP-LDA 6.08 [3] - - -
HF 6.22 [31] - 61 [31] -
HF 6.261 [32] - 65 [32] -

GaSb

Present work FPLAPW-GGA 6.214 405.318 44.498 4.549
FPLAPW-LDA 6.050 374.003 55.039 4.877

Experiment - 6.118 [29] - 56 [29] -

Other calculations FP-LDA 6.053 [2] - 54 2] 4.26 [2]
FP-GGA 6.219 [2] - 45[2] 4.02 [2]
LMTO-LDA 5.939 [33] - 80 [33] -
PP-LDA 5.981 [30] - 57 [30] 4.66 [30]
PP-LDA 5.95 [3] - - —
HF 6.212 [32] - 63 [32] -

InSb

Present work FPLAPW-GGA 6.634 493.166 37.800 4.380
FPLAPW-LDA 6.453 453.882 46.459 4.730

Experiment - 6.478 [29] - 46 [29] -

Other calculations FP-LDA 6.456 [2] - 46 [2] 4.51[2]
FP-GGA 6.640 [2] - 371[2] 4.43[2]
PP-LDA 6.346 [30] - 48 [30] 4.69 [30]
HF 6.560 [31] - 50 [31] -
HF 6.593 [32] - 58 [32] -
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Fig. 1.Band structures Of BSh, AlSb, GaSbh and InSbh calculated within mBJ-GGA (a), mBJ-LDA (b), GGA (c) and LDA (d).

Table 2.The energy band gap (E,) values of BSh, AlSb, GaSb, and InSb within LDA, GGA, mBJ-LDA and mBJ-GGA.

Compounds | Methods | XC | Eg (eV) | Type of band-gap
AlSb
Present work FP-LAPW mBJ-GGA 1.804 Indirect(T-Amin)
FP-LAPW mBJ-LDA 1.801 Indirect(T-Amin)
FP-LAPW GGA 1.226 Indirect(T-Amin)
FP-LAPW LDA 1.154 Indirect(T-Amin)
Experiment 1.686 [29] Indirect(I"-Apin)
Other calculations FP-LAPW GGA 1214 [2] Indirect(T-Apin)
FP-LAPW LDA 1.141[2] Indirect(T-Apin)
FP-LAPW GGA-EV 1.835 [2] Indirect(T-Anin)
PP-PW LDA 1.67 [30] Indirect(T-Apin)
BSb
Present work FP-LAPW mBJ-GGA 1.136 Indirect(I"-Apin)
FP-LAPW mBJ-LDA 1.130 Indirect(I"-Apin)
FP-LAPW GGA 0.766 Indirect(T-Apin)
FP-LAPW LDA 0.768 Indirect(I"-Amin)
Experiment 0.51 [35] Indirect(I"-Apin)
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Compounds Methods Eg (eV) Type of band-gap
Other calculations FP-LAPW GGA 0.763 [2] Indirect(T-Apin)
FP-LAPW LDA 0.751 [2] Indirect(T-Apin)
FP-LAPW GGA-EV 1.334 [2] Indirect(T-Apin)
FP-LAPW GGA 0.75 [28] indirect (I'-Amin)
LMTO LDA 0.470 [33] Direct (I'-T)
PP-PW LDA 0.547 [30] Direct (I'-T)
GaSb
Present work FP-LAPW mBJ-GGA 1.331 Direct (I'-T)
FP-LAPW mBJ-LDA 1.320 Direct (I'-T)
FP-LAPW GGA 0.025 Direct (I'-T)
FP-LAPW LDA 0.000 Direct (I'- ')
Experiment 0.670 [36] Direct (I'- ')
Other calculations FP-LAPW GGA 0.028 [2] Direct (I'- T')
FP-LAPW LDA 0.000 [2] Direct (I- ')
FP-LAPW EVA 0.361[2] Direct (- T')
LMTO LDA 0.470 [33] Direct (I- ')
PP-PW LDA 0.547 [30] Direct (I- ')
InSb
Present work FP-LAPW mBJ-GGA 0.503 Direct (I'-T)
FP-LAPW mBJ-LDA 0.501 Direct (I'- ')
FP-LAPW GGA 0.000 Direct (I-I)
FP-LAPW LDA 0.000 Direct (I- ')
Experiment 0.2 [37] Direct (I'- ')
0.25 [38] Direct (I'- ')
Other calculations FP-LAPW GGA 0.000 [2] Direct (I'- T')
FP-LAPW LDA 0.000 [2] Direct (I'- T')
FP-LAPW GGA-EV 0.200 [2] Direct (- T')
FP-LAPW LDA —0.72 [39] Direct (- T')
PP-PW LDA 0.213 [30] Direct (I'- T')
Fig. 2 further explains the band gap, in which total GasSb InSb
density of states (TDOS) and atomic site projected 4 T
densities of states (PDOS) of BSh, AISb, GaSb and InSh T B
with mBJ-GGA are plotted. We can specify the angular 2 5
momentum character of different structures from PDOS. 1T /‘m
The Fermi level is set to be 0 eV. In case of mMBJ-GGA, % o0 ST —T
three different regions in DOS of these compounds appear ;2 i T
separated from each other by gaps. Involvement of core ‘f:, I o
state constitutes lower valence band while upper valence E ol 1.0 | o 14
band starts from -14eV, -10.5eV, -11eV and 10.1 eV in N '«1[.‘"“ F kt'. Wl f \“ Mﬂ
case of BSh, AISb, GaSb and InSb respectively. B-2p, Al- B T TS (N S (R TR R
3p, Ga-4p, In-5p and Sb-5p states are main contributors in 8 e S T e =] T s —
upper valence as well as in lower conduction band in their Ry I by, I Y g ey
respective compounds. The second highest contribution is . 140 st o] ﬂﬂﬁjA | Iﬁ" Lol
from B-2s, Al-3s, Ga-4s, In-5s and Sb-5s states. In case of 0 ﬂ“‘% ﬂlﬂ*?; oltt H‘g] ””M;“' 0 I‘OHM%

AISDb localization of Al/Sb-s states is visible in between -
5.2 eV and -4.9 eV. Another prominent localized region is
also present in InSb (for Sb-s state) between -10.1eV to -
9.8eV. Covalent interactions are present between the
bonding elements due to degeneracy of states with regard
to both lattice site and angular momentum.

Energy(eV) Energy(eV) Energy(eV) Energy(eV)

Fig. 2. Total and partial densities of states for BSh, AlSb,
Gasb and InSb calculated within mBJ-GGA.

The contour and 3-D plot for electron density in the
(110) plane are shown in Fig. 3. The plots are helpful to
probing the bonding nature of constituent atoms. Plots
show little ionic behaviour as there is diminutive
difference of electronegativity between the comprising
elements. Therefore, the bonding may be expressed as a
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strong covalent behavior and BSb shows strongest
covalent character in all of them. lons in the lattice could
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diffuse in the vacant space (as shown in contour plot)
having little localization of charge [40].
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Fig. 3. The contour and 3D plots of BSh, AlSh, GaSb and InSb for electron density in the (110) plane.

For cubic symmetry compounds gz(a)) (imaginary

part of the complex dielectric function) can be calculated
by the following relation: [41]

k
27m)2 Z“ m Va) (k) @

nn’ BZ

Here @,y is joint density of states and Pnn' is
momentum matrix element which affect gz(a))strongly.

Kramers-Kronig relation gives the real part of the complex
dielectric function &, () from the imaginary part &, (w):

[42]
&(0)=1+< Pj%(z)dw’ )

@

The dielectric function’s imaginary part is calculated
in the energy range 0-30 eV for different exchange
correlation functionals as shown in Fig.4. Transitions from
top of the valence bands to conduction bands at the lower
states, contribute to the major part of the optical spectra
[43]. The first critical point (optical absorption’s edge) in
BSb, AlSh, GaSb and InSh occurs at about 1.136 eV,
1.804 eV, 1.331 eV, and 0.503 eV for mBJ-GGA. This
point splits the valence band and conduction band at I
point (I'v-T'c) which gives the threshold for direct optical
transition between the highest valence band and the lowest
conduction band. This is known as the fundamental
absorption edge [44]. BSh, AlSb, GaSb and InSb have

strong absorption in between energy range 3-8 eV, 2-7 eV,
1-7 eV, 1-7 eV respectively. This region is represented by
different peaks due to electronic transitions between
valence and conduction band. The absorption region has
variation of the peak in the range of energy (as mentioned
previously) that depicts the appropriateness for device
applications as these compounds can be operated within
diverse segments of the spectrum.

Computed real portion of dielectric function & (@) is

shown in Fig. 5. Static dielectric constant & (0) and
&, () in low energy limit strongly rely on the band gap

of the compound. Penn Model can be used to explain the
inverse relation of &, (0)with the band gap [45].

£(0) 1+ (haw, /E,)’ ®)

Using the value of &, (0)and plasma energy 7zco , in

above relation, the band gap value E4 can be calculated.
The static dielectric constant values of BSb, AlSh, GaSb
and InSb_measured with mBJ-GGA exchange correlations
are listed in Table.3. With mBJ-GGA, it is clear from Fig.
6 that gl(a)) increases initially with energy reaching at
maximum value at 3.2 eV, 2.7 eV, 1.9 eV and 1.8 eV for
BSb, AISbh, GaSb and InSb respectively and afterward
lowers to a smallest (negative) value at 6.4 eV, 4.2 eV, 4.1
eV and 5.2 eV for BSh, AlSh, GaSh and InSb respectively.
The values lower than one for gl(a)) exhibit the

reflectiveness of material for the incident waves



908 Masood Yousaf, M. A. Saeed, R. Ahmed, M. M. Alsardia, Ahmad Radzi Mat Isa, A. Shaari

(electromagnetic) inside this energy range displaying a
metallic character. So protection from radiations is
possible in specific energy limits. The local maxima of
reflectivity as shown in Fig. 7 correspond to the negative
values of & (w). Additional increase in energy to high
value brings stability to &, («). Materials show steady
character after 10 eV which suggests that the considered
compounds behave as transparent and are suitable for

making lenses. Photons with energy greater than 10 eV do
not interact with materials.

30
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Fig. 4. Frequency dependent imaginary part of dielectric
function of BSb, AISh, GaSb and InSb within mBJ-GGA.
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Fig. 5. Frequency dependent real part of dielectric functions
of BSh, AlISb, GaSb and InSb within mBJ-GGA.

Table 3. Calculated static dielectric constant £1(0), static
refractive index n(0) for BSh, AlSb, GaS band InSh
within mBJ-GGA.

Compound Method XC £1(0) n(0)

BSh FP- mBJ- 9.897 3.146
LAPW GGA

AlSb FP- mBJ- 9.986 3.160
LAPW GGA

GaSh FP- mBJ- 14.1798  3.76573
LAPW GGA

InSb FP- mBJ- 14.8552  3.84817
LAPW GGA

n(w)
S W R D N W RS N W R D - WA
T T

- L S - | — - —
] 10 20 30 40 50

Energy (eV)

Fig. 6. Frequency dependent (i) refractive index (ii) extinction
coefficient of BSh, AlSh, GaSb and InSb within mBJ-GGA.

Fig. 6(i) shows the refractive index n(w)over a broad

spectrum for longer range of energy (0-50eV). The
spectrum of refractive index n(a)) closely follows to real

part of the complex dielectric function gl(a)) [46].

Refractive index spectra of IllI-Antimonides show two
significant features. The figure shows that n(a)) reaches

the highest value at around 4.5 at 3.5 eV , 4.6 at 3.6 eV,
4.65 at 2 eV and 4.35 atl.7 eV for BSh, AlSh, GaSb and
InSb respectively with mBJ-GGA. Afterwards spectrum of
n(a)) decrease at intermediate energies and then vanishes

at higher energies. This is due to the absorbance of high
energy photons by materials and no more act as
transparent. In Figure 6(i) refractive index drops down to
less than one for small range of energy. This depicts the
lower value of c (celerity of light) than the v (phase
velocity of light) that seems contradiction to the relativity.
The signal is considered to transmit with group velocity vgq
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(Vg = ?j_i)) through medium of dispersive nature instead

with phase velocity (v = % = E). The relation between
n
vgand v is given by:
k dn
vV, =v(l—-—— 4)
o =V n dk)

Eq.4 suggests that v is always greater than vy. When a
signal having v greater than c, propagates through spectral
region then c is always greater than vy [46]. The static
refractive index n(0) values with mBJ-GGA are listed in
Table 3.
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Fig. 7. Reflectivity (frequency dependent) of BSh,
AISb, GaSh and InSb within mBJ-GGA.

Extinction coefficient k(a)) along with energy is
shown in Fig.6 (ii). The response of both k() and
&,(w) with energy is similar which is also indicated by

existing theory [46]. But a material with some coefficient
of absorption does not fallow this trend and k (c») shows

some deviation from &, (w)[46].
Fig. 7 shows frequency dependent R(co) against

energy with mBJ-GGA. At zero frequency the magnitude
of coefficient of reflectivity for BSb, AlSh, GaSb and InSh
are 0.268, 0.270, 0.337 and 0.345 respectively. Peaks
pointing (arises from the inter band transition) maximum
value of reflectivity lies in the energy range of 6-9 eV
(BSh), 4-11eV (AlSb), 4-10.2 eV (GaSb) and 3.6-10eV
(InSh). Protection from rays is possible in this energy
range. The maximum value of reflectivity appears at about
8.3 eV (BSh), 10 eV (AISh), 5.9 eV (GaSb) and 5.8 eV
(InSb). Considered I11-Antimonides have reflectivity over
broader range of energy which is desirable for reflectors.
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Fig. 8. Optical conductivity (frequency dependent) of BSb,
AlSh, GaSh and InSb within mBJ-GGA.

Fig. 8 shows the frequency dependent optical
conductivity o(w) for II-Antimonides. The variation of
frequency is described by energy (0 to 50 eV) and the o(®)
is given in the units of Q'cm™'. With small energy range,
under studied compounds depict sharp rise in conductivity
attaining maximum value at around 4.9 eV, 3.8 eV, 3.7
eV, 3.7 eV for BSh, AlISh, GaSh and InSb respectively.
After reaching the highest value, conductivity drops down
quickly within small energy range in all of the considered
cases. For the high energy range, negligible amount of
conductivity is noticeable which shows that materials do
not correspond to interactive photons.

4. Conclusions

Optoelectronic properties of X-Sb (B, Al, Ga, In) have
been studied with modified Becke Johnson potential. With
mBJ-GGA our predicted band gap values for BSh (1.136
eV) & AISb (1.804 eV) show very close agreement with
values calculated with EV-GGA, whereas the band gap
values for GaSb (1.331 eV) & InSb (0.503 eV) are
enhanced as compare to the previous calculated results
including LDA/GGA/EV-GGA depicting the true nature
of these compounds. Optical parametric quantities
(refractive index, dielectric constant, reflectivity and
optical conductivity) which depend on band gap are
presented and discussed. Strong absorption is noted
between energy range 3-8 eV, 2-7 eV, 1-7 eV and 1-7 eV
for BSh, AlSbh, GaSb and InSb respectively. The values for
static dielectric constant for BSh, AlSh, GaSb and InSb are
9.897, 9.986, 14.1798 and 14.8552 respectively. The
values of calculated static refractive index are 3.146,
3.160, 3.76573 and 3.84817 for BSh, AlSb, GaSb and
InSb respectively. Conductivity of the entire considered
material rises sharply with small energy change.
Considered materials show reflective character for
electromagnetic incident waves when value for & (w)

drops lower than one and thus protection from radiations is
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possible in specific energy limits. Our results for band gap
and optical parameters can be used productively in
optoelectronic applications.
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