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We have determined structural, electronic and optical properties of BBi1−x Sbx alloy by using density functional
theory based on the full potential linearized augmented plane wave method. For the exchange correlation potential,
the generalized gradient approximation of Perdew, Burke, and Ernzerhof has been performed. The structural
properties, including lattice constants and bulk modulus have been calculated by changing x concentration. We have
investigated the effect of composition on lattice constant, bulk modulus and band gap. Properly, direct/indirect
band character of BBi1−x Sbx has been investigated depending on the x concentration. Then we have determined
some basic linear optical properties BBi1−x Sbx alloy in direct band gap region. The obtained results have been
compared with available studies. All the calculations have been performed after geometry optimization. As far
as we know, no experimental or theoretical data are presently available for the studied ternary alloy BBi1−x Sbx
(0 < x < 1).
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1. Introduction

2. Method and calculation
In the present work, first principles calculations for
BBi1−x Sbx alloys are performed using the full potential linearized augmented plane wave (FP-LAPW) [12]
method based on density functional theory (DFT) as
applied in WIEN2k [13] computer package program.
The exchange and correlation interactions are taken
into account by means of generalized gradient approach
(GGA) based on Perdew et al. [14]. In order to get
the total energy convergence, we have expanded the
Kohn–Sham wave functions up to RMT Kmax = 7, where
RMT represents the plane wave radii and Kmax gives
the magnitude of the maximum reciprocal lattice vector. The wave function inside atomic spheres is expanded
up to lmax = 10, while the charge density is Fourier expanded up to Gmax = 12 Ry1/2 . To separate core from
valence states the cut-off energy is set to –6 Ry. The standard special k-points technique of Monkhorst and Pack
(MP) [15] is used for accurate Brillouin zone (BZ) integrations. We have used 2×2×5 MP meshes and 9 special
k-points are taken in the irreducible wedge of the BZ.

Boron-V semiconductor alloys have recently received
substantial attention due to their applications in electronic and optoelectronic device technology [1–3]. Boron
compounds are advisable for variety applications due to
their extreme properties such as low ionicity, high thermal conductivity and hardness [4]. BBi and BSb which
are the last two members of boron-V family have attracted increasing research attention theoretically in the
recent time. Most of the works were about the structural and electronic properties of BSb and BBi compounds [5–11]. In these works researchers have found
direct and indirect band gap behaviors for BBi and BSb,
respectively.
Alloying a semiconductor can be suitable to meet specific requirements of researches such as lattice parameter,
band gap, and hardness. According to the best of our
knowledge neither experimental nor theoretical investigation related to BBi1−x Sbx alloy have existed in the literatures. Consequently, for the first time in this investigation, we replaced Bi with Sb in BBi to obtain BBi1−x Sbx
alloy. In numerous technological applications, it is significant to determine direct to indirect band gap transition
concentration for a semiconductor alloy. In this investigation, we have studied structural and electronic properties of BBi1−x Sbx alloy at different x concentrations.
We have added 6.25% Sb as an alternative of Bi atoms
in BBi compounds in every step. Consequently, the effect of little Sb addition (6.25%) to BBi is represented.
The variance in lattice parameter and bulk modulus is
studied. The changes in band gap energy and direct to
indirect band gap transition concentration and some optical properties have been also determined. The perturbation owing to Sb concentration on the valence and conduction bands has been also investigated in this study.
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3. Results and discussions
3.1. Structural and electronic properties
First of all, we have analyzed the structural properties of the binary BBi and BSb compounds and ternary
BBi1−x Sbx alloys in zinc blende (ZB) structure utilizing
PBE-GGA scheme. Then we have patterned the alloys
by 0.0625 increasing x compositions from 0 to 1. These
compositions with ordered structures are selected with
periodically repeated 2 × 2 × 1 super-cells with 32 atoms
per unit cell. In order to get optimum lattice constants,
the total energies calculated as a function of unit cell
volume are fitted with the Birch–Murnaghan equation of
state [16]. The bulk modulus and band gap of BBi1−x Sbx
have been calculated by the corresponding equilibrium
lattice constants. The calculated lattice parameter (a),
bulk modulus (B) and band gap energy (Eg ) of binaries
(BBi–BSb) and ternaries (BBi1−x Sbx ) are summarized
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in Table I. The calculated lattice parameter (a) and bulk
modulus (B) for BBi and BSb are in good agreement with
other theoretical studies [5, 8–12]. The band gap energies
and band character (direct/indirect) of the studied materials are represented in the same table. For BBi1−x Sbx ,
as a result of our calculations, it has shown direct band
gap in the x concentration range between 0% and 31.25%,
while it has shown indirect band gap with the x concentration range between 37.5% and 100%. It is clearly seen
from this table that transition from direct to indirect
band gap occurs with x concentration between 31.25%
and 37.5%.
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is consistent with the virtual crystal approximation [17].
On the other hand, in the indirect band gap region, increasing Sb concentration does not have such effect on
the Γ –X transition energy.

TABLE I
The equilibrium lattice constants (a), bulk modulus (B)
and band gap energy (Eg ) of BBi1−x Sbx .
x%
concentration
0

6.25
12.5
18.75
25
31.25
37.5
43.75
50
56.25
62.5
68.75
75
81.25
87.5
93.75
100

a
B
Eg
Direct (D)
[eV]
[Å]
[GPa]
Indirect (I)
5.53
68.52
0.09
D
5.53 [8] 72.2 [8]
D
5.46 [9] 81.89 [9] 0.14 [8]
5.44 [10] 85.87 [10]
5.51
71.73
0.23
D
5.50
75.70
0.36
D
5.48
77.70
0.49
D
5.46
78.90
0.60
D
5.45
80.60
0.73
D
5.43
82.15
0.75
I
5.41
83.33
0.74
I
5.40
85.66
0.76
I
5.39
87.03
0.74
I
5.37
88.10
0.76
I
5.36
89.53
0.76
I
5.34
92.05
0.76
I
5.32
93.14
0.76
I
5.30
94.90
0.76
I
5.29
96.09
0.76
I
5.27
96.43
0.76
I
5.277 [5] 99.5 [5] 0.71 [10]
I
5.21 [11] 110 [11] 0.75 [12]
I

In order to obtain x concentration for direct to indirect
transition, we have applied linear fit to the Γ –Γ and Γ –X
transition energies. As a result, we have found the exact
x concentration value at x = 32.03 for this transition as
shown in Fig. 1. The relation between Sb concentrations
and band gap energy values can also be shown in the
same figure. For the studied materials, the valence band
maximum is at Γ point while conduction band minimum
occurs at Γ or X points for direct or indirect transitions, respectively. Replacing Sb with Bi increases the
Γ –Γ transition energy linearly. It means that in direct
band gap region the band gaps of BBi1−x Sbx alloys increase with increasing Sb concentration. It is clearly seen
from Fig. 1 that there is no band gap bowing in the direct
band gap region. This means that there is no nonlinearity between band gap and x concentration. Therefore, it

Fig. 1. Γ –Γ and Γ –X transition energies with different x concentrations for studied material.

Figure 2 indicates that increasing Sb concentration has
a great effect on the conduction band in the direct band
gap region. For BBi1−x Sbx , the minimum of conduction
band energy at Γ point increases while Sb concentration
is increasing. On the other hand, the change in Sb concentration does not have such effect on the valence band
maximum energy. Therefore, this situation affects the
mobility of electrons in the conduction bands. Increase
of the Sb concentration decreases the material quality
due to perturbation on conduction band minimum.

Fig. 2. Valence and conduction band transition energies at Γ point with different x concentrations for studied material.

3.2. Optical properties
Our calculated imaginary ε2 (ω) and real ε1 (ω) parts
of the dielectric function for BBi1−x Sbx alloys are given
in Fig. 3a and b, respectively. Notice first that these compounds have fundamental absorption limit at infrared
spectrum region which is important for communication
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devices in technological applications. It is clearly seen
from Fig. 3a that ε2 (ω) curves for BBi1−x Sbx alloys
(at x = 0.0625, 0.125, 0.1875, 0.25) have shown similar
behavior with each other.

BBi1−x Sbx decreases material quality in the direct band
region, due to its great effect on the conduction band
minimum in this region. Using our structural and electronic calculations, the optical properties of BBi1−x Sbx
alloy for the direct band gap region have been also given.
It is clearly seen from the optical results that in the highenergy region, the crystals become transparent due to
decreasing trend of ε2 (ω) and these materials may be
suitable for screening ultraviolet radiations. Therefore,
the authors hope that the obtained results can be used
to cover the lack of data in the literature for BBi1−x Sbx
alloy.
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Fig. 3. Calculated (a) imaginary ε2 (ω) and (b) real
ε1 (ω) parts of the dielectric function.

In this figure, there is one main peak, around 4–4.5 eV
for all concentrations. This and other smaller peaks are
due to the critical-point transitions. For the detailed
analysis of the structures in ε2 (ω) can be identified with
transitions between bands at critical points or along symmetry lines in the BZ. Additionally, because of decreasing
trend of ε2 (ω) the crystals become transparent in highenergy region. From Fig. 3b, the first peaks of ε1 (ω) stem
from the electronic transition from valence to conduction
bands and it is also observed that ε1 (ω) decreases for all
concentrations in the visible region.
4. Conclusion
In this study, structural and electronic properties of
BBi1−x Sbx alloys have been determined by using DFT
depending on FP-LAPW as applied in the WIEN2k.
This work made clear that in direct band gap region,
band gaps are consistent with virtual crystal approximation. For BBi1−x Sbx alloys, we have found direct to indirect band gap transition concentration with x = 32.03%.
Also, it is found that increasing Sb concentration in
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