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A B S T R A C T   

The electronic transport properties of GaAs1− xBix alloys, are obtained using the semi-classical Boltzmann theory 
as incorporated in BoltzTraP code. The thermoelectric properties as a function of temperature at a constant value 
of chemical potential (μ) were calculated for the GaAs1− xBix alloys at x = 0.0–1.0 with stepsize of 0.25. 
GaAs1− xBix alloys are modeled using special quasi-random structures’ (SQS) Zunger approach. The GaAs1− xBix 
alloys have a direct band gap of 1.42 eV, 0.449 eV, 0.052 eV, 0.016 eV and − 0.0056 eV for x = 0.0, 0.25, 0.50, 
0.75 and 1.0, respectively. It is clearly seen that the energy gap decreases with increasing Bi concentration. The 
electronic band structures of GaAs1− xBix alloys show that the bands are less dispersive for all high symmetry 
directions, suggesting that these alloys possess large effective mass for the carriers and hence a high thermo-
power. Calculation show that GaAs0.75Bi0.25 exhibits high carrier concentration and hence high electronic con-
ductivity and power factor, whereas GaAs shows the highest value for Seebeck coefficient. GaBi exhibits the 
lowest values for most of the transport properties. The GaAs1-xBix (x = 0.0, 0.25, 0.5, 0.75) alloys represents the 
p-type carrier except GaBi represent n-type at low temperate till 300 K then above this temperature it represents 
the p-type carrier. We should mention here the fluctuation in the values of σ/τ with changing the content of Bi 
atoms is attributed to the mobility and the concentration of the charge carrier. Finally substituting all As atoms 
by Bi atoms (GaBi) leads to reduce ke/τ to lower than that of GaAs. GaAs1− xBix alloys could be promising ma-
terials for thermoelectric applications due to the decrease in thermal conductivity with increasing x because 
bismuth is a heavy atom (better phonon scattering).   

1. Introduction 

GaAs1− xBix alloys, as bismuth-containing semiconductors, have 
attracted a great deal of interest due to their significant potential ap-
plications in solar cells, optoelectronic devices, semiconductor lasers, 
and optical detectors [1]. It has been found that there is an influence on 
electronic and optical properties when GaAs is doped with Bi. Also there 
is a huge reduction in the band gap with replacing As by Bi [2] which is 
attributed to the fact that the size of Bi atom is much bigger than that of 
As atom. Therefore, with the substitution As by Bi, a compressive strain 
develops in the crystal [3–5], resulting in a significant modification in 
the electronic structure and hence in the optical and thermoelectric 
properties of the pristine alloys. The observed huge reduction in the 
energy band gap could be due to a resonant interaction between Bi 6p 
state in the conduction band minimum (CBM) and the valence band 
maximum (VBM) [6–9]. The surfactant technology was successfully 
used to introduce Bi atom in GaAs compound [10]. This technology was 

totally different from the traditional molecular beam epitaxy (MBE) 
[11]. The resulting GaAsBi alloys are not traditional type of alloys due to 
the fact that Bi introduces bound states in addition to the bands, and 
behaves more like an isoelectronic donor rather than a true alloying 
element [6,7]. The growing demand for unusual thermoelectric mate-
rials motivated us to do a comprehensive investigation for the transport 
properties of GaAs1− xBix Alloys. 

Recently Alhassan et al. [12] have employed the Current-Voltage 
(I–V), Capacitance-Voltage (C–V), Deep Level Transient Spectroscopy 
(DLTS), Laplace DLTS, Photoluminescence (PL) and Micro-Raman 
techniques to investigate the effect of the orientation of the substrates 
on the structural, electrically and optically active defects in dilute 
GaAs1− xBix epilayers structures having a Bi composition x = ~5.4%, 
grown by Molecular Beam Epitaxy (MBE) on (100) and (311)B GaAs 
planes. X-ray diffraction results revealed that the in-plane strain in the 
Ga(As,Bi) layer of the samples grown on (100)-oriented substrate 
(− 0.0484) is significantly larger than that of the samples grown on (311) 
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B-oriented substrate. Paulauskas et al. [13] study scanning transmission 
electron microscopy techniques are employed to analyze the distribu-
tion of Bi in several distinctly MBE grown GaAs1− xBix alloys. Statistical 
quantification of atomic-resolution HAADF images, as well as numerical 
simulations, are employed to interpret the contrast from Bi-containing 
columns at atomically abrupt (001) GaAs-GaAsBi interface and the 
onset of CuPt-type ordering. Davidson et al. [14] investigate a novel 
class of strain-compensated type-II QWs combining electron-confining, 
tensile strained GaNyAs1− y and hole-confining, compressively 
strained GaAs1− xBix layers. They systematically analyses the opto-
electronic properties of W-type GaAs1− x Bix/GaNyAs1− y QWs, and 
identify paths to optimize their threshold characteristics. 

As natural extension to our previous work [7,8], a new calculation is 

performed by varying the composition of bismuth, we hope to throw 
light on the effect of additional Bi on the thermoelectric properties of 
GaAs1− xBix alloys which are modeled using special quasi-random 
structures’ (SQS) approach of Zunger et al. [11]. The GaAs1− xBix al-
loys are promising materials for thermoelectric due to the expected 
decrease in thermal conductivity because of alloying with bismuth (as 
bismuth is a heavy atom and hence better gives phonon scattering). 

2. Method of calculation 

We have used ‘special quasi-random structures’ (SQS) approach of 
Zunger et al. [11] to reproduce the randomness of the GaAs1− xBix alloys 
for the first few shells around a given site (see Fig. 1). This approach is 

Fig. 1. The binary and ternary GaAs1− xBix alloys are modeled using special quasi-random structures’ (SQS) Zunger approach.  
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reasonably accurate to describe the physical properties that are not 
affected by the errors introduced by using the concept of periodicity 
beyond the first few shells [11]. For more details, we refer the reader to 
Ref. 7,8,11. 

The total energy calculations were performed using the full potential 
linearized augmented plane wave (FP-LAPW) method as implemented in 
Wien2k code [15]. The exchange correlation potential was treated using 
a modified Becke-Johnson potential (mBJ), which allows the calculation 
of band gaps with accuracy similar to the very expensive GW calcula-
tions [16]. It is a local approximation to an atomic “exact-exchange” 
potential and a screening term. 

Thermoelectric properties of GaAs1− xBix alloys are explored 
employing BoltzTraP code [17] which solves semiclassical Boltzmann 
transport equation within rigid band approximation and constant 
relaxation time (τ) approach [17]. Recently, BoltzTraP has been 
reasonably successful in calculating transport properties of next gener-
ation materials [18–21]. For a specific temperature (T) and chemical 
potential (μ), important parameters of electronic transport like electrical 
conductivity (σ), Seebeck coefficient (S), and electronic part of thermal 
conductivity (ke) are calculated using the following relations, which are 
based on Fermi-dirac distribution function fμ and energy dependent 
conductivity tensor σαβ(ε): 

σαβ(T, μ)=
1
Ω

∫

σαβ(ε)
[

−
∂fμ(T, μ)

∂ε

]

dε (1)  

Sαβ(T, μ)=
1

eTσαβ(T, μ)

∫

σαβ(ε)(ε − μ)
[

−
∂fμ(T, μ)

∂ε

]

dε (2)  

κe
αβ(T, μ)=

1
Ωe2T

∫

σαβ(ε)(ε − μ)2
[

−
∂fμ(T, μ)

∂ε

]

dε (3)  

where α, β represents tensor indices, Ω and e dictates corresponding 
volume of the unit cell and electronic charge, respectively. 

We have optimized the atomic positions of GaAs1− xBix ternary alloys 
(structural relaxation), by minimization of the forces (1 mRy/au) acting 
on the atoms. Using the relaxed geometry various features including the 
transport properties can be calculated. Once the forces are minimized in 
this construction one can then find the self-consistent density at these 
positions by turning off the relaxations and driving the system to self- 
consistency. 

The spherical harmonics inside non-overlapping muffin-tin (MT) 
spheres surrounding the atoms are expanded up to lmax = 10. The 
muffin-tin radii are 1.6 atomic units (a.u.) for Bi, whereas a 1.95 a.u. Is 
used for both Ga, and As. The plane wave cut-off of Kmax = 7.0/RMT was 
chosen for the expansion of the wave-functions in the interstitial region 
for the binary compounds GaAs, GaBi and ternary alloys GaAs1− xBix. 
The charge density was Fourier expanded up to Gmax = 14 (Ryd)1/2. The 
irreducible wedge of the Brillouin zone (BZ) was described by a mesh of 
35 special k-points for binary compounds and alloys, except for the case 
of x = 0.5, when a mesh of 64 special k-points is used. In the case of 
calculating the thermoelectric properties, we used denser meshes of 
5000 k-points for binary as well as ternary alloys of x = 0.25 and 0.75, 
whereas 3000 k-points were used for x = 0.5. The self-consistent cal-
culations are converged till the total energy of the system is stable within 
10− 5 Ry. The FP-LAPW + lo method has proven to be one of the accurate 
methods for computation of the electronic structure of solids within DFT 
[22–24]. 

3. Results and discussion 

3.1. Salient features of the electronic band structures 

Based on the calculated band structure, the semi-classical Boltzmann 
theory as implemented in the BoltzTraP code was used to study the in-
fluence of vary the Bi content on the thermoelectric properties of 

GaAs1− xBix (x = 0, 0.25, 0.50, 0.75, 1.0) alloys as a function of tem-
perature (T) at constant value of chemical potential (μ) with constant 
relaxation time (τ). Since the electronic band structure are the keynote 
factor for calculating the transport properties of the materials, thus let us 
recall the main features of the electronic band structure of GaAs1− xBix. 
The calculated electronic band structures of GaAs1− xBix using mBJ are 
shown in Fig. 2a-d. The valence band maximum (VBM) and conduction 
band minimum (CBM) of GaAs1− xBix alloys are situated at Γ point the 
center of the BZ resulting in a direct band gap of 1.42 eV, 0.449 eV, 
0.052 eV, 0.016 eV and − 0.0056 eV at x = 0.0, 0.25, 0.50, 0.75 and 1.0, 
respectively. These values along with the previous theoretical results 
and experimental data are presented in Table 1. It is clearly seen that the 
band gap values are close to the experimental data and confirm the 
variation of large energy gap bowing with concentration of Bi. The good 
agreement with experimental data reveals the accuracy of the selected 
exchange correlation potentials used here which confirm the accuracy of 
the theoretical calculations. It is clearly seen that the energy gap de-
creases with increasing Bi concentration. This reduction of the band gap 
is explained by the highly localized nature of the perturbation intro-
duced by Bi atoms [25–30]. The largest contribution to the band gap 
reduction originates from structural relaxation and charge exchange 
that are, respectively, proportional to the differences in the atomic 
orbital size and energy of the As and Bi atoms [25,28]. Also the observed 
huge reduction in the energy band gap could be due to a resonant 
interaction between Bi 6p state in the conduction band and the valence 
band maximum (VBM) [6–9]. 

3.2. Effective mass 

The electronic band structures of GaAs1− xBix alloys show that the 
bands are less dispersive for all high symmetry directions, suggesting 
that these alloys possess large effective mass for the carriers and hence a 
high thermopower. For better thermoelectric properties, we need to 
have high mobility (for higher electrical conductivity (σ) with reason-
able carrier concentrations), higher band masses (to obtain higher value 
of Seebeck coefficient (S)) and lower lattice thermal conductivities (k =

ke + kl), which consist of the electronic and phonon contributions. 
However, carriers with large mobility is required for obtaining a higher 
σ. The thermoelectric power factor can be improved, if the effective mass 
is increased, that is due to the fact that the gain in S is larger than the 
decrease in the mobility [22]. To determine the transport properties, we 
need to know the effective charge-carrier mass, S and σ. 

From Fig. 2a–e, we obtained the effective mass of electrons (m*
e) for 

the binary and ternary GaAs1− xBix alloys. Usually we estimated the 
value of m*

e from the conduction band minimum curvature (CBM). The 
diagonal elements of the effective mass tensor, me, for the electrons in 
the conduction band are calculated following this expression ( 1

m*
e
=

∂2E(k)
ℏ2∂k2 ). The effective mass of electron is assessed by fitting the electronic 
band structure to a parabolic function (above mentioned equation). We 
have calculated the electron effective mass ratio (m*

e/me), effective mass 
of the heavy holes (m*

hh/me) and light holes (m*
lh/me), around Γ point the 

center of the BZ for the binary and ternary GaAs1− xBix alloys. These 
values are listed in Table 2. 

3.3. Thermoelectric properties 

In the recent days, thermoelectric (TE) applications from emerging 
materials paid much more attention to reduce dependencies over con-
ventional energy sources [31,32]. TE devices utilize those special ma-
terials to exhibit direct conversion of energy between heat and 
electricity. Performance of a TE material towards device application can 
be characterized through several important parameters such as elec-
trical conductivity (σ), Seebeck coefficient (S), power factor (σS2) and 
finally by checking TE figure of merit (ZT). A material with ZT ≥ 1 can 

A.H. Reshak                                                                                                                                                                                                                                      



Materials Science in Semiconductor Processing 148 (2022) 106850

4

Fig. 2. The calculated electronic band structures for the binary and ternary GaAs1− xBix alloys using mBJ approach.  
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be regarded as a good TE material as well as suitable for device 

engineering [33]. In order to explore reliable TE variations, electronic 
band structure of the material is the key factor. In this study, electronic 
band structure using mBJ approximation has been utilized to explore TE 
variations. Previous study on GaAs and GaBi solar cells were studied in a 
high temperature range within 30–650C where their functionality and 
changes in surface topology were monitored [34–41]. That is why we 
have checked TE variations of GaAs1− xBix (x = 0, 0.25, 0.50, 0.75, 1.0) 
alloys at room temperature as well as at some higher temperature 
regime. In this computations, electrical conductivity (σ) and electronic 
part of thermal conductivity (ke) depends on τ whereas Seebeck 
response is independent of τ. Thus electrical conductivity (σ) and elec-
tronic part of thermal conductivity (ke) are parametrized by τ as σ/τ and 
ke/τ. 

To calculate the electronic transport properties of the thermoelectric 
binary and ternary GaAs1− xBix alloys between 0.0 and 1.0 with stepsize 
of 0.25, we used the semi-classical Boltzmann theory as incorporated in 
BoltzTraP code [17]. It is important to mention that in BoltzTraP code 
the relaxation time τ taken as a constant. The constant relaxation time 
approximation and the rigid band approximation were used in the cal-
culations [17]. BoltzTrap code depends on a well-tested smoothed 
Fourier interpolation to obtain an analytical expression of bands. This is 
based on the fact that the electrons contributing to transport are in a 
narrow energy range due to the delta-function like Fermi broadening. 
For such a narrow energy range the relaxation time is nearly the same for 
the electrons. The accuracy of this method has been well tested earlier, 

Table 1 
Band gap (eV) for GaAs1− xBix (X = 0, 0.25, 0.50, 0.75, 1.0).   

Present work theoretical work Exp. Work 

GaAs 1.41 1.2a, 1.51b, 1.52c 1.52d 

GaAs0.75Bi0.25 0.449 0.38a, 0.43c  

GaAs0.50Bi0.50 0.052 − 0.32a, − 0.38c  

GaAs0.25Bi0.75 0.016 − 0.98a, − 1.05c  

GaBi − 0.0056 − 1.38a, 1.45b,c − 1.45d 

*Present work. 
a [7]. 
b [48]. 
c [2]. 
d [49]. 

Table 2 
Effective mass ration for GaAs1− xBix (X = 0, 0.25, 0.50, 0.75, 1.0).   

GaAs GaAs0.75Bi0.25 GaAs0.50Bi0.50 GaAs0.25Bi0.75 GaBi 

m*
e/ me 0.0022 0.0042 0.0052 0.0071 0.0248 

m*
hh/

me 

0.0182 0.0145 0.0142 0.0157 0.0103 

m*
lh/

me 

0.0133 0.0022 0.0046 0.0055 0.0021  

Fig. 3. Calculated electronic transport properties of 
the thermoelectric binary and ternary GaAs1− xBix al-
loys, were obtained using the semi-classical Boltz-
mann theory as incorporated in BoltzTraP code; (a) 
The carrier concentration (n), (b) The electrical con-
ductivity (σ/τ), (c) Seebeck coefficient (S), (d) The 
electronic power factor (S2σ/τ), (e) The electronic 
thermal conductivity (κe/τ). The transport properties 
are plotted as a function of temperature at certain 
value of chemical potential with constant relaxation 
time (τ). The calculated transport properties for the 
binary and ternary GaAs1− xBix alloys are calculated 
using mBJ approach.   
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and the method actually turns out to be a good approximation [17, 
42–45]. The BoltzTraP code has proven to be as a very efficient tech-
nique for calculating the electronic transport properties [23,24,46,47]. 
The carrier concentration (n), electrical conductivity (σ/ τ), Seebeck 
coefficient (S), electronic thermal conductivity (ke/τ) and the electronic 
power factor (S2σ/τ) as a function of T at constant value of chemical 
potential were calculated for the binary and ternary GaAs1− xBix alloys 
between 0.0 and 1.0 with stepsize of 0.25. 

Better thermoelectric properties are determined by a combination of 
high mobility and reasonable carrier concentration. In Fig. 3a we have 
illustrated the carrier concentration (n) of GaAs1− xBix alloys as a func-
tion of temperature. One can see that n for the ternary alloys increases 
exponentially with increasing the temperature. As a remarkable finding 
we observe that the binary and the ternary alloys (x = 0.0, 0.5, 0.75 and 
1.0) have zero n at 100 K, except GaAs0.75Bi0.25 possess 0.004 e/uc at 
100 K. Also one can see the n for the parent’s compounds exhibits 
insignificant increase in the carrier concentration with increasing the 
temperature, and both of them (parent’s compounds) show the same 
tendency. This is attributed to the fact that, in the binary alloys, there 
are only two kind of atoms with certain electro-negativity differences. 
Thus for the binary alloys under investigation the electro-negativity 
difference between Ga and As atoms are similar as that between Ga 
and Bi, and, therefore the carrier concentrations in both alloys are 
similar. While, in the ternary alloys, there are three type of atoms with 
different concentrations, and, thus, the electro-negativity will be bigger 
between the atoms leading to more charge carrier concentrated around 
the atom which exhibit higher electro-negativity. This may could 
explain why GaAs0.75Bi0.25 exhibits the highest n among the others in 
the temperature range, and also why both of GaAs0.5Bi0.5 and 
GaAs0.25Bi0.75 show the same trends. The values of the carrier concen-
trations of GaAs1− xBix alloys at 100 K and 850 K are presented in 
Table 3. 

The electrical conductivity (σ = neη) is related to the density of 
charge carriers (n) and their mobility (η = eτ/me). The electrical con-
ductivity (σ/τ) as a function of temperature between 100 and 850 K at a 
certain value of chemical potential was calculated and illustrated in 

Fig. 3b. The electrical conductivity for GaAs1− xBix alloys increases 
exponentially with increasing the temperature. The rapid increase in the 
electrical conductivity with temperature is due to enhancing the charge 
carrier concentration and the mobility of the carriers in the conduction 
band of the binary and ternary alloys with increasing the temperature. 
Following Fig. 3b, one can see that the curve of σ/τ for GaAs is situated 
between that of x = 0.25 and 0.75 from up and x = 0.5 and 1.0 from 
down. That means when we substitute 0.25 of As atom by Bi, the alloy 
GaAs0.75Bi0.25 show the highest value of σ/τ at low and high tempera-
ture, suggesting that this increase is due to higher concentration of the 
free charge carriers. When we substitute half of As atoms by Bi 
(GaAs0.5Bi0.5) we notice that σ/τ drops below the values of GaAs and 
show low σ/τ at 800 K. Increasing the content of Bi to be three times than 
As (GaAs0.25Bi0.75) causes to increase σ/τ with increasing the tempera-
ture. Finally, with substituting all As atoms by Bi (GaBi), leads to a drop 
σ/τ to show the lowest values among the alloys. We should mention here 
the fluctuation in the values of σ/τ with changing the content of Bi atoms 
is attributed to the mobility and the concentration of the charge carrier. 
The size of Bi atom is much bigger than that of As atom, therefore, when 
we substitute As by Bi a compressive strain develops in the crystal [3–5], 
resulting in a significant modification in the electronic structure and 
hence in the thermoelectric properties of the pristine alloys. In Table 3 
we have listed all values of σ/τ for GaAs1− xBix alloys at 100 K and 850 K. 

Fig. 3c, show the Seebeck coefficients (thermopower) of GaAs1− xBix 
alloys as a function of temperatures. The thermopower is used to 
determine the majority carrier type. The Seebeck coefficient has an in-
verse relationship with electrical conductivity. At low temperature the 
Seebeck coefficient of GaAs increases with increasing the temperature to 
reach the maximum value at 200 K then decrees with increasing the 
temperature. Substituting quarter numbers of As atoms by Bi 
(GaAs0.75Bi0.25) causes to reduce S with respect to that of GaAs. From 
Fig. 3c it is clear that S for GaAs0.75Bi0.25 increases with temperature to 
reach a maximum at 850 K which is close to S value of GaAs at 850 K. 
With increasing Bi content to be equal to As content (GaAs0.5Bi0.5) the S 
values reduces in comparison GaAs0.75Bi0.25 in the whole temperature 
range. Further increase in Bi content (GaAs0.25Bi0.75) causes a further 
reduction in S values with increasing the temperature. Replacing all the 
As atoms by Bi in GaBi, causes dramatic chances in the S values, at low 
temperature (100–300) K, GaBi shows negative S which increases with 
increasing the temperature, that represents the n-type concentration. 
Above 300 K the S value cross the zero to positive values (p-try con-
centration) to reach the maximum value at 550 K then gradually reduces 
with increasing temperature. Fig. 3c suggest that GaAs1-xBix (x = 0.0, 
0.25, 0.5, 0.75) alloys represents the p-type carrier except GaBi repre-
sent n-type at low temperate till 300 K then above this temperature it 
represents the p-type carrier. In general increasing the temperature 
causes to enhance the hole doping in GaAs1-xBix (x = 0.0, 0.25, 0.5, 0.75) 
alloys more than that in GaBi. Since bismuth metal has a negative 
thermopower near − 55 μV/K, a connected network of metal clusters 
cannot be the cause of the conductivity or thermopower [48,49]. We 
have listed the values of S for GaAs1-xBix alloys in Table 3. 

The electronic power factor (S2σ/τ) is a keynote quantity for 
measuring transport properties. Following Fig. 3d, one can see that the 
power factor rapidly increases with increasing the temperature. It is 
clear that GaAs0.75Bi0.25 alloys show the highest power factor among the 
others. The low Bi content is optimal in improving σ/τ, and S2σ/τ, that is 
attributed to the surfactant effects of Bi. We find a huge reduction in 
S2σ/τ with increasing Bi content, which is expected due of alloy scat-
tering. GaBi shows the lowest electronic power factor. In general, we 
expect that increasing the temperature should yield a high power factor. 
We report S2σ/τ values for GaAs1-xBix alloys in Table 3. 

Fig. 3e, represents the electronic thermal conductivity (ke/τ) of 
GaAs1-xBix alloys as function of temperature. Usually the thermal con-
ductivity consists of two parts, electronic part (ke) in which the electrons 
and holes are responsible for transporting heat and the phonon part (kl) 

Table 3 
Thermoelectric properties for GaAs1− xBix (x = 0, 0.25, 0.50, 0.75, 1.0).  

Thermoelectric properties 100 K 850 K 

Electrical conductivity 
GaAs 0.20 × 1018 9.5 × 1018 

GaAs0.75Bi0.25 0.95 × 1018 11.1 × 1018 

GaAs0.5Bi0.5 0.42 × 1018 7.2 × 1018 

GaAs0.25Bi0.75 0.42 × 1018 10.6 × 1018 

GaBi 0.52 × 1018 7.3 × 1018 

Carrier Concentration 
GaAs 0.0002 0.0073 
GaAs0.75Bi0.25 0.0037 0.0480 
GaAs0.5Bi0.5 0.0011 0.0279 
GaAs0.25Bi0.75 0.0005 0.0304 
GaBi − 0.0002 0.0031 
Seebeck coefficient 
GaAs 265 247 
GaAs0.75Bi0.25 175 237 
GaAs0.5Bi0.5 121 187 
GaAs0.25Bi0.75 117 135 
GaBi − 98.0 70 
Thermal conductivity 
GaAs 0.04 × 1014 6.54 × 1014 

GaAs0.75Bi0.25 0.05 × 1014 7.05 × 1014 

GaAs0.5Bi0.5 0.04 × 1014 5.38 × 1014 

GaAs0.25Bi0.75 0.05 × 1014 7.52 × 1014 

GaBi 0.04 × 1014 6.60 × 1014 

Power Factor 
GaAs 0.20 × 1011 5.90 × 1011 

GaAs0.75Bi0.25 0.30 × 1011 6.25 × 1011 

GaAs0.5Bi0.5 0.09 × 1011 2.50 × 1011 

GaAs0.25Bi0.75 0.09 × 1011 1.92 × 1011 

GaBi 0.09 × 1011 0.36 × 1011  
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where the phonons traveling through the lattice. We should emphasize 
that BoltzTraP code calculates only the electronic part i.e only ke. The 
ke/τ can be estimated from the electrical conductivity σ/ τ using the 
Wiedemann-Franz law. The electronic thermal conductivity increases 
exponentially with increasing the temperature. The parent GaAs exhibits 
a rapid increase in ke/τ with the temperature. Substituting 1/4 of As 
atoms by Bi (GaAs0.75Bi0.25) the electronic thermal conductivity in-
creases above the values of GaAs. Further increasing of Bi content to be 
the numbers of As atoms equal to that of Bi atoms (GaAs0.5Bi0.5) led to 
reduce ke/τ to exhibit the lower values in the whole temperature range. 
More Bi content (GaAs0.25Bi0.75) causes to increase ke/ τ to be similar to 
that of (GaAs0.75Bi0.25). Finally substituting all As atoms by Bi atoms 
(GaBi) leads to reduce ke/τ to lower than that of GaAs. 

For thermoelectric power generation (TPG), the efficiency is calcu-
lated using ZT = S2σT/κ. Large ZT leads to better efficiency, but 
increasing ZT in bulk semiconductors (ZT ≤1) has proven to be difficult 
because of the variables’ interdependence; a reduction in ke/ τ typically 
leads to a reduction in σ/τ. Similarly, S has an inverse relationship with 
σ/τ. In the absence of any calculations or measurements of the lattice 
thermal conductivity it is difficult to which alloy will have the largest 
figure of merit (FOM). We show that low Bi concentrations are optimal 
in improving the conductivity, Seebeck coefficient, and thermoelectric 
power factor, possibly due to the surfactant effects of bismuth. We 
observed a reduction in thermal conductivity with increasing Bi con-
centration, which is expected because of alloy scattering [39]. 

4. Conclusions 

The starting point of calculating the thermoelectric properties the 
GaAs1− xBix alloys are modeled using special quasi-random structures’ 
(SQS) Zunger approach. Using the calculated electronic band structures 
the electronic transport properties of the thermoelectric of the 
GaAs1− xBix alloys, were obtained using the semi-classical Boltzmann 
theory as incorporated in BoltzTraP code. The carrier concentration (n), 
electrical conductivity (σ/τ), Seebeck coefficient (S), electronic thermal 
conductivity (ke/τ) and the electronic power factor (S2σ/ τ) as a function 
of temperature at certain value of chemical potential were calculated. 
Our calculations show that GaAs0.75Bi0.25 exhibits the higher carrier 
concentration and hence the higher electronic conductivity and power 
factor, while GaAs shows the highest value for Seebeck coefficient. GaBi 
exhibits the lowest values for the transport properties. Our work shows 
that GaAs1− xBix alloys could be promising materials for thermoelectric 
applications due to the expected decrease in thermal conductivity 
arising from alloying with bismuth (being a heavy atom gives better 
phonon scattering). 

Notes 

The symbol (μ) refers to chemical potential and (η) to the mobility. 

CRediT authorship contribution statement 

A.H. Reshak: Writing – review & editing, Writing – original draft, 
Resources, Project administration, Methodology, Investigation, Funding 
acquisition, Formal analysis, Data curation, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

References 

[1] Y. Zhang, A. Mascarenhas, L.-W. Wang, Similar and dissimilar aspects of III-V 
semiconductors containing Bi versus N, Phys. Rev. B 71 (2005), 155201. 

[2] D. Madouri, A. Boukra, A. Zaoui, M. Ferhat, Bismuth alloying in GaAs: a first- 
principles study, Comput. Mater. Sci. 43 (2008) 818. 

[3] M.J. Antonell, C.R. Abernathy, A. Sher, M. Berding, M Van Schilfgaarde, 
A. Sanjuro, K. Wong, Growth of Tl-containing III–V materials by gas-source 
molecular beam epitaxy, J. Cryst. Growth 188 (1998) 113. 

[4] R.B. Lewis, D.A. Beaton, Xianfeng Lu, T. Tiedje, GaAs1-xBix image light emitting 
diodes, J. Cryst. Growth 311 (2009) 1872–1875. 

[5] K. Takahiro, K. Kawatsura, K. Oe, F. Nishiyama, Structural characterization of 
GaAs12xBix alloy by rutherford backscattering spectrometry combined with the 
channeling technique, J. Electron. Mater. 32 (2003) 34–37. 

[6] Erin Christina Young, GaNAs and GaAsBi: Structural and Electronic Properties of 
Two Resonant State Semiconductor Alloys, PhD thesis, University of British 
Columbia, 2006. 

[7] A.H. Reshak, H. Kamarudin, S. Auluck, I.V. Kityk, Bismuth in gallium arsenide: 
structural and electronic properties of GaAs1− xBix alloys, J. Solid State Chem. 186 
(2012) 47–53. 

[8] A.H. Reshak, H. Kamarudin, S. Auluck, Bismuth-containing semiconductors: linear 
and nonlinear optical susceptibilities of GaAs1− xBix alloys, J. Alloys Compd. 509 
(2011) 9685–9691. 

[9] S. Tixier, M. Adamcyk, E.C. Young, J.H. Schmid, T. Tiedje, MOMBE growth studies 
of GaN using metalorganic sources and nitrogen, J. Cryst. Growth 251 (2002) 
449–454. 

[10] S. Tixier, M. Adamcyk, T. Tiedje, S. Francoeur, A. Mascarenhas, Wei Peng, 
F. Schiettekatte, Molecular beam epitaxy growth of GaAs1− xBix, Appl. Phys. Lett. 
82 (2003) 2245–2247. 

[11] Zunger A, Wei S-H, Feireira L G, Bernard J E, Special quasirandom structures, Phys. 
Rev. Lett. 65: 353. 

[12] Sultan Alhassan, Danielede Souza, Amra Alhassni, Amjad Almunyif, Saud Alotaibi, 
Abdulaziz Almalki, Maryam Alhuwayz, Igor P. Kazakov, Alexey V. Klekovkin, 
Vladimir I. Tsekhosh, Igor A. Likhachev, ElkhanM. Pashaev, Sergio Souto, Yara 
Galvão Gobato, Noor AlSaqri, Helder Vinicius Avanço Galeti, Faisal Al mashary, 
Hind Albalawi, Norah Alwadai, Mohamed Henini, Investigation of the effect of 
substrate orientation on the structural, electrical and optical properties of n-type 
GaAs1− xBix layers grown by Molecular Beam Epitaxy, J. Alloys Compd. 885 
(2021), 161019. 
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