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A B S T R A C T 

Gallium Arsenide Bismide (GaAsBi) is a III-V semiconductor alloy formed by 
adding bismuth (Bi) to gallium arsenide (GaAs), resulting in a reduced bandgap 
and improved optoelectronic properties. Its unique characteristics make it a 
promising material for advanced photodetector applications and high-efficiency 
solar cells. The structural, electronic, and optical properties of pristine Gallium 
Arsenide (GaAs) and its alloy GaAs1-xBix (x = 0.25, 0.5, 0.75, 1) compounds were 
explored using the first principle approach with a full potential linear 
augmented plane wave (FPLAPW) method as implemented in WIEN2K code. 
The structural properties, including lattice constant, volume, and bulk modulus, 
were assessed after optimization using Murnaghan's equation of state. 
Electronic properties were determined using two methods such as the 
generalized gradient approximation in Perdew-Burke-Ernzerhof (PBE) and the 
modified Becke-Johnson (mBJ) approach for the exchange-correlation potential. 
Optical parameters including absorption coefficient, reflectivity, conductivity, 
and others were simulated from a computed dielectric function using the 
Kramers-Kronig relation. 
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Introduction 

   he group III-V semiconductors and 

their alloys have received considerable 

interest due to their widespread utility 

in thermoelectric, spintronic, 

thermodynamic, and optical sensor applications 

[1-4]. The most prominent III-V semiconductor 

is GaAs. It was established that doping on GaAs 

with Bi affects the spectroscopic characteristics 

and electronic properties. Likewise, the 

forbidden energy range exhibits a modification 

as the Bi replaces As due to variations in the 

atomic radii of the two atoms [5]. This variation 

can lead to different features. Firstly, there will 

be a band gap reduction as the impurity is 

present. Additionally, the spin-orbit interaction 

prompts the energy bands to split. This causes 

asymmetrical energies corresponding to 

electron spin orientations. Meanwhile, the 

presence of Bi induces the stability of their 

thermodynamic alloys. High levels of dopants of 

Bi reduce GaAs stability. 

Currently, the research on the energy band gap 
of GaAsBi has been widely investigated. The 
thermoelectric properties of bismuth-based 
GaAs1-xBix semiconductors for improved energy 
conversion efficiency were examined [6]. It was 
found that substituting As atoms with Bi atoms 
(GaBi) caused a less reduction of electronic 
thermal conductivity compared to that of GaAs. 
Likewise, the thermal conductivity exhibits a 
downward trend with increasing x due to the 
heavy atom nature of bismuth leading to 
enhanced phonon scattering, which affects its 
thermal properties [6]. STEM techniques were 
used to analyze the distribution of Bi in GaAs1-

xBix epilayers fabricated using molecular beam 
epitaxy [7]. Atomic-resolution energy-
dispersive X-ray spectroscopy (EDX) combined 
with high-angle annular dark-field (HAADF) 
imaging revealed that the characteristic CuPt-
type ordering is modulated periodically along 
the [001] direction, with varying Bi distributions 

within the alloy [7]. The energy band gap 
calculation of GaAs1-xBix with 12% bismuth using 
a tight-binding approach, reveals that the 
forbidden energy gap narrowing is a 
consequence of an increase due to varied Bi-As 
interactions [8]. Additionally, the energy band 
gap in dilute bismuth alloys based on the LDA 
functional approach confirms that bismuth 
states are observed below the valence band edge 
of GaAs upon partial substitution of As atoms 
with Bi [9]. In a study of energy band gap of 
GaBixAs1-x with the As-rich range was calculated 
using the first-principle method as well as the 
modified band anti-crossing (BAC) model [6]. It 
was found that the presence of Bi in GaAs 
changes material from a semiconductor to a 
metallic nature. The atomic size disparity leads 
to a stronger correlation between the Bi-level 
and the Г VBM in GaAs than in GaSb. It was also 
noted that electronegativity variances between 
Bi and As atoms in GaAsBi are greater than Bi 
and Sb atoms in GaSbBi.  
Nevertheless, III–V alloys persist in 
investigation, stressing the necessity for 
computational inquiries to elucidate additional 
properties such as; optical, electronic, and 
others. Most computational studies have focused 
on GaAsBi [7-9], noting a significant effect of Bi 
on electronic properties, especially energy band 
gap narrowing. This research aims to fill gaps in 
GaAsBi studies by employing WIEN2k software 
[10] with the Perdew-Burke-Ernzerhof 
functional in the Generalized Gradient 
Approximation (GGA-PBE) framework, based on 
Hohenberg-Kohn-Sham theory (DFT) [11]. The 
electronic band gap was initially computed using 
the standard DFT technique. Subsequently, the 
calculation was then refined by employing the 
Tran-Blaha modified Becke-Johnson (TB-mBJ) 
functional [12] to rectify the inherent 
underestimation of band gaps typically 
associated with standard DFT. We observed a 
significant gap in research on GaAsBi alloys, 
particularly regarding their optical properties. 
This lack of comprehensive exploration 
motivated our study, aiming to expand the 
understanding of both the optical and electronic 
characteristics of bismuth incorporation in 
GaAs. Through this work, we aim to contribute 
valuable insights that can advance the 
development of GaAsBi-based materials for 
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 optoelectronic applications. Furthermore, the 
optical properties, including electrical 
conductivity, energy dissipation, absorption 
coefficient, optical refractive index, and 
reflectance, can be inferred from the dielectric 
response function. The electronic properties of 
GaAs and its Bi-alloyed counterparts were 
investigated by calculating their electronic band 
structures and the density of states. The GaAs1-

xBix alloys are attractive candidates for 
optoelectronic applications, as incorporating 
high atomic mass bismuth atoms is expected to 
reduce thermal conductivity through enhanced 
phonon interactions. 

Computational details 

This study investigates the geometrical, 
electronic, and optical properties of GaAs and its 
GaAs1-xBix alloy compounds (x = 0, 0.25, 0.5, 0.75, 
1) by employing DFT calculations implemented 
in the WIEN2K software within the full-potential 
linearized augmented plane wave (FP-LAPW) 
framework [10]. We executed the DFT, PBE-GGA 
exchange-correlation potential. The TB-mBJ 
method was applied to rectify the accuracy of 
band gap energies caused by the functionals. 
This approach approximates the atomic exact-
exchange potential locally and incorporates a 
screening term. The spherical harmonic wave 
contributions were set to lmax = 10 for non-
overlapping muffin-tin spheres, and at Gmax = 12 
a.u.-1 the Fourier transform of the charge density 
develops. In the plane wave expansion, the cutoff 
parameter is Kmax = 8/Rmt. A k-point value of 
1000 was used in the complex wedge of the 

irreducible Brillouin zone (IBZ) in the self-
consistent field (SCF) calculation.  
The density of states (DOS) is simulated using 
the tetrahedral interpolation techniques [13], 
which utilize energy eigenvalues and 
eigenvectors at specific k-points. The electronic 
band structures were computed at high-
symmetry k-vectors within the Brillouin zone 
using the exact diagonalization method. 
Monkhorst-Pack system [14] k-points of a highly 
dense mesh of 17×17× 17 and 21×21× 21 were 
set for DOS and optical parameter calculations, 
respectively, since they required better results.  
Furthermore, optical spectra were evaluated 
from the complex dielectric function; real ε1(ω) 
and imaginary ε2(ω) parts (ω), depend on 
incident electromagnetic waves. From the 
dispersion relation [15], ε2(ω) can be computed, 
and on it, other optical parameters are 
formulated. 

Results and Discussion 

Geometry optimization 

The GaAs1-xBix compounds (x = 0, 0.25, 0.5, 0.75, 
1) structural analysis is investigated in this 
section. A cubic crystal system with a space 
group of F-43 m (No. 216) was adopted for GaAs 
[16]. In Figure 1, the VESTA software presents 
the physical structure of GaAs and its modeled 
alloys [17]. Here, Ga is a cation, and As is an 
anion. The Ga atom is located at Wyckoff 
coordinates of (0, 0, 0), while the As atom 
occupies the position (1/4, 1/4, 1/4). The crystal 
structure of GaAs is zinc-blende (face-centered 
cubic), with a lattice constant of 5.653 Å [18].  

 

Figure 1(a-e): Crystal structure of GaAs1-xBix compounds (x = 0, 0.25, 0.5, 0.75, 1).

 The samples were optimized using 
Murnaghan's equation of state [19]. The energy-

volume analysis for all the samples is illustrated 
in Figure 2, where the volume increases, the 
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 energy decreases ultimately reaching a 
minimum value. The minimum energy value 
represents the ground state energy. The 

calculated ground state energy and equilibrium 
volume serve as the basis for determining the 
optimal structural parameters.  

 

Figure 2(a-e): Total energy per atom as a function of volume for GaAs1-xBix compounds (x = 0, 0.25, 0.5, 0.75, 
1). 

Our computed lattice constant, bulk modulus, 
and derivative of bulk modulus are presented in 
Table 1. These are closely correlated with 
several theoretical [20-29] and experimental 
works [30-32]. The substitution of As with larger 
atoms, such as Bi, generally results in an 
increased lattice parameter. However, this 

substitution also leads to a weakening of 
interatomic forces, causing a decrease in bulk 
modulus. This phenomenon accounts for the 
observed inverse correlation between lattice 
parameter and bulk modulus. 

 

 

 

Table 1: Effect of composition (x) on lattice parameters(a), the bulk modulus (B), and derivatives of the bulk 
modulus (B′) in GaAs1-xBix compounds 

Compound Parameter Present work Other theoretical Experimental 

GaAs a(Å) 5.750 
5.75 [20], 5.67 [21], 5.76 
[22], 5.65 [23], and 5.62 

[24] 

5.65 [30] 
and5.64 [31] 

 B(GPa) 58.357 
61.78 [20], 71.78 [24], and 

60.90 [25] 
77.00 [31] 

 B′ 3.593 4.31[20] and 4.64 [24]  

GaAs0.75Bi0.25 a(Å) 5.972 
6.20 [20], 6.04 [22], and 

5.81[24] 
 

 B(GPa) 51.450 37.76 [20] and 62.22 [24]  
 B′ 4.625 4.71 [20], 4.04 [24]  

GaAs0.50Bi0.50 a(Å) 6.144 6.36 [20] and 5.81[24]  
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  B(GPa) 45.514 34.15 [20] and 53.98 [24]  
 B′ 5.223 3.75 [20] and 4.63 [24]  
     

GaAs0.25Bi0.75 a(Å) 6.308 6.44 [20] and 6.33 [22]  

 B(GPa) 39.838 31.15 [20] and 43.25[24]  
 B′ 4.843 5.00 [20] and 4.84 [24]  

GaBi a(Å) 6.339 
6.52 [20], 6.45 [26], 6.32 
[23], 6.30 [27], and 6.23 

[28] 
6.32 [30,32] 

 B(GPa) 42.393 
31.06 [20], 41.06 [28], 
45.1 [29], 46.37 [28] 

 

 B′ 4.702 
4.20 [20], 4.37 [26], 4.90 

[29], and 4.35 [28] 
 

Electronic properties 

To investigate the electronic properties of GaAs1-

xBix alloys, we performed; band structure, partial 
density of states (PDOS), and total density of 
states (TDOS) calculations. The electronic 
properties of III-V-Bi bismides differ from those 
of the other elements in group V due to the large 
size and low electronegativity of Bi. We studied 
the electronic properties of GaAs1-xBix 
compounds in zinc-blende structure using PBE-
GGA and TB-mBJ methods.  

Electronic band structure 

Figure 3 shows the band gap as a function of Bi 
dopant, calculated by two exchange-correlation 
models. PBE-GGA predicts metallic behavior, 
except in GaAs, which reveals semiconductor 
features as summarized in Table 2 and Figure 3. 
The electronic band structures of GaAs1-xBix 
alloys calculated by TB-mBJ are shown in Figure 
4(a-e). Note that the valence band maximum 
(VBM) and conduction band minimum (CBM) 
are at Γ point, indicating a direct band gap. The 
band gap energies for different Bi dopants (x) 
are presented in Table 2.  

 

 
 

Table 2: Calculated band gap of GaAs1-xBix compounds (x = 0, 0.25, 0.5, 0.75, 1) 

Samples Present work Other theoretical work Experimental 
 GGA-PBE TB-mBJ   

GaAs 0.6962 1.5971 1.41[8], 1.2 [20], 1.52 [22], and 
1.51 [32] 

1.52 [30] 

GaAs0.75Bi0.25 0.0642 0.6524 0.449 [8], 0.38 [20], and 0.43 
[22] 

 

GaAs0.50Bi0.50 0.000 0.2942 0.052 [8]  
GaAs0.25Bi0.75 0.000 0.2413 0.016 [8]  

GaBi 0.000 0.0362 -0.0056 [8], 1.45 [22], and -1.38 
[20] 

0.036 [33] 
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Figure 3: Variation in band gap as dopant rate x increased for GaAs1-xBix compounds (x = 0, 0.25, 0.5, 0.75, 1). 

The calculated band gap values are in good 
agreement with experimental data [30,32], 
which show the strong band gap bowing with 
increasing Bi dopant levels. This agreement 
confirms the accuracy of TB-mBJ exchange-
correlation potentials. The decrease of band gap 
with increasing Bi is due to the atomic scale 
disruption induced by Bi dopant [8,33]. The 
main mechanism is structural relaxation and 
charge exchange, caused by the differences in 
atomic orbital size and energy between As and 
Bi atoms. The large decrease in the band gap can 
be also explained by the resonant interaction 

between the 6p orbital of Bi in the conduction 
band and valence band maximum (VBM) [8].  

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4(a-e): Calculated band structure for GaAs1-xBix compounds (x = 0, 0.25, 0.5, 0.75, 1). 

Density of state 

The density of state (DOS) is an important 
concept for understanding the electronic 
behavior of materials, especially the electron 
transitions between different energy levels. 
Along with the band structure, DOS provides us 

valuable information on the electron movement 
between conduction and valence bands. 
Moreover, DOS controls the electron transitions 
between energy levels. Introducing dopants can 
significantly change the DOS of a material and its 
electronic properties, including optical 
parameters [26,36]. Figures 5(a-e) display the 
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 computed density of states (TDOS and PDOS) for 
GaAs1-xBix compounds (x = 0, 0.25, 0.5, 0.75, 1) 
using TB-mBJ methods. The TDOS for spin-up 
and spin-down states is presented. The Fermi 

energy is set to zero. The band gap is the energy 
region between VBM and CBM. The conduction 
band lies to the right of the Fermi level, while the 
valence band is on the opposite side. 

 

Figure 5(a-e): Total and Partial density of state for GaAs1-xBix compounds (x = 0, 0.25, 0.5, 0.75, 1).

Figure 5(a-e) presents the PDOS of the studied 
compounds. In this case, the particular orbital 
contributing to each region is revealed. The As-
4p orbital contribution is majorly at the 
conduction band near the Fermi level followed 
by Ga-4p. The Ga-4s states, dominate other 
orbitals such as As-4p, Ga-4p, As-4s, and others 
at the valence band. Our results are in good 
agreement with related work [20]. In the 
presence of Bi dopant, it was observed that Bi-
6p dominates the conduction band region near 
the Fermi level in all model compounds (GaAs1-

xBix (x = 0.25, 0.5, 0.75, 1). This phenomenon 
likely results in a reduced band gap, 
accompanied by an expansion of the lattice 
constant, as observed in the structural analysis. 
Meanwhile, As-4p still dominates the valence 
band of the model samples. 

Optical properties  

In calculations of optical properties, a standard 
approach is to calculate the complex dielectric 
function, which serves as a fundamental 
quantity for deriving other optical parameters. 
Figure 6(a-h) presents the computed optical 
parameters for an incident photon energy range 
of 0-27 eV. 

Dielectric function 

The complex dielectric constant ε is given as 
follows [37]: 

𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔) (1) 
  
 Here, 𝜀(𝜔) represents the complex dielectric 
function, where 𝜀1(𝜔) and 𝜀2(𝜔) correspond to 
its real and imaginary components, respectively. 
From the Kramers-Kronig transformation, the 
𝜀2(𝜔) can be expressed as Equation (3) [38]. 

𝜀2(𝜔)

=
𝑉𝑒2

2𝜋ℏ𝑚2𝜔2
∫𝑑3𝑘 ∑|〈𝑘⃗ 𝑛|𝑃|𝑘⃗ 𝑛′〉|

2
𝑓𝑛

𝑘⃗ (1

𝑚′

− 𝑓𝑛
𝑘⃗ ′) 𝛿 (𝐸𝑛′

𝑘⃗ − 𝐸𝑛′
𝑘⃗ − ℏ𝜔) 

(2) 

  
Here, 𝜔, 𝑒, 𝑘, 𝑎𝑛𝑑 𝑃 represent the 
electromagnetic angular frequency, electron 
charge, wave vector, and momentum operator, 
respectively, while n and 𝑛′ denote the initial and 

final electronic states, with 𝑓𝑛
𝑘⃗  and 𝛿 (𝐸𝑛′

𝑘⃗ −

𝐸𝑛′
𝑘⃗ − ℏ𝜔) representing the Fermi distribution 

and Dirac delta functions. The 𝜀2(𝜔) serves as a 
quantitative indicator of a material's absorption 
properties and can be theoretically evaluated 
using electronic structure calculations [39]. 
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 The real part, 𝜀1(𝜔), is intrinsically linked to the 
imaginary part via the Kramers-Kronig relation 
[37]. 

𝜀1(𝜔) = 1 +
2

𝜋
𝐴 ∫

𝜔′𝜀2(𝜔′)

𝜔′2 − 𝜔2
𝑑𝜔′

∞

0

 
(3) 

 
The expression for 𝜀1(𝜔) characterizes the 
material's electric polarizability and absorption 
behavior, offering valuable insight into its 
optical response as presented in Equation (3).  
Figure 6(a-b) illustrates the calculated dielectric 
function (𝜀) of GaAs1-xBix compounds (x = 0, 
0.25, 0.5, 0.75, 1). The real part of the dielectric 
function exhibits a positive value within the 0 to 
~3.17 eV photon energy range (visible region), 
followed by a transition to negative values above 
-3.2 eV (ultraviolet region). These suggest the 
presence of plasmon excitations in this energy 
regime, as shown in Figure 6(a). The highest 
static real dielectric constant was observed in 
GaAs0.50Bi0.50 (90.8), followed by GaAs0.25Bi0.75 
(38.7), GaBi (29.7), GaAs0.75Bi0.25 (25.3), with the 
lowest value of 15.1 recorded for GaAs. For the 
imaginary part of the dielectric constant shown 
in Figure 6b, GaAs₀.₅Bi₀.₅ exhibits the highest 
value of 31.7 at 2.2 eV in the visible region. 
However, the peak values of the other materials 
occur in the ultraviolet region: GaAs (27.4 at 4.12 
eV), GaAs0.75Bi0.25 (18.6 at 3.9 eV), GaAs0.25Bi0.75 
(18.1 at 3.3 eV), and GaBi (25.1 at 3.3 eV). The 
observed peaks in the imaginary part of the 
dielectric constant, indicate strong absorption at 
specific photon energies. These peaks 
correspond to interband transitions, where 
electrons are excited from the valence band to 
the conduction band [40]. The position of these 
peaks reflects the energy required for such 
electronic transitions, with higher peak energies 
indicating transitions occurring in the 
ultraviolet region. Therefore, materials 
exhibiting peaks at higher energies absorb 
strongly in the UV spectrum. At lower photon 
energies, both the real and imaginary 
components of the dielectric function attain high 
values, gradually diminishing as the photon 
energy increases. 

 

 

Absorption coefficient 

The absorption coefficient quantifies the extent 
to which light is absorbed per unit length in 
optoelectronic materials [41]. Significant 
absorption occurs when the photon's energy 
surpasses the material's bandgap, facilitating 
electron transitions from the valence band to the 
conduction band [42]. This process is 
fundamental in devices such as photodetectors 
and solar cells, where efficient light absorption 
is crucial for optimal performance. The 
absorption coefficient was calculated using 
Equation (4) [32]: 

𝛼(𝜔) =

√2𝜔

𝑐
√√𝜀1

2(𝜔) + 𝜀2
2(𝜔) − 𝜀1(𝜔)  

 (4) 

Where, c is the velocity of light. 
 
The energy-dependent absorption coefficient of 
GaAs1-xBix compounds (x = 0, 0.25, 0.5, 0.75, 1) 
is depicted in Figure 6(c). The absorption 
coefficient exhibits a notable increase with 
rising energy, signifying an enhanced 
probability of electronic transitions from the 
valence band to the conduction band, 
particularly in the visible region. This is 
generally observed across all studied samples. 
Meanwhile, a prominent absorption peak in the 
ultraviolet (UV) region was observed in the 
absorption spectra, indicating a strong affinity 
for light absorption at this spectral range [43]. 
Thus, it may be used as a UV-detector and solar 
cell window material [32]. A distinct absorption 
peak was observed above the UV energy region 
in GaAs0.5Bi0.5, corresponding to the Bi atomic 
absorption edge, suggesting the presence of 
bismuth in the compound and offering insights 
into its local electronic and geometric 
configuration. 

Refractive index 

The refractive index characterizes how light 
travels through a specific material, describing 
the speed and direction of light propagation 
within it. The refractive index, which varies with 
energy, was determined by Equation (5) [25]. 
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𝑛(𝜔) = [
 1

2
 (𝜀1

2(𝜔) + 𝜀2
2(𝜔))

1
2

+ 𝜀1(𝜔)]

1
2⁄

 

(5) 

  
In the low-frequency limit (ω = 0), 𝑛(0)  =

√ 𝜀₁(0), the equation reduces to one that 

corresponds to the material's static refractive 
index and static dielectric constant, describing 
its optical and electrical properties at zero 
frequency. 
Additionally, the refractive index was further 
analyzed using well-established models, 
including those by Ravindra and Hervé-
Vandamme [25], which relate the refractive 
index to the fundamental energy bandgap. These 
models are outlined below: 
Ravindra model is expressed in Equation (6). 
𝑛(0) = 𝑀 + 𝛽 ∙ 𝐸𝑔 (6) 

 
  
 Where, 𝑀 = 4.084 and 𝛽 = 0.62 𝑒𝑉−1. 
Hervé-Vandamme model is expressed in 
Equation (7). 

𝑛(0) = [1 + (
𝐴

𝐸𝑔 + 𝛽
)]

1
2

 

(7) 

  
Where, A= 13.6 and 𝛽 = 3.4 𝑒𝑉. 
In Table 3, the static refractive indices of GaAs1-

xBix compounds (x = 0, 0.25, 0.5, 0.75, 1) are 
presented. Likewise, the static refractive index is 
associated with low absorption energy. It was 
also observed that as absorption increased, the 
corresponding refractive index decreased 
accordingly. Figure 6(d) depicts the behavior of 
the refractive index coefficient, as a function of 
energy. It is important to acknowledge that the 
refractive index experiences a significant 
decrease as an increase in the photon energy 
range within the visible region for all studied 
compounds. GaAs and GaBi exhibit a prominent 
peak in the refractive index, reaching 41.3 at 4.0 
eV and 28.5 at 3.20 eV, respectively. This makes 
them highly suitable for integration into 
photonic systems [44]. Thus, these studied 
materials are generally highly significant for 
optoelectronic applications due to their 
refractive indices, which fall within the infrared 
spectrum range of 2.29-2.77 [16].  

Table 3: The static refractive indices of GaAs1-xBix compounds (x = 0, 0.25, 0.5, 0.75, 1) 

Compounds TB-mBJ 
Ravindra 

model 
Hervé-Vandamme 

model 
GaAs 3.88 5.07 2.90 

GaAs0.75Bi0.25 5.08 4.49 3.50 
GaAs0.50Bi0.50 9.74 4.27 3.81 
GaAs0.25Bi0.75 6.28 4.23 3.87 

GaBi 
5.48 and 4.65 

[26] 
4.11 and 
4.08[26] 

4.08 and 4.12 [26] 

Optical conductivity 

Optical conductivity (𝜎) is a fundamental 
parameter that characterizes a material's 
response to incident electromagnetic radiation 
[45]. The optical conductivity was calculated 
using the expression in Equation (8). 

𝜎(𝜔) = −𝑖
𝜔

4𝜋
|𝜀(𝜔) − 1|  (8) 

  
It connected with the absorption coefficient and 
refractive index through the relation in Equation 
(9). 

𝜎(𝜔) =
𝛼(𝜔)𝑛(𝜔)

4𝜋
  (9) 

 
When a material absorbs energy from incident 
photons, electrons are excited to higher energy 
states, creating free charge carriers. This 
phenomenon is quantified by the material's 
optical conductivity, which describes the 
relationship between the induced current 
density and the applied electric field across 
various frequencies. In this study, the optical 
conductivity spectra of the examined samples 
are depicted in Figure 6(e). The data reveal a 
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 pronounced peak in the ultraviolet region, 
aligning with previous findings on the high 
absorptivity of these materials in this spectral 
range. It demonstrates the generation of free 
carrier due to incident absorption energy. 
Hence, the generation of free electrons induces a 
net forward current. We observed that the 
oscillations in optical conductivity beyond the 
ultraviolet energy range exhibit a similar trend 
to the variations in the refractive index, 
corroborating the relationship described in 
Equation (6). Interestingly, all the examined 
compounds displayed a sharp peak in optical 
conductivity in the UV region. Notably, GaAs 
displayed a prominent peak, suggesting high 
carrier mobility and efficient charge carrier 
conduction, surpassing the other compounds in 
this regard. Furthermore, the peaks in optical 
conductivity observed in the ultraviolet range 
are likely attributed to interband electronic 
transitions [46]. 

Extinction coefficient 

The extinction coefficient (k) quantifies a 
material's ability to absorb light. It is a 
dimensionless parameter that represents the 
reduction in light intensity as it travels through 
the material. We calculate the extinction 
coefficient using Equation (10). 

𝑘(𝜔) = [
√𝜀1

2(𝜔) + 𝜀2
2(𝜔) − 𝜀1(𝜔)

2
]

1
2⁄

 

(10) 

 
  
The calculated extinction coefficients of GaAs1-

xBix compounds (x = 0, 0.25, 0.5, 0.75, 1) were 
plotted in Figure 6(f). The extinction coefficients 
of obtained from the studied compounds, show 
that GaAs₀.₅Bi₀.₅ has the highest value at 40.2, 
followed by GaBi (37.0), GaAs (36.6), 
GaAs₀.₇₅Bi₀.₂₅ (31.2), and GaAs0.25Bi0.75 (30.4). 
These values were specifically observed in the 
ultraviolet (UV) region. Our results confirm the 
relationship between extinction and absorption 
coefficient as related by expression in Equation 
(11). 

𝑘(𝜔) =
𝛼

4𝜋
   (11) 

 

Thus, materials with high extinction coefficients, 
such as GaAsBi alloys, are useful in 
optoelectronics, solar cells, infrared optics, and 
photodetectors due to their strong light 
absorption properties, enhancing device 
performance in applications like lasers, sensors, 
and photovoltaics [47]. 

Optical reflectivity 

Optical reflectivity (R) is one of the most 
important properties for understanding the 
interaction of a material with photons. For the 
material, it relates to the refractive index (n) and 
extinction coefficient (k) as shown in Equation 
(12). 

𝑅(𝜔) =
(𝑛 − 1)2 + 𝑘2

(𝑛 + 1)2 + 𝑘2
 

(12)  

 
All symbols have their usual meanings. The 
relationship of dielectric constant from optical 
reflectivity can be expressed as presented in 
Equation (13) [23]; 

𝑅(𝜔) = |
√𝜀(𝜔) − 1

√𝜀(𝜔) + 1
|

2

 
(13) 

 
Figure 6(g) shows the calculated optical 
reflectivity coefficient R(ω) for the studied 
compounds. R(ω) curve showed reflection 
values of: 0 eV: GaAs = 35.2%, GaAs0.75Bi0.25 = 
43.1%, GaAs0.50Bi0.50 = 66.5%, GaAs0.25Bi0.75 = 
52.2%, and GaBi = 47.8%. The highest 
reflectivity, Rmax = 73.1% was found in 
GaAs0.50Bi0.50 at 10.38 eV, while GaAs0.25Bi0.75 

showed the lowest Rmax = 54.5% at 10.14 eV. 
This is due to the shrinking of the band gap 
which results in a sharp peak in UV region. This 
leads to increase in material conductivity as the 
absorption edge shifts to longer wavelengths as 
the band gap energy decreases. Moreover, these 
results give us an idea of the movement of free 
electrons from valence band (VB) to conduction 
band (CB) compared to the band structure [48]. 
The reflectivity values below 1 in the entire 
energy range suggest that the studied materials 
are good candidates for anti-reflection 
applications [49]. 
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Figure 6: Calculated (a) real ε1(ω), (b) imaginary ε2(ω) of the dielectric function ε(ω), (c) absorption 
coefficient, (d) refractive index, (e) optical conductivity, (f) extinction coefficient, (g) optical reflectivity, and 

(h) energy loss function. 

Energy loss function 

Electron Energy Loss (EEL) is a valuable optical 
property measurement technique because it 
allows for the measurement of the entire energy 
range, including non-scattered and elastically 
scattered (zero-loss) electrons [50]. The energy 
loss function L(ω) is the energy dissipated as 
fast-moving electrons interact with 
electromagnetic fields while traversing through 
a material. Plasma oscillations are rapid 
fluctuations in electron density in conductive 
materials, such as charged fluids or metals, and 
occur in the UV region. By employing the 
dielectric constant expression, the energy loss 
function of the material can be derived from 
Equation (14). 

𝐿(𝜔) =
𝜀2

(𝜀1
2(𝜔) + 𝜀2

2(𝜔))
 (14) 

The variation of the EEL function as a function of 
the energy is presented in Figure 6(b).  
Low energy loss in the visible region means it 
can transmit light with minimal absorption or 
scattering, resulting in high optical performance 
in the visible spectrum. However, high energy 
loss in the UV region indicates strong absorption 
of UV light, which is beneficial for UV protection 
but detrimental for applications that require 
high transparency or optimal photonic 
performance. 

Conclusion 

This study uses DFT calculations within the FP-
LAPW framework in WIEN2K to investigate the 
geometrical, electronic, and optical properties of 
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 GaAs and GaAsBi alloys, using PBE-GGA and TB-
mBJ to improve the band gap. The computed 
TDOS and PDOS for GaAs1-xBix compounds using 
TB-mBJ show the band gap between VBM and 
CBM; As-4p primarily contributes to the 
conduction band while Ga-4s is dominating the 
valence band. The band gap variation with Bi 
doping demonstrates that PBE-GGA predicts 
metal (except GaAs) and TB-mBJ predicts direct 
band gap at Γ point, with significant band gap 
bowing due to Bi-induced structural relaxation 
and charge exchange, consistent with 
experimental data. GaAs0.50Bi0.50 has the highest 
static real dielectric constant (90.8) and 
imaginary dielectric constant (31.7 at 2.2 eV in 
the visible region), while other compounds have 
peak imaginary dielectric value in the ultraviolet 
region, indicating strong absorption due to 
interband transitions. Optical conductivity 
peaks in the ultraviolet region suggest high 
absorbance and free carrier generation, leading 
to net forward current, GaAs has the highest 
carrier mobility and conduction efficiency. 
Reflectivity shows GaAs0.50Bi0.50 has the highest 
Rmax (73.1% at 10.38 eV), while GaAs0.25Bi0.75 has 
the lowest (54.5% at 10.14 eV) due to band gap 
shrinking, shifting the absorption edge to longer 
wavelengths and increases conductivity. 
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