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A B S T R A C T

We present an extensive analysis of the structural, electronic, optical, elastic, and thermoelectric properties of
BiGa2X4 compounds, where X represents either sulfur (S) or selenium (Se). Our approach employed the all-
electron full potential linearized augmented plane wave (FP-LAPW) technique, offering a comprehensive un-
derstanding of these materials’ characteristics. The calculated lattice constants (a), the unit cell height (c), and
the c/a ratio closely match experimental data, affirming the accuracy of our calculations. A pivotal focus of our
study was on the electronic properties, including the indirect bandgaps (A → M − Γ) and (M → A). We found that
BiGa2S4 exhibited an indirect bandgap (Eg) of 2.504 eV, while BiGa2Se4 possessed a slightly lower value of 1.878
eV. This variation was primarily attributed to the intricate interactions among bismuth, sulfur, and selenium
atoms, particularly involving p − p orbital interactions. Additionally, we explored the optical characteristics of
these compounds, determining their maximum absorption wavelengths. BiGa2S4 exhibited an absorption peak at
4.476 eV, whereas BiGa2Se4 displayed a slightly lower maximum absorption at 3.741 eV. Moreover, BiGa2Se4
showcases a higher dielectric constant, which augments its potential for optoelectronic applications. A critical
aspect of our research is the assessment of the elastic properties, elucidating that both compounds exhibited
fragility and anisotropy. We observed that at 300 K, the lattice thermal conductivity (kL) for BiGa2S4 and
BiGa2Se4 was measured at 1.57 W/mK and 1.14 W/mK, respectively, indicating low thermal conductivity. At
1000 K, both BiGa2S4, and BiGa2Se4 exhibit significant ZT values of 0.8389 and 0.8722, respectively. The ZT
values of the p-type semiconductors are notably higher than those of the n-type. At T = 900 K, the optimized ZT
values for BiGa2S4, and BiGa2Se4 are found to be 0.82909 and 0.90548, respectively. Achieving these values
requires either increasing the concentration of charge carriers to n = 0.11715 x 1022 cm− 3 for BiGa2S4 and n =

0.0812 x 1022 cm− 3 for BiGa2Se4, or reducing the chemical potentials by 0.40151 Ryd and 0.38001 Ryd,
respectively.

1. Introduction

Perovskites and inorganic quantum dot solar cells are currently
among the most popular and efficient photovoltaic (PV) technologies

[1]. These technologies have garnered significant attention due to their
potential for cost-effectiveness, compact size, and higher efficiency
across a wider spectrum of light intensities compared to existing or
emerging technologies. As a result, they are considered as promising
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candidates for various applications [2,3]. Lead-based materials, exem-
plified by PbS, CsPbI3 in quantum dot solar cells, and APbI3 (with A
representing methylammonium or formamidinium) in perovskite solar
cells, have shown remarkable device performance [4–6], However, their
wide-ranging application is restricted by their considerable toxicity.
Lead is prominently featured on the World Health Organization’s list of
the top 10 chemicals of substantial public health concern, and it is
subject to legal restrictions across the globe [7] Consequently, their
potential adoption for the commercial production of solar cells is
problematic [8].

Bismuth-based materials emerge as credible substitutes for lead-
containing compounds. Bismuth, abundant in the Earth’s crust, is
readily accessible as a byproduct of lead, copper, and tin refining, and
maintains a consistently affordable price [2,3,9]. Remarkably, despite
its classification as a heavy metal, bismuth is known for its non-toxic
properties and is employed in widely used medications like
Pepto-Bismol [10]. Furthermore, Bi3+ has been proposed as an
appealing choice for defect-tolerant materials, showcasing exceptional
optoelectronic capabilities despite the presence of imperfections. The
theory postulates that the active ns2 lone pair in Bi3+ fosters the creation
of antibonding interactions near the valence band maximum, effectively
confining defects to shallow states at the band boundaries [11,12].
Materials categorized as thermoelectric (TE) have the remarkable ca-
pacity to convert one form of energy into another, particularly trans-
forming thermal energy into electrical power. The dimensionless TE
figure of merit (ZT) expressed as ZT = σS2T

kTot , serves as a pivotal metric for
assessing the suitability of materials for TE conversion. Within this
equation, S represents the Seebeck coefficient, reflecting the voltage
generated within materials under a thermal gradient, while σ denotes
electrical conductivity. The parameter T signifies absolute temperature
measured in Kelvin, and kTot encompasses the overall thermal conduc-
tivity, combining electronic thermal conductivity (ke) and lattice ther-
mal conductivity parameters [13,14]. The power factor (σS2) and the
overall thermal conductivity of a material stand as vital criteria when
selecting a promising TE candidate. TE materials can be categorized
based on their operational temperature range, encompassing ambient,
mid-temperature, and high-temperature categories. Ultimately, the
material’s bandgap and stability are the determining factors in its suit-
ability for thermoelectric applications [14].

Bismuth telluride (Bi2Te3) and its alloys (Bi2-xSb2xSeyTe3-y) have
emerged as highly promising bulk thermoelectric (TE) materials for
ambient temperature applications, primarily due to their elevated fig-
ures of merit, ZT. The BiGa2X4 (X = S, Se) compounds meet the criteria
for non-toxic composite materials and additionally exhibit noteworthy
photovoltaic properties, including significant absorption coefficients, an
acceptable bandgap, and remarkable durability. Despite these attri-
butes, these materials have received limited attention. Consequently,
strategies that have proven effective in analogous ternary compounds,
such as AgBiS2, such as alloying, doping, ligand surface treatment,
precise semiconductor alignment, and the formation of bulk hetero-
junctions, remain largely unexplored [15–18]. Further research in these
areas, leveraging this abundant, non-toxic chemical, has the potential to
enhance the efficiency of electronic devices. Bismuth-based materials,
including photodetectors, hold promise for diverse optoelectronic de-
vices [19–21]. Moreover, these compounds find applications in photo-
catalytic reactions, including solar-driven hydrogen production and the
degradation of light pollutants [22–24]. They are also suitable for use in
batteries and clean energy-driven thermoelectric devices [25–28], as
well as therapeutic applications in photothermal and bioimaging de-
vices [29–31]. A deeper understanding of bismuth-based materials in
each of these disciplines can lead to more effective exploitation and
further enhancement of their potential.

The narrow bandgap BiGa2X4 (X = S, Se) solids are characterized by
low thermal conductivity, substantial Seebeck coefficients, and excellent
electrical conductivity, making them highly advantageous

thermoelectric materials. Notably, in the case of Bi2S3 doped with BiCl3,
the calculated merit factor of 0.60 is particularly intriguing [28]. Heavy
metal-based power semiconductors find utility in a variety of applica-
tions, including scintillation semiconductors, catalysts, thermoelectric
devices, and photovoltaics [32,33].

The utilization of thermoelectric (TE) devices is inherently reliant on
the attributes of TE materials. Materials featuring high figure-of-merit
ZT values have consistently been the central focus of research. Various
strategies have been deployed to enhance the ZT value of TE materials,
involving the manipulation of their electrical conductivities, thermal
conductivities, and Seebeck coefficients. These techniques encompass
modulation doping, energy band engineering, nanocomposite materials,
two-dimensional nanofilms, and one-dimensional nanowires. Aug-
menting both the individual and synergistic solutions for improving
electrical and thermal characteristics is significant. However, challenges
persist, impeding the progress and practical implementation of
technology-driven TE approaches. Notably, some thermoelectric mate-
rials demonstrate exceptional ZT values within the temperature range of
500–1000 K, but these values substantially diminish at ambient tem-
perature, rendering them unsuitable for practical commercial applica-
tions. Additionally, it’s essential to acknowledge that many materials
exhibiting high ZT values consist of precious metals or elements with
toxic properties [34,35].

In recent years, significant strides have been made in the field of
advanced materials for energy conversion and spintronic applications.
Materials demonstrating favorable thermoelectric and spintronic prop-
erties have attracted considerable attention for their potential in effi-
cient energy harvesting and transformative computing technologies.
This study focuses on BiGa2X4 (X = S, Se) compounds, which exhibit
promising thermoelectric characteristics, particularly at elevated
temperatures.

To situate our investigation within the broader context of advanced
materials, we acknowledge recent studies that highlight the diverse
functional properties of related systems. For instance, recent research
has explored the influence of spin on the ferromagnetic and thermo-
electric behaviors of Sr(V/Cr)2S4, underscoring its potential as a candi-
date for spintronics [36].

Investigations into 2D MXenes (M3N2, where M = Ti, Hf, Zr, Mo)
have leveraged first principles approaches to uncover their energy
harvesting capabilities and structural stability, marking them as versa-
tile materials in advanced material science [37].

Rare earth-based Mg-chalcogenides, such as MgDy2(S/Se)4, have
emerged as promising contenders for spintronic and thermoelectric
applications due to their unique electronic structures and magnetic
properties [38].

Moreover, studies on Ba2CrXO6 (X = Ta, W, Re, Os) have meticu-
lously examined their Curie temperatures, spin polarization, and trans-
port behaviors, positioning them at the forefront of spintronic research
[39]. Research into the structural, spectral, morphological, and ab-
sorption properties of the Ba–Co–In–Fe–O system has also yielded
valuable insights into multifunctional oxide materials, highlighting their
potential for diverse applications [40].

In this study, we present a DFT-based analysis of the TE properties of
BiGa2X4 (X = S, Se). We demonstrate that these materials exhibit low
thermal conductivity, significant Seebeck coefficients, and remarkable
electrical conductivity. Consequently, the ZT values of these materials
can reach 0.9, which is comparable to currently utilized TE materials.
Following the applied analysis of the structural, electronic, optical,
elastic, and thermoelectric properties of the BiGa2S4 and BiGa2Se4
compounds, it is suggested that these novel materials hold promise for
various optoelectronic applications, particularly in solar photovoltaic
applications. Furthermore, the findings indicate intriguing thermoelec-
tric characteristics for both p-type and n-type doping scenarios.

A. Telfah et al.
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2. Calculation methods

The calculations in this study were conducted using the Wien2k
computer code based on Density Functional Theory (DFT) [41]. Struc-
tural properties were determined using the all-electron full potential
linearized augmented plane wave (FP-LAPW) method in combination
with the Perdew and Wang local density approximation (LDA) func-
tional [42]. For electronic and optical properties, the modified Becke
Johnson (mBJ) semi-local exchange potential was employed [43]. It’s
noteworthy that mBJ has demonstrated its ability to provide a more
accurate bandgap compared to the more common LDA/GGA functionals
[44,45]. This orbital-independent potential is known for accurately
predicting bandgaps for various materials, including insulators, semi-
conductors, and highly correlated transition metal oxides [44–46]. The
plane wave expansion employed an energy cutoff of 400 Ry, and atomic
positions were relaxed until the energy reached 10− 4 Ryd.
Self-consistent calculations were carried out with charge and atomic
force convergence criteria of 0.001 e and 0.05 mRy/a.u, respectively.
The convergence concerning basis size was determined by the lowest
muffin-tin sphere radius multiplied by the largest plane wave vector,
which was found to be RminMT × KMAX = 8. In computations related to
optical characteristics, 20,000 k-points were utilized. Additional settings
encompassed Gmax = 12 a.u− 1 (plane wave cutoff) and R.M.T values

ranging from 0.8 to 1.6 atomic units (a.u) for the atoms (Bi, Ga, S, and
Se). For a more efficient investigation of transport parameters, a set of
10,000 k-points was employed. Assuming a constant relaxation time for
charge carriers, the Boltzmann Transport (BolzTrap) method was used to
compute the transport properties of the materials [47].

3. Results and discussions

3.1. Structural properties

The two compounds under investigation crystallize in the space
group P4/nnc (N◦ 126) with a Pearson symbol of tP28. These compounds
are characterized by trans-edge linked MX4 tetrahedral units, which are
typical of the SiS2 structure. These units act as the fundamental building
blocks, aligning themselves into linear anionic chains. In this crystal
structure, the M atoms are situated in two distinct crystallographic
layers, each with a unique orientation concerning the Bi2 dumbbells, as
shown in Fig. 1. The structural relaxation was achieved by optimizing
forces for all volumes. The calculated atomic coordinates based on LDA
approximations are compared to experimental results in Table 1, and the
agreement between these results and prior experiments is evident [48].
From a microscopic perspective, comprehending the structural charac-
teristics of solids is of utmost importance.

Fig. 1. Crystal structure of BiGa2X4 (X = S, Se): (a) and (c) single tetragonal (P4/nnc space group) of BiGa2S4 and BiGa2Se4 respectively along the (111) plane, (b) and
(d) tetrahedral configuration of the groups in BiGa2S4 and BiGa2Se4 respectively. Red: Bi; Blue: Ga; Yellow: S, Se.

A. Telfah et al.
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Fig. 2 illustrates the energy predictions for BiGa2S4 and BiGa2Se4 as
functions of the conventional cell volume. The E-V data was utilized to
derive structural features via the Murnaghan state equation (EOS) [49].
Table 2 provides a summary of experimental data [48], along with the
calculated lattice constants a and c, compressibility modulus B0, and
pressure derivative B’.

The calculated lattice constants are as follows: a = 7.531 Å (7.458 Å
[48]) and c = 12.043 Å (12.032 Å [48])) for BiGa2S4, and a = 7.762 Å
(7.708 Å [48]) and c = 12.488 Å (12.514 Å [48]) for BiGa2Se4. The
deviation from the experimental values are Δa/a) EXP = 0.968 % and
Δc/c) EXP = 0.0880 % [Δa/a) EXP = 0.6957 % and Δc/c) EXP = − 0.2082
%] for BiGa2S4 [BiGa2Se4].

This study reports the ground state values of Emin, B0, and B′ for
BiGa2S4 and BiGa2Se4, marking the first such report for these bismuth-
based ternary compounds. BiGa2X4 (X = S, Se) crystallizes in the
tetragonal space group P4/nnc, as illustrated in Fig. 1a and b. There exist
two non-identical Ga sites (Fig. 1c and d). Ga (1) forms bonds with four
equivalent S (Se) atoms at the first location, S (1) (Se (1)), creating GaX4
(X= S, Se) tetrahedra that share edges. The bond lengths forGa (1) -S (1)
(Se (1)) are all 2.27439 Å (2.407 Å). Ga (2) bonds with four equivalent
atoms S (1) (Se (1)) to form GaX4 (X= S, Se) tetrahedra that share edges.
The bond lengths for Ga (2) -S (1) (Se (1)) are all 2.2717 Å (2.435 Å). Bi
(1) bonds with four atoms, S (1) (Se (1)), forming a distorted rectangular
rocking-saw geometry. The calculated bond lengths for Bi (1) -S (1) (Se
(1)) are all 2.8116 Å (2.92911 Å).

3.2. Electronic properties

The band structure of Bi2Al4Se8 was determined through the linear
muffin-tin orbital (LMTO) method, utilizing designated vectors within

the Brillouin zone [50]. The calculated bandgap, Eg ≈ 2 eV, closely
aligns with the measured value of 1.9 eV [48]. To gain insights into the
electronic structure, we analyzed the band structure, total, and partial
density of states (DOS) as shown in Figs. 3 and 4. The DOS and band
structure of BiGa2X4 (X = S, Se) compounds were computed using LDA
and mBJ − LDA approximations. The band structure simulations reveal
that both BiGa2S4 and BiGa2Se4 compounds are indirect gap semi-
conductors under both the LDA and mBJ − LDA approximations (Fig. 3).

Table 1
Atomic positions predicted for BiGa2X4 (X = S, Se) with the LDA approximation.

Compounds Atome Wyckoff
Positions

Atomic positions

BiGa2S4 Bi 4e (1/4, 1/4, 0.12096), Exp: (1/4, 1/4, 0.11933)
[48].

Ga (1) 4d (1/4, 3/4, 0), Exp: (1/4, 3/4, 0) [48].
Ga (2) 4c (1/4, 3/4, 3/4), Exp: (1/4, 3/4, 3/4) [48].
S 16k (-0.0882, 0.0920, 0.1252), Exp: (− 0.0914,

0.0812, 0.1254) [48].
BiGa2Se4 Bi 4e (1/4, 1/4, 0.12627), (1/4, 1/4, 0.12422) [48].

Ga (1) 4d (1/4, 3/4, 0), (1/4, 3/4, 0) [48].
Ga (2) 4c (1/4, 3/4, 3/4), (1/4, 3/4, 3/4) [48].
Se 16k (-0.0809, 0.0809, 0.1255), (− 0.0892, 0.0722,

0.1233) [48].

Fig. 2. Variation of the total energy E(Ry) as a function of volume for BiGa2X4 (X = S, Se) ternary compounds with the LDA approximation.
S (1) (Se (1)) combine in an irregular, non-coplanar trigonometric shape to create Ga(1), Ga(2), and Bi(1). The angles formed by the S (Se)-Ga (1)-S (Se) ( × 2), S (Se)-
Ga (1)-S (Se) ( × 4) atoms are 97.1330◦ ( × 2) (98.5936◦) ( × 2), 115.1218◦ ( × 4) (115.1689◦) ( × 4). These values are in good agreement with the experimental
results of 97.7◦ (100.3◦), 115.65◦ (114.2◦) [48] (Table 3).

Table 2
Theoretical and experimental structural parameters using LDA of ternary com-
pounds BiGa2X4 (X = S, Se).

Ternary compounds

BiGa2S4 BiGa2Se4

a = 7.531 Å, Exp: (7.458 Å) [48]. a = 7.762 Å, Exp: (7.708 Å) [48].
c = 12.043 Å, Exp: (12.032 Å) [48]. c = 12.488 Å, Exp: (12.514 Å) [48].
c/a = 1.599, (1.613) [48]. c/a = 1.608, (1.624) [48].
B0 = 70.961 GPa. B0 = 61.938 GPa.
B’ = 4.792. B’ = 4.952.
Δa/a) EXP = 0.968. Δa/a) EXP = 0.695.
Δc/c) EXP = 0.088. Δc/c) EXP = − 0.208.
V0 = 682.989 Å3, (669.2 Å3) [48]. V0 = 752.385 Å3, (743.5 Å3) [48].
E0 = − 216359.0890 Ryd. E0 = − 281289.4850 Ryd.

Table 3
Selected interatomic distances (Å) and angles (deg) in ternary compounds
BiGa2S4 and BiGa2Se4.

Compounds Distances and angles
between atoms

Our LDA-based
computations

Resulting
Experiments [48].

BiGa2S4 Bi–Bi (×1) 3.107 Å 3.144 Å
Bi–S ( × 4) 2.811 Å 2.842 Å
Ga (1)-S (×4) 2.274 Å 2.294 Å
Ga (2)-S (×4) 2.271 Å 2.287 Å
S–Ga (1) -S (×2) 97.133◦ 97.7◦

S–Ga (1)-S (×4) 115.121◦ 115.65◦

S–Ga (2) -S (×2) 96. 983◦ 98.1◦

S–Ga (2) -S (×2) 115.121◦ 113.2◦

S–Ga (2) -S (×2) 116.826◦ 117.7◦

BiGa2Se4 Bi–Bi (×1) 3.090 Å 3.148 Å
Bi–Se ( × 4) 2.9291 Å 2.952 Å
Ga (1)-Se (×4) 2.407 Å 2.395 Å
Ga (2)-Se (×4) 2.435 Å 2.402 Å
Se–Ga (1) -Se (×2) 98.593◦ 100.3◦

Se–Ga (1)-Se (×4) 115.168◦ 114.2◦

Se–Ga (2) -Se (×2) 98. 5936◦ 98.7◦

Se–Ga (2) -Se (×2) 115.1689◦ 111.5◦

Se–Ga (2) -Se (×2) 116.3734◦ 118.8◦

A. Telfah et al.
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The calculated bandgaps, Eg = 2.504 eV and Eg = 1.878 eV, using the
LDA approximation, are in good agreement with the experimental
values of 2.1 eV and 1.8 eV for BiGa2S4 and BiGa2Se4 respectively [48]
(Table 4).

These observed bandgaps correspond to an indirect transition from
(A → M-Γ) and (M → A) for BiGa2S4 and BiGa2Se4, respectively, and both
materials exhibit p-type semiconducting behavior, with the Fermi en-
ergy close to the valence band maximum (VBM). To assess the size and
charge carriers’ characteristics, it’s essential to determine the effective
mass parameter. The effective mass can be predicted based on the
dispersion curves obtained for various k-values along the electronic
band geometry. The effective mass is larger for flat bands compared to
curved energy curves for a given k-value. In this case, the energy curve
for BiGa2S4 and BiGa2Se4 exhibits flat behavior along the symmetry
paths (A → M-Γ) and (M → A), suggesting significant effective mass for
carriers in these directions, which indicates the potential for efficient
thermoelectric properties.

In the context of BiGa2X4 (X = S, Se) semiconductors, holes are likely

to serve as the predominant charge carriers, playing a pivotal role in the
thermoelectric characteristics of these materials. The DOS (Fig. 4)
highlights the dominance of S-p (Se-p) states just below the Fermi en-
ergy, with significant contributions from the 4p-filled orbitals of sulfur
and selenium. Moreover, the empty 6p levels of trivalent Bi+3 are
prevalent at around 2 eV above the Fermi energy. These p − p in-
teractions between bismuth, sulfur, and selenium p-orbitals play a sig-
nificant role in determining the energy bandgap in these materials,
while gallium’s low-energy s and p bands make a minimal contribution
to the gap.

3.3. Optical properties

The mBJ − LDA method predicts various optical characteristics
within the energy range of 0–24 eV. In the tetragonal structure, we
distinguish two types of polarization: extraordinary polarization (where
the field is oriented along the x or y axis) and ordinary polarization (with
the field directed along the z axis). The computed values of the

Fig. 3. Band structure along the Brillouin zone symmetry lines for BiGa2X4 (X = S, Se) compounds.

Fig. 4. Total and partial densities of states were calculated for the compounds BiGa2S4 and BiGa2Se4.

Table 4
Values of energy gap Eg (eV), ε1(0) and n(0) calculated for BiGa2X4 (X = S, Se) semiconductors with the LDA and mBJ-LDA approaches.

Ternary compounds Eg(eV) ε1(0) n(0)

LDA mBJ-LDA Exp LDA mBJ-LDA LDA mBJ-LDA

BiGa2S4 2.504 3.127 2.1 [48] ε1xx 8.319 6.140 nxx 2.884 2.478
ε1zz 8.100 6.074 nzz 2.846 2.464

BiGa2Se4 1.878 2.654 1.8 [48] ε1xx 10.418 7.817 nxx 3.227 2.796
ε1zz 9.590 7.234 nzz 3.096 2.689

A. Telfah et al.
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imaginary component ε2(ω) of the dielectric function for BiGa2X4 (X= S,
Se) compounds are presented in Fig. 5a.

This investigation reveals that all BiGa2X4 (X= S, Se) semiconductors
exhibit very similar optical behavior. The first significant parameters of
the dielectric function correspond to the fundamental absorption
criteria, commencing at 1.972 eV for BiGa2Se4 and 1.809 eV for BiG-
a2Se4. These values are associated with the transitions (A → M − Γ) and
(M → A) for BiGa2S4 and BiGa2Se4, respectively. Adjacent to the
fundamental peak, we observe principal peaks along the x − axis at
4.476 eV and 3.741 eV for BiGa2S4 and BiGa2Se4, respectively. Conse-
quently, ε2(ω) displays a prominent peak in the ultraviolet region for all
materials. Beyond this peak, ε2(ω) decreases rapidly with increasing
photon energies for both compounds.

Fig. 5b shows the change in the extinction coefficient k(ω) con-
cerning energy for the investigated materials. The spectra exhibit
remarkable similarities with only minor distinctions. The maximum
values of the extinction coefficient in the spectra are observed at en-
ergies of 4.585 eV and 4.204 eV along the x − axis for BiGa2S4 and
BiGa2Se4, respectively. Beyond these peaks, the extinction coefficient
decreases rapidly with increasing photon energies for both compounds.

The real parts ε1(ω) of the dielectric functions are determined using
the Kramers-Kronig equations [51], from the corresponding imaginary
parts, as summarized in Table 4. Notably, the optical spectra in this

figure are comparable with minor variations.
The zero crossing in the spectra indicates the absence of scattering,

and the function approaches zero, signifying peak absorption. Along the
x-axis, the main peaks ε1(ω) resulting from the mBJ − LDA calculations
are positioned at 3.932 eV and 2.952 eV for BiGa2S4 and BiGa2Se4,
respectively. These correspond to ultraviolet wavelengths for BiGa2S4
and the visible region for BiGa2Se4. The ε1(ω) values become zero at
energies of 7.850 eV and 4.748 eV for BiGa2S4 and BiGa2Se4, respec-
tively. The spectra then exhibit negative values, reaching a minimum
before gradually decreasing to zero again at 18.381 eV for BiGa2S4 and
at 17.837 eV for BiGa2S4 and BiGa2Se4 compound displays the highest
intensity peak. A slight anisotropy is observed for BiGa2S4 and BiGa2S4
compounds, with values of (ε1xx (0) = 8.319, ε1zz (0) = 8.10), and (ε1xx
(0) = 10.418, ε1zz (0) = 9.59), respectively, using the LDA approxima-
tion. Furthermore, BiGa2Se4 exhibits a higher dielectric constant

compared to BiGa2S4. Penn’s equation, ε1(0) ≈ 1+

(
ℏωP
Eg

)2
[52], where

Eg represents the energy bandgap, and ωP is the plasma frequency, can
help explain this observation. In this case, the calculated Eg for BiGa2S4
is slightly larger than that for BiGa2Se4, resulting in a smaller energy
bandgap and a higher value of ε1(0) in the latter.

The spectra are displayed in Fig. 5d, where the refractive index

Fig. 5. (a) and (b) Alterations to the imaginary function of dielectrics and the extinction coefficient, respectively, (c) real parts of the dielectric function, (d) the
refractive index, (e) reflectivity spectra, (f) the absorption coefficient, (g) variations of optical conductivity, and (h) the energy loss function as a function of energy
for BiGa2X4 (X = S, Se) within the mBJ-LDA approximation.
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generally follows the profile of the real part, and they are linked by the
equation n(0) =

̅̅̅̅̅̅̅̅̅̅̅
ε1(0)

√
. In these refractive index spectra, sharp peaks

at the edge of the energy bandgap are attributed to excitonic transitions.
The zero-frequency refractive indices of the compounds are (nxx =

2.478, nzz = 2.464), and (nxx = 2.796, nzz = 2.689) for BiGa2S4, and
BiGa2Se4, as determined using the mBJ − LDA approximation. The
refractive index value increases with rising photon energy up to 4 eV,
after which it begins to decrease up to a photon energy of 24 eV. It also
exhibits non-linear behavior. The calculated static refractive index, n(0),
is presented in Table 4. To the best of our knowledge, there is no
available experimental data for comparison. The calculated results also
reveal that both the real part and the refractive index exhibit slight
anisotropy. The variation of reflectivity, as calculated by the mBJ − LDA
approximation, is depicted in Fig. 5e as a function of energy for BiGa2S4
and BiGa2Se4. These semiconductors exhibit low reflectivity in the low-
energy region, beginning at 18.06% for BiGa2S4 and 22.38% for BiG-
a2Se4 along the z and x − axes, respectively. As energy increases to in-
termediate and high photon energies, reflectivity rapidly increases,
reaching its peak value around 10.51 eV for BiGa2S4 along the z − axis
and 10.27 eV for BiGa2Se4 along the z − axis. These maxima in reflec-
tivity are a result of interband transitions. As energy continues to in-
crease, reflectivity decreases. The absorption coefficients for BiGa2S4
and BiGa2Se4 semiconductors, calculated using the mBJ − LDA approx-
imation, are presented in Fig. 5f. Notably, a significant increase in the
absorption coefficient is observed in the low-energy region, with the
highest value reached at the highest energy. For BiGa2S4, a strong peak is
observed at 8.61 eV along the z-axis. The absorption spectra show
maxima in the energy range of 6.65 − 16.55 eV. In the case of BiGa2Se4,
a strong peak is observed at 7.33 eV along the z − axis, and the ab-
sorption spectra show maxima in the energy range of 5.94 − 14.89 eV.
Consequently, the highest absorption peaks occur in the ultraviolet re-
gion for both compounds. These peaks are attributed to interband
transitions in the electronic band spectrum between various high-
symmetry points. In addition, the absorption along the z − axis (E ‖ c)
is higher than that along the x− and y − axes (E⊥c), resulting in higher
main peaks for Izz compared to Ixx. Furthermore, these compounds
exhibit significant UV absorption characteristics, as shown in Fig. 5f.

Comparison reveals that the reported bandgaps for CuBiS2, Cu3BiS3,
and Cu4Bi4S9 fall within the range of 1.5–2.62 eV, 1.2–1.84 eV, and
0.88–1.14 eV, respectively, which are suitable for photovoltaic appli-
cations and fall within the range of 1.3–1.7 eV in their bulk forms. In
contrast, the electron voltage bandgap for BiGa2S4 and BiGaSe4 com-
pounds is approximately 2.504 eV and 1.878 eV, respectively, in
excellent agreement with the corresponding values calculated using the
LDA approximation. The reported absorption coefficients for CuBiS2,
Cu3BiS3, and Cu4Bi4S9 are in the range of 104–105 cm⁻1. The calculated
absorption coefficients for BiGa2S4 and BiGaSe4 are within the range of
0.6839× 10⁵ to 0.9156× 10⁵ cm⁻1 for zz and xx, and 0.7333× 10⁵ to
0.8258× 10⁵ cm⁻1 for zz and xx, respectively.

The optical conductivity, denoted by σ(ω), signifies the connection
between the oscillating electric field E(ω) and the current density j(ω)
[53]. For ω→0, the real component of σ(ω) = ω

4πε2 is directly linked to its
imaginary component. Fig. 5g illustrates the optical conductivity spec-
trum, revealing numerous peaks corresponding to transitions between
bands. Sharp edges are observed in the UV region within the energy
range of 4 − 9 eV, as previously discussed [54,55].

The energy loss function can be derived from the dielectric function,
as suggested in prior work. Energy loss spectra for BiGa2S4 exhibit
substantial values in the energy range from 17.51 to 20.17 eV, with a
sharp peak along the z − axis at 18.65 eV BiGa2Se4 also displays signif-
icant energy loss in the energy range of 16.88–20.39 eV, with the largest
peak along the z-axis at 18.49 eV. The primary peak for both BiGa2S4 and
BiGa2Se4 semiconductors occurs when ε₂(ω) is minimal, and ε1(ω)

returns to zero. The average peak of the energy loss function corresponds
to the plasma frequency ωp. For instance, the plasma energy ωp peaks at

18.65 eV for BiGa2S4 and 18.49 eV for BiGa2Se4, as shown in Fig. 5h.

3.4. Elastic properties

Elastic constants, denoted as Cij, govern the elasticity of a crystal and
its response to externally applied forces. In the case of tetragonal
structures, six distinct elastic constants are considered: C11, C12, C13, C33,
C44, and C66. Accurate estimations of these elastic constants require an
understanding of how energy changes with strain for various de-
formations. Specifically, deformations that optimize the symmetry of
strained systems [56] are selected. The WIEN2K package offers a useful
feature for the force-driven optimization of the internal cell shape to
facilitate this process. In this study, the LDA approximation was
employed to determine the elastic characteristics of BiGa2S4 and BiG-
a2Se4 semiconductors, and the resulting elastic moduli are presented in
Table 5.

It is important to note that these elastic constants must satisfy spe-
cific criteria for the structures to be considered mechanically stable.
⎧
⎪⎪⎨

⎪⎪⎩

C11 > 0,C33 > 0,C44 > 0,C66 > 0,C11 > |C12|,

C11C33 > C2
13

(C11 + C12)C33 > 2C2
13

(1)

Based on the criteria established, both compounds meet the re-
quirements for mechanical stability. This is evident as all six indepen-
dent elastic constants are positive, signifying the stability of both
BiGa2S4 and BiGa2Se4 (Table 5). The elastic constants follow the
sequence: Cij (BiGa2S4) > Cij (BiGa2Se4), with C33 > C11, indicating that
the a-axis of each compound is slightly more compressible than the c-
axis. Furthermore, it suggests that shearing in the (001) plane is easier
than shearing in the (100) plane, given that C44 is smaller than C66.
Leveraging the obtained elastic constants, we were able to derive a range
of mechanical parameters, including the bulk modulus (B), shear
modulus (G), Poisson’s ratio, and anisotropy factors. In Table 6, we have
presented the Voigt (V), Reuss (R), and Hill (H) approximations. The
bulk modulus quantifies a material’s resistance to volume change while
retaining its shape [57]. It is noteworthy that the bulk modulus for these
materials follows the order: BH (BiGa2S4) > BH (BiGa2Se4). The bulk
modulus values were calculated using the elastic constants according to
the Voigt − Reuss − Hill model [58–60] and they agree with the esti-
mates obtained from total energy minimization for each material
(Table 2).

In the context of materials, the shear modulus, which quantifies their
resistance to deformation, holds greater significance than hardness [57].
A higher shear modulus is primarily attributed to the presence of a larger
C44. The mechanical properties of materials are commonly classified as
brittle or ductile [61]. Generally, brittleness is observed when the B/G
ratio falls below 1.75. Materials become brittle when this ratio is less
than 1.75, whereas they exhibit ductility when the ratio surpasses this
value. Based on the data presented in Table 6, both compounds are
categorized as brittle, as their calculated B/G ratio is less than 1.75.
Poisson’s ratio (σ) offers insight into the nature of the forces that bind
atoms in a material. For solids, the Poisson’s ratio ranges between 0.25

Table 5
Elastic constants of BiGa2S4 and BiGa2Se4 within the LDA approach.

Compounds BiGa2S4 BiGa2Se4

C11 109.5624 96.6538
C12 51.6163 47.9594
C13 43.2041 38.2318
C33 145.2441 120.9631
C44 53.4176 46.9683
C66 63.0951 59.2661
Tm 900.553 ± 300 825.406 ± 300
A1 1.26884 1.33099
A2 2.17772 2.43421
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(lower bound) and 0.50 (upper bound) [62]. In the cases of both BiGa2S4
and BiGa2Se4, their Poisson’s ratios are less than 0.25, suggesting that
the forces at play are not perfectly centered or that the chemical bonds
may be hybrid combinations of ionic and covalent types. Shear anisot-
ropy is another critical aspect, as it signifies the level of elastic anisot-
ropy present in a material. The results of our calculations are presented
in Table 5. For tetragonal structures, the following equations are
employed to compute the shear anisotropy factors A1 in the {100} plane
and A2 in the {001} plane [56,62,63]:

A1 =4C44 / (C11 +C33 − 2C13) (2)

A2 =2C66 / (C11 − C12) (3)

The anisotropy factors presented in Table 5 reveal that both BiGa2S4
and BiGa2Se4 exhibit anisotropy along both the 100 and 001 crystallo-
graphic directions. Notably, the c-axis shear anisotropy is significantly
more pronounced than that along the a-axis in both compounds. It is also
evident that BiGa2Se4 has a higher anisotropy factor compared to
BiGa2S4. In addition, we conducted calculations to determine the elastic
anisotropy of these crystalline materials, which we denoted as AB =

(BV − BR)/(BV +BR) × 100 for compressibility and AG = (GV − GR)/
(GV +GR) × 100 for shear [63–65]. The results displayed in Table 6
indicate that BiGa2S4 and BiGa2Se4 have AB % (AG%) values of
approximately 0.41815 (3.60428) and 0.161892 (4.47234), respec-
tively. These values suggest a moderate degree of isotropy in
compressibility and a high level of elastic anisotropy in shear. In this
context, 0 % represents elastic isotropy, while 100 % signifies the
greatest elastic anisotropy. It is important to note that BiGa2S4 exhibits a
higher (lower) compressibility anisotropy in shear compared to
BiGa2Se4.

Another essential factor in elastic anisotropy analysis is the universal
anisotropy index (AU) [66], determined by the equation AU = 5 GV

GR +

BV
BR − 6. When AU = 0, it signifies elastic isotropy, whereas AU ∕= 0 in-
dicates elastic anisotropy.

In the analysis, all tested functions indicate the presence of elastic
anisotropy in both compounds. However, while informative, the above
analysis may not be sufficient for the precise determination of a crystal’s
elastic properties. In practical terms, surface structures should consider
linear compressibility and the reciprocal of Young’s modulus with
various orientations. The linear compressibility in tetragonal systems is
described as:

β=(S11 + S12 + S13) − n2(S11 + S12 − S13 − S33) (4)

Here, n represents the unit vector’s direction, with n2 = 0 for n⊥c and
n2 = 1 for n//c.

In tetragonal systems, the reciprocal of Young’s modulus E in the

direction of the unit vector ni is expressed as [67],

E=
1

S11 − (S11 − S33)n43 − 2(S11 − S13)
(
n21n23+n22n23

)
− (2S11 − 2S12 − S66)n21n22

(5)

In spherical coordinates, the directions along the x, y, and z axes
correspond to the cosines n1 = sin θ cos ϕ, n2 = sin θ sin ϕ, and n3 =

cos θ, where Sij is the deformability elastic constant. Utilizing the
computational elastic coefficients shown in Fig. 6a-d, we can calculate
the linear compressibility of BiGa2S4 and BiGa2Se4 compounds. The
linear compressibility’s isotropic nature results in a spherical represen-
tation of the cubic system, highlighting the isotropic character of linear
compressibility in Fig. 6a-d.

For the BiGa2X4 (X = S, Se) semiconductors, elasticity anisotropy in
the (XZ) and (YZ) planes is more pronounced than in the (XY) plane,
where the compressibility modulus appears isotropic when considering
the (X = Y) plane. The orientation-dependent Young’s modulus for
BiGa2S4 and BiGa2Se4 is illustrated in Fig. 6(e–h) using elastic compli-
ance coefficients as a reference. The solution to Equation (5) creates a 3D

Table 6
Modules of elasticity of BiGa2S4 and BiGa2Se4 utilizing the LDA estimation.

Compounds BiGa2S4 BiGa2Se4

BV 71.157 62.568
BR 70.564 62.366
BH 70.860 62.467
GV 49.075 43.296
GR 45.661 39.590
GH 47.368 41.443
EV 119.705 105.543
ER 112.678 98.027
EH 116.209 101.813
σV 0.219 0.218
σR 0.233 0.238
σH 0.226 0.228
BH/GH 1.49596 1.50729
AB 0.41815 0.161892
AG 3.60428 4.47234
Au 0.382302 0.471416

Fig. 6. Graphs of 3D surface of (a) and (b) the compressibility modulus, (e) and
(f) the Young’s modulus for BiGa2S4, BiGa2Se4, respectively, and (c), (d), (g),
and (h) their transverse sections in separated planes.
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closed surface, and the distance between the origin of the coordinate
system and this surface corresponds to Young’s modulus in the specified
direction. If the system were entirely isotropic, this surface would have a
spherical shape. However, it’s evident that the Young’s modulus sur-
faces of BiGa2S4 and BiGa2Se4 are not spherical, demonstrating a high
level of anisotropy due to varying bonding properties between neigh-
boring atomic planes, resulting in larger interplane distances. Anisot-
ropy is more significant in the (XY) plane for BiGa2X4 (X = S, Se)
materials than in the (XZ) and (YZ) planes, and both compounds are
practically isotropic in the plane where X and Y are equal.

The Debye temperature (θD) and average, transverse, and longitu-
dinal sound velocities can be determined using the formulas [68–70].
The calculated values for average, transverse, and longitudinal sound
velocities, as well as the θD for the compounds under investigation are
summarized in Table 7.

Under standard conditions and using the LDA approximation, the
values of θD for BiGa2S4 and BiGa2Se4 are 363.332 K and 292.63 K,
respectively. It’s worth noting that the velocity of elastic longitudinal
waves is higher than that of elastic transverse waves. When the θD is
low, and the Grüneisen parameter is high, a material’s lattice thermal
conductivity decreases due to increased anharmonicity. Consequently,
this leads to a high figure of merit (ZT).

3.5. Thermoelectric properties

Utilizing the BoltzTrap2 program, we applied the rigid band
approach to solve the Boltzmann formula. In n − type (p − type) semi-
conductors, the Fermi level nears the conduction (valence) band, and
when doping concentration is low, the rigid band model remains valid
[71]. Thus, we exclusively examine the pristine unit cell structure of the
material. Fig. 7a and b depict the thermal conductivity components, kL
and ke, which collectively constitute the overall thermal conductivity,
kT. Various methods can be employed to determine the kL parameter
[72,73]. For Slack’s method, Morelli demonstrated that bulk and shear
modulus could be used to ascertain the intrinsic kL of a material [72,73].
The electronic thermal conductivities (ke) of the two semiconductors
under investigation were calculated using the BoltzTrap program.

Inspection of Fig. 7a reveals that kL of the BiGa2S4 semiconductor
decreases as a function of temperature, while for the BiGa2Se4 semi-
conductor, the trend is reversed for temperatures exceeding 400 K. The
kL values for BiGa2S4 and BiGa2Se4 at 300 K are 1.57W/mK and 1.14W/

mK, respectively. At 1000 K, the kL value for BiGa2S4 is 0.36 W/mK, and
for BiGa2Se4, it is 4.90 W/mK. Fig. 7a demonstrates that, in comparison
to BiGa2Se4, the kL of BiGa2S4 is higher; however, this trend reverses
when the temperature exceeds 400 K. Consequently, the compound
BiGa2Se4 exhibits the highest phonon-phonon interaction strength when
the temperature is below 400 K, but when T exceeds 400 K, BiGa2S4
displays the highest phonon-phonon interaction strength. This result
suggests that both semiconductors are promising candidates for superior
thermoelectric performance due to their low kL values. When tested at
room temperature, the Gruneisen values of BiGa2X4 (X = S, Se) are as
follows: γ (BiGa2S4) = 2.2298 and γ (BiGa2Se4) = 2.3098. BiGa2X4 (X =

S, Se) exhibits a significant degree of inharmonicity owing to their
considerable γ values and low kL in their structure. Conversely, tem-
perature leads to an increase in electronic thermal conductivity (ke), as
shown in Fig. 7b.

As shown in Fig. 7c, kT exhibits a tendency to decrease with
increasing temperature up to T = 400 K. The values of approximately
1.4710 W/m⋅K and 1.0101 W/m⋅K for BiGa2S4 and BiGa2Se4,

respectively, at 400 K affirm the relatively low thermal conductivity.
The BoltzTraP program employs Boltzmann’s transport theory to assess
the transport characteristics of BiGa2S4 and BiGa2Se4 semiconductors
[47,74]. The relaxation time (τ) is a constant, set at around 1x10− 14 s
[75–77]. σ, ke and S may all be determined with this method [78,79].
The electronic band structure of semiconductors exerts an influence on
the value of their S values. An analysis is conducted to determine
whether the material can generate a voltage response to changes in
temperature. The investigation has revealed that S in both BiGa2S4 and
BiGa2Se4 semiconductors exhibits a diminishing trend with increasing
temperature. Fig. 7d illustrates that S for BiGa2S4, and BiGa2Se4 de-
creases from 630.5726 μV/K and 543.4864 μV/K at 300 K to
289.4819 μV/K and 307.8122 μV/K at 1000 K. This observation implies
that S maintains a consistently positive value across the entire temper-
ature range for both BiGa2S4, and BiGa2Se4 compounds. In the context of
BiGa2X4 (X= S, Se) semiconductors, it is likely that holes are the primary
charge carriers, playing a pivotal role in conduction due to the positive
values of S. Since the S remains positive over a broad temperature range
for both BiGa2S4, and BiGa2Se4, they are categorized as p − type com-
pounds. For a more profound understanding of the semiconducting na-
ture of these two compounds, we calculate the electrical conductivity
(σ /τ) scaled by the relaxation time, as depicted in Fig. 7e. The data
reveals that for BiGa2X4 (X = S, Se), (σ /τ) remains relatively constant
until around 300 K, after which it gradually begins to rise, appearing to
exhibit a linear relationship with temperature. At T = 300 K, the
measured values for (σ /τ) are 0.0596× 1018 (Ω •ms)− 1 for BiGa2S4 and
0.0755× 1018 (Ω •ms)− 1 for BiGa2Se4. In particular, the observed value
for BiGa2S4 at 1000 K is 6.2996× 1018 (Ω •ms)− 1, while that of BiG-
a2Se4 is found to be 4.5183× 1018 (Ω •ms)− 1.

Both BiGa2S4 and BiGa2Se4 exhibit ZT behaviors that correlate with
electrical conductivity. Fig. 7f illustrates that ZT remains constant up to
T = 250 K and then increases with rising temperature. Consequently,
the ZT values of BiGa2X4 (X = S, Se) compounds elevate as the tem-
perature increases. The ZT values of both BiGa2S4 and BiGa2Se4 display a
notable increase, progressing from 0.6362 to 0.6996 at T = 600 K to
0.8389 and 0.8722 at T = 1000 K, respectively. In Fig. 8, we assess σ/τ,
ke/τ, S, and ZT as functions of charge carrier concentration, ranging from
− 3× 1022 cm3 to 8× 1022 cm3 at temperatures of 300 K, 600 K, and 900
K, respectively. Fig. 8a reveals that the (σ /τ) ratio of BiGa2S4 and BiG-
a2Se4 semiconductors at 300 K, 600 K, and 900 K varies with charge
carrier concentration. A higher concentration of holes (electrons) results
in an increased (σ /τ) ratio, while a lower concentration leads to a
decreased ratio. The graphs of (σ /τ) at different temperatures clearly
indicate that σ is temperature independent. This observation un-
derscores that its behavior is governed not by the material’s temperature
but rather by the density of states or the transport distributions within
the solid. Notably, the conduction band delocalization in BiGa2X4 (X= S,
Se) compounds appears to be more substantial than the valence band
delocalization around the Fermi level [80], as evidenced by the smaller
(σ /τ) values in n-type compounds compared to p − type compounds.

Fig. 8b illustrates that the ratio of ke/τ of BiGa2X4 (X = S, Se) in-
creases as the concentration of charge carriers rises due to the elevation
of hole doping levels. Conversely, as the concentration of electron car-
riers’ increases, (ke/τ) decreases. Notably, ke is influenced by tempera-
ture, whereas σ remains temperature independent. Seebeck coefficients
are primarily affected by temperature at higher concentrations, resulting
in a decrease as temperature rises. In Fig. 8c, it’s evident that the ab-
solute values of S for p − type semiconductors surpass those of n − type
semiconductors. As temperature rises, the highest absolute values of S
decrease and align with regions of greater carrier concentration. The
changes observed in ZT curves, concerning temperature and carrier
concentration, are depicted in Fig. 8d. These variations reveal that our
compounds exhibit the characteristics of high-temperature thermo-
electric semiconductors. Notably, the ZT values of p − type semi-
conductors significantly exceed those of n − type semiconductors. At T

Table 7
Vt, Vl, Vm, and θD for BiGa2S4 and BiGa2Se4 within the LDA approach.

Compounds Vt Vl Vm θD

BiGa2S4 3196.51 m/s 5376.67 m/s 3539.24 m/s 363.332 K
BiGa2Se4 2658.38 m/s 4480.48 m/s 2943.97 m/s 292.63 K
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= 900 K, the p − type compound BiGa2S4 achieves a maximum ZT value
of 0.8291 with a carrier concentration of 11.5565× 1020 cm3.

The p − type compound BiGa2Se4 achieves an exceptional maximum
ZT value of 0.9054, characterized by a carrier concentration of 8.11×
1020 cm3. These compelling findings underscore the substantial potential
of the two compounds under scrutiny for application in the field of
thermoelectric materials. For comparative analysis, the n-type-Bi2Al4Se8
demonstrates a ZT of 0.76 at n = − 6.448× 1018 cm3 [81]. Additionally,
we observe variations in ZT values for other materials, such as (CuPN2:
n = − 1.7× 1019 cm3) for n − type, (HPN2: n = 1.4 × 1019 cm3) for LiPN2
or NaPN2 (n = 0.4× 1019 cm3) for p − type [82,83]. At 700 K, CaZn2Sb2
showcases a ZT value of 0.33 [84]. The n − type materials LiCrZ (Z = S,
Se, Te) exhibit ZT values of 0.68, 0.9495, and 0.9507, respectively [85].
In the case of CoFeTiGe (CoFeCrGe), ZT is documented as 0.25 and 0.404
(0.243 and 0.644) for n and p − types, respectively [86]. Maximum ZT
readings in the spin-down direction are as follows: 0.81355 for RbCrS,
0.62249 for RbCrSe, and 1.02846 for RbCrTe [87]. Following the exhi-
bition of exceptional thermoelectric efficiency in BiGa2X4 (X= S, Se), we
utilize the mBJ − LDAmethod to perform comprehensive calculations of
(S, σ, ke) along both the x and z directions.

The tensors
(
σxx = σyy∕= σzz

)
,
(
Sxx = Syy∕= Szz

)
,
(
kexx = keyy ∕= kezz

)
all

exhibit diagonal orientations. In Fig. 9a, it is observed that for the
BiGa2S4 compound, the Sxx Seebeck coefficient parameters are slightly
lower than the Szz parameters, while for the BiGa2Se4 compound, the
values of Sxx Seebeck coefficient are higher. At T = 300 K, the Seebeck
coefficients of BiGa2S4 and BiGa2Se4 are (Sxx = 621.9488 μVK− 1, Szz =
647.820 μVK− 1) and (Sxx = 580.51061 μVK− 1, Szz = 469.43803 μVK− 1),
respectively. This indicates that transport along the zz (xx) − axis
dominates for BiGa2S4 (BiGa2Se4), as evidenced by the significantly
larger value of Szz (Sxx). The (σxx) accounts for 78.37 % (61.59 %) of that
at high temperatures for the semiconductor BiGa2S4 (BiGa2Se4), as
indicated by the substantial density of states (DOS) related to this
orientation (Fig. 9b).

As the temperature varies between 50 K and 350 K (50 K and 200 K),
the electrical conductivity along the xx − axis is approximately equal to
the electrical conductivity along the zz − axis for BiGa2S4 (BiGa2Se4).
However, at elevated temperatures, the difference between these two
factors becomes more pronounced. Between 50 K and 300 K (50 K and
150 K), BiGa2S4 (BiGa2Se4) exhibits electronic thermal conductivity
along the xx axis that is on par with its electronic thermal conductivity
along the zz axis. At higher temperatures, the contrast between these
two values becomes more prominent, and (kezz ) surpasses (kexx ), with
(kexx ) being determined to be 84.4901 % (94.6605 %) of that of kezz
(Fig. 9c).

Fig. 10a and c shows the variations in ZT for BiGa2X4 (X= S, Se) over
a broad temperature range spanning from 50 K to 1000 K. At 900 K, the
ZT for BiGa2S4 reaches 0.8228, while that for BiGa2Se4 is 0.8690. These
values correspond to carrier concentrations of n0 = 2.8399× 1020 cm− 3

and 1.4645× 1020 cm− 3. Both BiGa2S4 and BiGa2Se4 exhibit three
distinct ZT peaks, with one peak for the n − type and two peaks for the p-
type, as depicted in Fig. 10b and d. Specifically, at 900 K, BiGa2S4
achieves an n − type ZT maximum of 0.8289 and a p − type ZT maximum
of 0.5073 (Fig. 10b), while the corresponding values for the BiGa2Se4
semiconductor are 0.9053 and 0.6359 (Fig. 10d). This highlights the
marked difference in the thermoelectric properties of p− and n − type
materials. Consequently, the n − type compound exhibits superior ther-
moelectric efficiency compared to the two semiconductors under
investigation.

Furthermore, when μ − μ0 = 0, the ZT values for BiGa2S4 and BiG-
a2Se4 stand at 0.6280 and 0.5793, respectively. This observation in-
dicates that the thermoelectric performance of both compounds is
enhanced even in the absence of doping. To achieve the highest
attainable ZT value, it is crucial to determine the optimal carrier con-
centration and temperature. Further investigation into the impact of
doping levels on ZT at 900 K is recommended to gain a more compre-
hensive understanding of the thermoelectric properties of

Fig. 7. Temperature sensitivity of: the thermal conductivity of (a) the lattice kL, (b) electronics ke, (c) the total kTot, (d) Seebeck coefficients S, (e) the electrical
conductivity via relaxation time (σ/τ),(f) the figure of merit ZT of BiGa2X4 (X = S, Se) semiconductors based on the mBJ-LDA estimation.
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semiconductors derived from BiGa2S4 and BiGa2Se4. As demonstrated in
Fig. 10e and g, the maximum ZT values for BiGa2S4 and BiGa2Se4 are
found to be 0.82909 and 0.90548, respectively. To achieve these values,
it is necessary to increase the concentration of charge carriers to n =

0.11715× 1022 cm− 3 for BiGa2S4 and n = 0.0812× 1022 cm− 3 for
BiGa2Se4. The chemical potentials of the BiGa2S4 and BiGa2Se4 semi-
conductors were both reduced by 0.40151 Ry and 0.38001 Ry, respec-
tively, yielding consistent results, as depicted in Fig. 10f and h.

4. Conclusions

Extensive research employing the FP-LAPW approach is conducted
on BiGa2X4 (X = S, Se) compounds with a focus on their structural,
electronic, optical, elastic, and thermoelectric aspects. The approxi-
mated structural parameters, including (a, c, c/a), and atomic sites, are
shown to be congruent with the experimental data. The measured gaps
are indirect from (A → M-Γ) and (M → A) for BiGa2S4 and BiGa2Se4,
respectively, with Eg = 2.504 eV and Eg = 1.878 eV using the LDA
approximation. These materials’ energy gap is mostly due to bismuth-

Fig. 8. Forecasted (a), (b) conductivities (electrical (σ/τ), electronic thermal (ke/τ) as a function of relaxation time, (c) coefficient S of Seebeck, and (d) figure of
merit ZT via concentrations of charge carriers when T = 300, 600, and 900 K according to the mBJ-LDA approach of BiGa2X4 (X = S, Se).

Fig. 9. Predicted anisotropic transport of BiGa2X4 (X = S, Se) (a) The coefficient tensor of Seebeck (b) The (σ/τ), tensor parts as a function of the electrical
conductivity-relaxation time ratio, (c) The (ke/τ) tensor parts as a function of the electronic thermal conductivity -relaxation time ratio.
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sulfur-selenium p-p interactions. The gap is little affected by gallium’s
low-energy s and p bands. The maximum absorption along the x-axis
occurs at 4.476 eV for BiGa2S4 and 3.741 eV for BiGa2Se4. Additionally,
BiGa2Se4 has a higher dielectric constant. BiGa2S4 and BiGa2Se4 have
zero-frequency refractive indices of (nxx = 2.478, nzz = 2.464), and (nxx
= 2.796, nzz = 2.689), respectively, using the mBJ-LDA approximation.
Calculations demonstrate that the real part and refractive index are
somewhat anisotropic. BiGa2X4 ’s high absorption intensity makes it an
important component for optoelectronic devices. The elastic properties
show that our two materials are fragile and anisotropic. At 300 K: the kL
values for BiGa2S4, and BiGa2Se4 are 1.57 W/mK, and 1.14 W/mK, and
the Gruneisen values are γ (BiGa2S4) = 2.2298, and γ (BiGa2Se4) =

2.3098. Due to the comparatively low kL at 400 K, the values of about
1.4710 W/(m.K), and 1.0101 W/(m.K) for BiGa2S4, and BiGa2Se4,
respectively, are confirmed to be accurate. The Seebeck coefficients S for
BiGa2S4 and BiGa2Se4 are 630.5726 μV/K and 543.4864 μV/K at 300 K.
So, in BiGa2X4 (X = S, Se) semiconductors, holes are likely the primary
charge carriers, playing a crucial role in conduction. (σ /τ) was
measured to be 0.0596 × 1018 (Ωms)− 1 for BiGa2S4, and 0.0755x1018

(Ωms)− 1 for BiGa2Se4 at T = 300 K. At 1000 K, both BiGa2S4, and BiG-
a2Se4 show significant ZT values of 0.8389 and 0.8722. The ZT values of
the p-type semiconductors are much greater than those of the n-type. At
900 K, the p-type compound BiGa2S4 has maximum ZT values of 0.8291
with 11.5565 × 1020 cm3, the p-type compound BiGa2Se4 has maximum

Fig. 10. The ZT of BiGa2S4 and BiGa2Se4 semiconductors when T = 900 K vs of (a), (c), (e), and (g), temperature and carrier concentration, (b), (d), (f), and (h), the
chemical potentials.
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ZT values of 0.9054 with 8.11 × 1020 cm3, respectively. At T = 300 K,
the Seebeck coefficients of BiGa2S4 and BiGa2Se4 are (Sxx = 621.9488
μVK− 1, Szz = 647.820 μVK− 1) and (Sxx = 580.51061 μVK− 1, Szz =

469.43803 μVK− 1), respectively. (σxx) is 78.37 (61.59) percent at high
temperatures for the semiconductor BiGa2S4 (BiGa2Se4). At high tem-
peratures, (kezz ) exceeds (kexx ) since (kexx ) is determined to be 84.4901
(94.660543) percent of that of (kezz ). The maximum ZT values for
BiGa2S4 and BiGa2Se4 are shown to be 0.82909 and 0.90548, respec-
tively. It is necessary to increase the concentration of charge carriers to
n = 0.11715 x 1022 cm− 3 for BiGa2S4 and n = 0.0812 x 1022 cm− 3 for
BiGa2Se4 to achieve this value. The chemical potentials of the semi-
conductors BiGa2S4 and BiGa2Se4 were both reduced by 0.40151 Ryd
and 0.38001 Ryd, respectively, and the outcomes were identical.
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Int. J. Mod. Phys. B 33 (2019) 1950234.
[83] T. Ghellab, H. Baaziz, Z. Charifi, K. Bouferrache, M.A. Saeed, A. Telfah, Mater. Res.

Express 6 (2019) 075906.
[84] I. Mili, H. Latelli, T. Ghellab, Z. Charifi, H. Baaziz, F. Soyalp, Int. J. Mod. Phys. B 35

(7) (2021) 2150100.
[85] A. Telfah, T. Ghellab, H. Baaziz, Z. Charifi, A.M. Alsaad, R. Sabirianov, J. Magn.

Magn Mater. 562 (2022) 169822.
[86] Z. Charifi, T. Ghellab, H. Baaziz, F. Soyalp, Int. J. Energy Res. (2022) 1–19, https://

doi.org/10.1002/er.8104.
[87] T. Ghellab, H. Baaziz, Z. Charifi, H. Latelli, Phys. B Condens. Matter 653 (2023)

414678, https://doi.org/10.1016/j.physb.2023.414678.

A. Telfah et al.

http://refhub.elsevier.com/S0022-3697(24)00383-4/sref68
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref69
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref69
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref70
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref70
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref71
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref71
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref72
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref72
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref73
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref74
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref75
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref75
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref76
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref77
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref78
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref78
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref79
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref80
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref80
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref81
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref81
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref82
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref82
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref83
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref83
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref84
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref84
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref85
http://refhub.elsevier.com/S0022-3697(24)00383-4/sref85
https://doi.org/10.1002/er.8104
https://doi.org/10.1002/er.8104
https://doi.org/10.1016/j.physb.2023.414678

	Enhancing the thermoelectric performance of BiGa2X4 (X=S, Se) P-type semiconductors by optimizing charge carrier concentrat ...
	1 Introduction
	2 Calculation methods
	3 Results and discussions
	3.1 Structural properties
	3.2 Electronic properties
	3.3 Optical properties
	3.4 Elastic properties
	3.5 Thermoelectric properties

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgment
	References


