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A B S T R A C T

We have computationally studied antimony sulfide-selenide, Sb2(SxSe1-x)3 (0 ≤ x ≤ 1) alloy system, using density 
functional theory (DFT) and beyond to explore the structural, energetic, mechanical, vibrational, and opto-
electronic properties at different concentrations. We employed the Special Quasirandom Structure (SQS) 
approach to investigate intermediate alloy compositions, uncovering trends in alloy behavior not previously 
explored in DFT studies. Our lattice constants and bandgap values for the end members compare well with the 
available experimental data, while those for the intermediate compositions are predictive. The electronic 
bandgap with a tunable range of 1.1–1.8 eV was investigated. It was found to increase linearly with higher sulfur 
concentration. The average effective masses of electrons and holes were comparable. In addition, all members of 
this alloy system showed mechanical stability except for x = 0.25. The intermediate concentrations (x = 0.25, 
0.50, and 0.75) all had a similar bulk modulus of ≈ 15 GPa. All the alloys are vibrationally stable. A high ab-
sorption coefficient with lower reflectivity within the visible light range makes this alloy system a good absorber 
of solar irradiation.

1. Introduction

The optimization of photovoltaic materials is central to advancing 
renewable energy technologies, with semiconductor alloys playing a key 
role in this domain. Over the last several years, antimony chalcogenides, 
such as antimony selenide (Sb2Se3), antimony sulfide (Sb2S3) and their 
alloys Sb2(SxSe1-x)3 (0 ≤ x ≤ 1) have become highly promising candi-
dates for photovoltaic applications. They possess a tunable bandgap 
(1.1–1.7 eV) and a high absorption coefficient (>105 cm− 1) in the visible 
light range [1–4]. Furthermore, due to their high natural abundance and 
non-toxic constituent elements, these compounds are considered po-
tential alternatives to traditional thin-film solar cells such as CdTe and 
Cu(In, Ga)Se2 [5–8].

Several experimental techniques have been developed to synthesize 
the antimony sulfide-selenide Sb2(S, Se)3 based solar cells, studying 
their optoelectronic properties and highlighting their potential for 
photovoltaics. Lu et al. reported the vapor transport deposition method 
for Sb2(S, Se)3 thin films, achieving an optimal band gap of ~1.33 eV 
and an efficiency of 7.03 % without a hole transport layer [9]. Sanchez 
et al. by optimization through vacuum thermal evaporation has led to a 
conversion efficiency of 5.5–6.2 % for Sb2S0.7Se2.3 composition, 

emphasizing the potential of these alloys in solar energy devices [10]. 
Gao et al. demonstrated that pulsed laser deposition, by varying the S/(S 
+ Se) ratio in Sb2(SxSe1-x)3 compound targets, achieved tunable 
bandgaps of 1.31, 1.38, and 1.43 eV for x = 0.15, 0.25, 0.53 respectively, 
all close to the ideal value of the Shockley–Queisser limit [3,11]. Perez 
et al. through device simulation using Solar Cell Capacitance Simulator 
in One Dimension (SCAPS-1D) software suggested that replacing the 
typical CdS buffer layer with Cd-free SnS2 in Sb2(S, Se)3 based solar cells 
enhances efficiency from 10.5 to 11.1 % [1]. Xio et al. reported that a 
novel homo-heterojunction antimony chalcogenide solar cell, optimized 
using wxAMPS software, achieved 26.97 % efficiency, with an 
open-circuit voltage (VOC) of 0.885V, a short-circuit current density 
(JSC) of 36.14 mA/cm2, and a filling factor (FF) of 84.30 % [12]. All 
these methods underscore the potential of diverse synthesis techniques 
to enhance Sb2(S, Se)3 based solar cell efficiency.

Despite these various experimental techniques, theoretical studies on 
the ternary Sb2(SxSe1-x)3 alloys at different concentrations of x are 
limited. For the end members of these Sb2(SxSe1-x)3 compounds, theo-
retical bandgaps are close to the ideal bandgaps predicted based on the 
composition dependence of x [7]. However, detailed computational 
studies of intermediate compositions are lacking. Therefore, systematic 
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investigations of the Sb2(SxSe1-x)3 alloys are important to advance their 
development.

In this work, for the Sb2(SxSe1-x)3 (0 ≤ x ≤ 1) alloy system, we 
studied the structural, energetic, mechanical, vibrational, and opto-
electronic properties using density functional theory (DFT) and beyond. 
The bandgap tailoring within the range of 1.1–1.8 eV was obtained, 
making it attractive for solar cell design. We investigated the interme-
diate compositions of the alloy system using the SQS approach, 
revealing trends in alloy behavior not explored in prior DFT studies. Our 
results for intermediate members of the alloy remain predictive for 
future endeavors. We further investigated that all members of this alloy 
system are vibrationally stable. Bandgaps have a linear upward trend 
with an increase in sulfur concentration. All members of this alloy sys-
tem are mechanically stable, except for x = 0.25. A high absorption 
coefficient with lower reflectivity in the visible range makes this alloy 
system an efficacious absorber of solar irradiation. Our computational 
approach to this work demonstrates the potential of the alloys Sb2(SxSe1- 

x)3 in solar cell applications.

2. Computational methods

The density functional theory (DFT) and beyond computations were 
conducted using the Vienna Ab initio Simulation Package (VASP) 
[13–18]. The Perdew-Burke-Ernzerhof (PBE) [19–21] generalized 
gradient approximation (GGA) exchange-correlation functional was 
employed in the Projector-Augmented-Wave (PAW) method [16,
22–26]. To ensure the accuracy of the calculations, the electron density 
was approximated by including the outer valence electrons as well as the 
inner semi-core s-electrons of Sb, S, and Se. A plane-wave energy cut-off 
of 500 eV was employed. The Brillouin zone was sampled using a (8, 3, 
3) Γ-centered k-point mesh in our calculations. Each atom was struc-
turally relaxed until the forces were reduced to less than 0.01 eV/Å. 
During the electronic iteration, an energy convergence criterion of 10− 6 

eV per atom was employed, utilizing a Gaussian smearing method with a 
width of 0.05 eV. At the beginning, initial crystal structures were ob-
tained from the Materials Project [27]. To model the random S/Se 
occupation in the disordered crystal structure, SQS [28,29] models were 
generated using the mcsqs code implemented in the Alloy Theoretic 
Automated Toolkit (ATAT) [30–33]. To simulate plausible random 
configurations, unit cells of conventional monoclinic structure (space 
group: Pm). Were generated at concentrations of x = 0.25, 0.50, and 
0.75.

During the geometry optimization of the crystal structures, atomic 
positions, cell shape, and cell volume were relaxed, and all structures 
were found to be non-magnetic. Following relaxation, high-precision 
static calculations were conducted to accurately determine the 
ground-state energies of the reactants and products, which were then 
used to calculate the formation energy. The formation energy per for-
mula unit of Sb2(SxSe1-x)3 is calculated as [17,34,35]: 

ΔEf =E[Sb2(SxSe1− x)3] − 2[ESb] − 3[x Es +(1 − x) ESe], (1) 

where ESb, Es and ESe are the ground-state energies of antimony, sulfur 
and selenium (space group: R 3 m), (space group: P21), (space group: 
P21/c) respectively.

The elastic constants were calculated by employing strained super-
cells, where the Hessian matrices of the directional second derivatives of 
energy with respect to cell distortions were computed using finite dif-
ference methods [36]. For each structure, the average bulk modulus (B) 
and shear modulus (G) were determined from the elastic tensor (Cij) 
using the Voigt-Reuss-Hill averaging method [37–42]. Pugh’s ratio and 
Vickers hardness were calculated following the approaches outlined by 
Pugh [41,43–45], and Tian et al. [34,46–49] as: 

k=G/B and HV = 0.92k1.137G0.708, respectively. (2) 

The mechanical stability of each structure in the orthorhombic 

crystal system was evaluated by ensuring the positive definiteness of 
elastic constants Cij, in accordance with the established mechanical 
stability criterion [41,50,51] as: 

C11 > 0,C22 > 0,C33 > 0,C44 > 0,C55 > 0,C66 > 0, [C11 +C22 +C33

+2(C12 +C13 +C23)]> 0, (C11 +C22 − 2C12)

> 0, (C11 +C33 − 2C13) > 0, (C22 +C33 − 2C23) > 0.
(3) 

For the intermediate members with a monoclinic crystal structure, 
the mechanical stability was assessed using the corresponding me-
chanical stability criteria for monoclinic systems. 

C11 > 0,C22 > 0,C33 > 0,C44 > 0,C55 > 0,C66 > 0, [C11 +C22

+C33 +2(C12 +C13 +C23)]> 0,
(
C33C55 − C2

13
)

> 0,
(
C44C66 – C2

24
)
> 0, (C22 +C33 − 2C23) > 0.

(4) 

The electronic band gaps of solid state semiconductor materials are 
typically underestimated by the GGA exchange-correlation functional 
[52]. Therefore, to achieve more accurate band gap predictions, we 
implemented the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional 
[53,54], which incorporates 25 % exact exchange from Hartree-Fock 
theory and 75 % exchange-correlation from the GGA functional. In the 
context of semiconductors and insulators, the HSE06 hybrid functional 
has demonstrated greater accuracy in predicting experimental results 
compared to standard GGA functionals.

Using the GGA functional, we computed the electronic density of 
states (DOS) and band structure, while the frequency-dependent com-
plex dielectric function (ε1 +iε2) for Sb2(SxSe1-x)3 alloys was calculated 
using HSE06 functional [55]. The absorption coefficient (α) and the 
reflectivity (r) [56–58] were derived as: 

α =
4πk

λ
and r =

(n − 1)2
+ k2

(n + 1)2
+ k2

, respectively; (5) 

where  

extinction coefficient, k =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε2

1 + ε2
2

√
− ε1

2

√

, refractive index,

n=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε2

1 + ε2
2

√
+ ε1

2

√

,

(6) 

and λ is the wavelength of the photon [59,60].
The effective masses (m*) of holes (m*

h = mh/mo) and electrons (m*
e =

me/mo) were calculated from the band structure calculations using the 
sumo-bandstats scripts available in Sumo software [61], where mh rep-
resents the mass of a hole in the lattice, me represents the mass of an 
electron in the lattice, and mo is the electron rest mass.

To gain further insights into the chemical bonding, we performed 
crystal orbital Hamilton population (COHP) using the Local-Orbital 
Basis Suite Toward Electric-structure Reconstruction (LOBSTER) pack-
age [24,47,62–66]. Additionally, to analyze the charge transfer during 
the formation of the compound, we calculated the effective charges on 
each chemical species through Bader analysis [67–71]. To investigate 
the phonon behavior within the crystal, we used the Phonopy [72] 
package to compute the phonon density of states (DOS) for Sb2(SxSe1-x)3 
alloys.

3. Results

3.1. Structural and energetic properties

The end members: Sb2Se3 and Sb2S3, and the alloys of Sb2(SxSe1-x)3 
have been mostly studied experimentally in orthorhombic crystal 
structure [1,2,9,10,73,74]. In our study, we chose the SQS [28] 
approach, consisting of 20 atoms, to model the intermediate composi-
tions of the Sb2(SxSe1-x)3 alloys. This cell size provides a balance 
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between computational feasibility and accuracy, capturing overall 
trends without the artificial periodicity present in smaller cells, as sup-
ported by prior studies [75,76] on disordered systems. The lattice con-
stants presented in Table 1 show a deviation from Vegard’s law [77] and 
indicate a structural phase separation across the alloy system. A similar 
non-linear trend has been reported for the GaSe1-xTex and Ga1-xInxSe 
alloys by Rak et al. [78], due to atomic size mismatch between dopants 
(In and Te) and host atoms, and a phase separation in the composition 
range 0.26 < x < 0.60 in GaSe1-xTex from hexagonal (GaSe) to mono-
clinic (GaTe) [79]. In our alloy system, the end members exhibit an 
orthorhombic crystal structure (space group: Pnma), while the inter-
mediate compositions adopt a monoclinic one (space group: Pm), 
characterized by lattice angles of 89.7◦, 90◦, and 90◦.

Table 1 displays the equilibrium lattice constants and formation 
energies per formula unit for the Sb2(SxSe1-x)3 alloy system, calculated 
using the GGA functional. No magnetic properties were observed for the 
Sb2(SxSe1-x)3 alloys. Our computed lattice constants using the GGA 
functional closely align with the experimental results [1,73]. The for-
mation energy of Sb2Se3 is significantly more negative (– 4.53 eV) 
compared to that of intermediate alloys and Sb2S3, which exhibit values 
around − 1.23 to − 1.24 eV. This trend indicates that the incorporation of 
sulfur (S) into Sb2Se3 reduces the stability of the resulting compounds. 
The observed changes in lattice constants and formation energies sug-
gest that alloying with S induces a structural separation in the 
Sb2(SxSe1-x)3 alloys.

3.2. Mechanical properties

Table S2 and Table S3 provide the values of the elastic and me-
chanical properties for the Sb2(SxSe1-x)3 alloys, including elastic stiffness 
constants (Cij), mechanical stability, bulk modulus (B), shear modulus 
(G), Pugh’s ratio (κ), Vickers hardness (Hv), and Young’s modulus (Y), 
calculated using the GGA functional. According to the criteria for me-
chanical stability [50], all members of the Sb2(SxSe1-x)3 alloys are me-
chanically stable, except for the composition with x = 0.25. The values 
of the elastic tensors (Cij) for Sb2(SxSe1-x)3 do not exhibit any monotonic 
trend with respect to x, a pattern that is similarly reflected in the derived 
mechanical properties. The bulk modulus is similar across the interme-
diate compositions of Sb2(SxSe1-x)3 alloy system, specifically at x = 0.25, 
x = 0.50, and x = 0.75. Moreover, lower formation energies (e.g., – 4.53 
eV for Sb2Se3, Table 1) correspond to higher Vickers hardness values (e. 
g., 2.66 GPa, Table S3), indicating a balance between stability and 
mechanical strength. The calculated values of κ determine whether the 
material is ductile (κ ≤ 0.57) or brittle (κ > 0.57) [46,80–83]. Our study 
shows that all compositions are ductile in nature and mechanically soft, 
as presented in Table S3. These values of mechanical properties serve as 
predictions for future experimental studies.

3.3. Vibrational properties

Fig. 1 displays the phonon total density of states (TDOS) for the 
members of the Sb2(SxSe1-x)3 calculated using the GGA functional. All 
members are dynamically stable, as no phonon TDOS appears in the 
negative frequency region, which would indicate vibrational instability. 
The phonon TDOS for all compositions is distributed within the fre-
quency range of approximately 0–10 THz. The end members (x = 0.00 
and x = 1.00) exhibit relatively higher peak intensities compared to the 
intermediate compositions. As the composition varies from x = 0.00 to x 
= 1.00, both the peak positions and their intensities shift. However, for 
x = 0.25 and x = 0.50, the phonon TDOS patterns remain similar, sug-
gesting consistent vibrational activity within this range. A gradual 
transition in vibrational properties is observed as S content increases. 
The overall TDOS remains stable and is verified experimentally. Phonon- 
phonon interactions at higher temperatures could facilitate experi-
mental validation, as the current DFT calculations are conducted at 0 K 
[84]. To provide a more complete representation of the thermal prop-
erties of Sb2(SxSe1-x)3 alloys, Table S6 is presented in the supplementary 
section.

3.4. Electronic properties

Fig. 2 illustrates the local density of states (LDOS) for Sb2(SxSe1-x)3 
alloys, computed using the GGA functional. The band gaps are presented 
in Table 2, which shows a linear increase from 1.06 eV to 1.78 eV as x 
increases from 0.00 to 1.00. Antimony (Sb) exhibits a relatively 
consistent LDOS across all concentrations (panels (a), (b), (c), (d), and 
(e)), with peaks appearing both below and above the Fermi level. As the 
S concentration increases, its contribution to the LDOS also rises, with S 
dominating at x = 1.00.

At x = 0.25 and x = 0.50, there is a noticeable transition where the 
contributions of S and Selenium (Se) become more balanced, with both 
elements showing peaks in similar energy ranges. As the concentration 
of S increases, the energy levels of the states shift. This shift is observable 
as the peaks in the LDOS plot move to different energy levels, indicating 

Table 1 
Lattice constants of alloy Sb2(SxSe1-x)3 along with their formation energies, 
calculated using the GGA functional. The formation energy is given per formula 
unit. Values from the literature are listed where available.

Material Space 
Group

Lattice Constants (Å) Formation 
Energy (eV)

a b c

Sb2Se3 Pnma 3.96, 
3.98a, 
3.97b

11.21, 
11.63a, 
11.64b

11.51, 
11.78a, 
11.78b

− 4.53

Sb2(S0.25Se0.75)3 Pm 3.99 11.16 12.69 − 1.23
Sb2(S0.50Se0.50)3 Pm 3.95 11.35 12.60 − 1.24
Sb2(S0.75Se0.25)3 Pm 3.91 11.31 12.36 − 1.24
Sb2S3 Pnma 3.87, 

3.84a, 
3.84b

11.23, 
11.23a, 
11.25b

12.13, 
11.31a

,11.32b

− 1.23

a Experimental Ref. [73].
b Experimental Ref. [1].

Fig. 1. Comparison of the phonon total density of states (TDOS) for vibra-
tionally stable Sb2(SxSe1-x)3 alloys at compositions x = 0.00, 0.25, 0.50, 0.75, 
and 1.00, shown in panels (a–e), respectively. The vertical dashed line at 0 THz 
indicates the zero-frequency reference.
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changes in the material’s electronic structure. These variations in LDOS 
with different concentrations suggest that the electronic properties can 
be tuned by adjusting the S to Se ratio. This tunability is crucial for 
optimizing the material for specific electronic or optoelectronic 
applications.

To further elucidate these results, we have computed the bonding 
information using the crystal orbital Hamilton population (COHP) 
method, which is effective for analyzing bonding. Interactions based on 
wave functions or electron densities [63,85]. Specifically, we calculated 
the negative of the projected COHP (-pCOHP) using GGA, as shown in 
Fig. 3. In the -pCOHP analysis, a positive value indicates bonding in-
teractions, a negative value indicates antibonding interactions, and a 
value of zero corresponds to non-bonding interactions. These calcula-
tions account for all interactions between nearest neighbors. For Sb-Se 
interactions (red lines), bonding states dominate at lower sulfur con-
centrations (x = 0.00 and 0.25), with notable bonding peaks below the 
valence band maximum (VBM). As energy increases, antibonding states 
become more prominent. For Sb-S interactions (blue lines), bonding 

states increase with rising sulfur concentration, with significant bonding 
peaks observed at x > 0.25. At x = 0.50, there is a balance between Sb-Se 
and Sb-S interactions, with noticeable contributions from both. At 
higher S concentrations (x = 0.75 and 1.00), Sb-S interactions clearly 
dominate, indicating that S substitution significantly alters the alloy’s 
bonding characteristics. The shifting -pCOHP peaks suggest that the 
electronic structure and bonding characteristics of Sb2(SxSe1-x)3 can be 
tuned by varying the S concentration, highlighting the potential for 
optimizing the materials properties for specific applications.

The integration of the crystal orbital Hamilton population (iCOHP) 
up to the Fermi level gives an indication of the bond strength between 
two atoms. A higher value indicates weaker bond strength and vice 
versa. The iCOHP values, in eV, are − 1.16, − 1.34, − 1.22, − 1.24 and 
− 1.25 for x = 0.00, 0.25, 0.50, 0.75, and 1.00 respectively. The highest 
value is observed for pure Sb2Se3 (x = 0.00), and as x increases, the 
iCOHP becomes almost constant for x = 0.50, 0.75, and 1.00. This trend 
is further supported by the formation energy values in Table 1. There-
fore, both the iCOHP values and formation energy exhibit a similar trend 
with increasing x, except for x = 0.00 and x = 0.25.

Table S1 shows the charge distribution for Sb, S, and Se in various 
compositions of the Sb2(SxSe1-x)3 alloy system. The values are derived 
from Bader charge partitioning analysis using the GGA functional. We 
define charge transfer as the amount of negative charge, in terms of 
elementary electronic charge (-e). The results show that charge transfer 
varies across the alloys. The magnitude of this variation is largely 
dependent on the compound. Both S and Se display a consistently nar-
row range of charge transfer values across all compositions of the alloy, 
while Sb shows slight variations ranging from 0.88 e in Sb2Se3 to 1.18 e 
in Sb2S3 as x varies in the alloy. The electronegativities of Sb, S, and Se 
are 1.82 e, 2.44 e, and 2.48 e respectively, based on electrostatic force 
calculated by Allred et al. [86], which explains the observed charge 
transfer trends and bonding behavior. The range of charge transfer is 
directly related to variations in bond lengths and angles. Therefore, we 
conclude that the charge transfer and crystal structure are closely linked.

Fig. 2. Local density of states (LDOS) for the Sb2(SxSe1-x)3 alloy system at 
concentrations x = 0.00, 0.25, 0.50, 0.75, and 1.00, presented in panels (a–e), 
respectively. The Fermi level is set at 0 eV.

Table 2 
Bandgaps of Sb2(SxSe1-x)3 calculated using the GGA and HSE06 functional. 
Values from the literature are listed where available.

Material Space Group Bandgap (eV), Indirect

GGA HSE06

Sb2Se3 Pnma 1.06, 1.1a, 1.1b, 1.1c, 1.06d, 1.1e 1.39
Sb2(S0.25Se0.75)3 Pm 1.24 1.43
Sb2(S0.50Se0.50)3 Pm 1.32 1.49
Sb2(S0.75Se0.25)3 Pm 1.40 1.56
Sb2S3 Pnma 1.78, 1.8a, 1.7b, 1.7c, 1.88e,1.74f 1.89

a Experimental Ref. [10].
b Experimental Ref. [2].
c Experimental Ref. [9].
d Theoretical Ref. [95].
e Experimental Ref. [74].
f Experimental Ref. [96].

Fig. 3. The negative projected Crystal Orbital Hamilton Populations (-pCOHP) 
as a function of energy for alloys Sb2(SxSe1-x)3 at different concentrations (x =
0.00, 0.25, 0.50, 0.75, and 1.00), presented in panels (a, b, c, d, e), respectively. 
Positive and negative values of -pCOHP correspond to bonding and antibonding 
interactions respectively. The Fermi level is set at 0 eV.
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To further characterize the electronic properties of the alloys, we 
examine the electronic band structure. The band gap values for inter-
mediate compositions were computed using the SQS [28] approach and 
were found to deviate from Vegard’s law, resulting in band gap bowing. 
This deviation arises from the incorporation of sulfur, which induces 
local structural distortions and bonding asymmetry during alloying. 
Sandu et al. [87] applied SQS-generated structures to study the ZnTex-

Se1-x alloy system and reported excellent agreement between SQS-based 
predictions and experimental bowing parameters. The calculated band 
gaps compared to experimental data are listed in Table 2. All band gap 
values are indirect in nature. The results show that the GGA approxi-
mation provides a reasonable estimate for Sb2(SxSe1-x)3, comparing well 
with experimental values for end members [8–12]. It also shows a small 
deviation from the hybrid HSE06 functional. Fig. 4 displays the calcu-
lated band gaps. We observe that there is a linear trend in the band gap 
(y) for this alloy system as the concentration (x) increases. The equation 
for the best-fit linear plot is given by: 

y=(0.6388 x+1.0399) eV.

Table S4 provides both average electron and hole effective masses 
across all five members of the Sb2(SxSe1-x)3 alloy system, calculated 
along different k-points paths. Fig. 5 illustrates these effective masses. 
Both electron and hole effective masses exhibit non-linear behavior with 
respect to sulfur concentration, indicating complex interactions within 
the material’s electronic structure as the composition changes. The 
presence of peaks and troughs suggests that there are optimal compo-
sitions for minimizing or maximizing the effective mass, which could be 
crucial for tuning the electronic properties for specific applications. The 
effective mass for electrons reaches a minimum around x ≈ 0.15, while 
for holes, the minimum occurs around x ≈ 0.25, and increases towards 
the end members. Understanding these trends is essential for the design 
of optoelectronic devices, where effective mass plays a significant role in 
determining carrier mobility and, consequently, the performance of 
devices such as solar cells and photodetectors.

The electronic band structure for all five members of the Sb2(SxSe1- 

x)3 alloy system, calculated along high-symmetry lines, is shown in 
Fig. 6. Each panel (a, b, c, d, e) represents the band structure for a 

Fig. 4. Variation of the band gap (GGA) with compositions (x) in Sb2(SxSe1-x)3 
alloys. Blue dots indicate the calculated data points, and the green dashed line 
represents the best-fit linear trend.

Fig. 5. Effective carrier masses for concentrations (x) in Sb2(SxSe1-x)3 alloys. 
Electron effective masses (blue cubic spline curve) and hole effective masses 
(red cubic spline curve) are normalized to m0 − the electron rest mass. Blue 
circles and red squares represent the data points, calculated as the arithmetic 
mean of the electron and hole masses, respectively.

Fig. 6. The electronic band structures for the alloys Sb2(SxSe1-x)3 at the con-
centrations (x = 0.00, 0.25, 0.50, 0.75, and 1.00), presented in panels (a, b, c, d, 
e) respectively. The red and blue dots mark the valence band maximum (VBM) 
and conduction band minimum (CBM), respectively.
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different alloy composition. The fundamental band gap was calculated 
using the GGA functional for different concentrations (x = 0.00, 0.25, 
0.50, 0.75, and 1.00). Table S5 displays the valence band maximum 
(VBM), conduction band minimum (CBM), band gaps, and their 
respective k-point locations. For the end members, the band gap occurs 
between the paths from Γ to Y. The smallest value is 1.06 eV for Sb2Se3, 
and the highest is 1.78 eV for Sb2S3. The intermediate values lie between 
these limits. Hence, the band gap of Sb2(SxSe1-x)3 can be tuned within 
the range of 1.1–1.7 eV.

3.5. Optical properties

Fig. 7 displays the plots of absorption coefficient and reflectivity 
versus photon energy in the range of 0–3.5 eV, for all five members of 
the Sb2(SxSe1-x)3 alloy system. For comparison, the spectral irradiance of 
the Air Mass 1.5 Global solar spectrum is also plotted alongside the 
absorption coefficient and reflectivity [88]. The absorption coefficient 
increases with photon energy for all members, showing a significant rise 
in the visible region beginning near the band gaps. The calculated ab-
sorption onset for the alloy system lies within the optimal range of 
1.2–1.5 eV, comparable to the bandgap of CdTe (~1.48 eV) [89,90]. The 
absorption coefficients, on the order of 105 cm− 1 near the absorption 
edge, are like those of CdTe and CIGS, suggests that thin-film absorber 
layers are feasible [35,91–93]. Furthermore, in more complex alloys, 
DFT studies on novel Sr2UXO6 (X = Mn, Zn) double perovskites also 
demonstrated strong optoelectronic potential due to their high absorp-
tion capabilities [94].

The reflectivity of Sb2(SxSe1-x)3 exhibits a clear dependence on the 
sulfur content (x) across the 0–3.5 eV photon energy range. As x in-
creases from 0 (Sb2Se3) to 1 (Sb2S3), the reflectivity generally decreases, 
particularly noticeable at lower energy values (0–1.5 eV). For x = 0, it is 
highest across the entire energy range, while for x = 1, it is lowest and 
increases more gradually with energy. The intermediate compositions 
(x = 0.25, 0.50, 0.75) exhibit values between those of the end members 
(x = 0.00 and x = 1.00). Hence, given its absorption coefficient and 

reflectivity, this alloy system is a suitable candidate for the absorber 
layer in solar cells. To provide a more complete representation of the 
optical properties, the complex dielectric function and refractive index 
are presented as Fig. S4 and S5 in the Supplementary section.

4. Conclusion

We have computationally studied the structural, energetic, me-
chanical, vibrational, electronic, and optical properties of the Sb2(SxSe1- 

x)3 alloy system utilizing DFT and beyond. Most of our results are pre-
dictive in nature, as there is no experimental work on the intermediate 
members of this alloy system. We observed variations in lattice constants 
and formation energies across all alloy members of Sb2(SxSe1-x)3 (for x =
0.00, 0.25, 0.50, 0.75, and 1.00). The end members exhibit an ortho-
rhombic crystal system, while the intermediate compositions display 
monoclinic symmetry. The intermediate alloys have similar bulk 
modulus (B) values. Except for x = 0.25, all members of this alloy system 
are mechanically stable. Furthermore, all members of this alloy system 
are vibrationally stable. The band gap increases linearly with increasing 
sulfur concentration. The average electron effective masses are an order 
of magnitude higher than the hole effective masses, except for x = 1.00. 
Moreover, the alloy system’s high absorption coefficient, low reflectiv-
ity, and optimal band gap range make all five members ideal for solar 
cell applications.
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Fig. 7. (a) Absorption coefficient (α) and (b) reflectivity for Sb2(SxSe1-x)3 alloys 
at concentrations of x = 0.00, 0.25, 0.50, 0.75, and 1.00, corresponding to the 
left-hand axes. They overlay the AM 1.5G spectral irradiance [88], shown in 
gray, of which the scales are on the right-hand axes. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.)

M. Sitaula et al.                                                                                                                                                                                                                                 Computational Condensed Matter 44 (2025) e01103 

6 



The calculations for this research were conducted at the University of 
Toledo computing clusters.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cocom.2025.e01103.
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