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1. Introduction 
The PV equipment and materials may be utilized to transform solar energy into electrical energy. One single 
cell makes up a photovoltaic (PV) device. Photovoltaic (PV) cells are typically quite small and have a limited 
power output. Usually built of a variety of semiconductor materials, these phones have a thickness of less 
than four human hairs. To ensure that they can endure the environment for a long time, cells are encased 
in a combination of polymers and/or glass and placed between two layers of protection. To increase the 
amount of electricity that PV cells can generate, they are often joined to larger units called modules or 
boards. Modules can be combined with other modules or used alone to create arrays. Building a PV system 
from scratch ends with connecting one or more arrays to the local electricity grid. Because of its modular 
construction, photovoltaic (PV) systems may be created regardless of the demand for power. 
Recently chalcopyrite semiconductors, such as CuInSe2 (CIS), Cu2ZnSnS4 (CZTS) (Hafizur Rahman Alve, 
Mrinmoy Dey, et al. 2024), CuSbS2 (Bhattacharjee et al. 2023), CuSbSe2 (Hafizur Rahman Alve, Saiful Islam, 
et al. 2024), CuGaSe2 (CGS) have drawn a lot of interest as promising and cutting-edge options for high-
efficiency thin-film solar cell applications. For several reasons, researchers are looking at chalcostibite 
(CuSbS2), a ternary I-V-VI2 chalcogenide (Asafu-Adjaye 2000), that is comparatively unknown, as a 
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possible photo-absorber (Koroneos, Spachos, and Moussiopoulos 2003). According to both theoretical 
and experimental estimates, CuSbS2 has a straight band gap between 1.38 and 1.5 eV, making it perfect for 
absorber layers (Zhou et al. 2009). Around 104 cm-1 is its absorption coefficient at 1.5 eV (Rodriguez-
Lazcano, Nair, and Nair 2001) band gap energy. CuSbS2 has large dielectric constant, high hole mobility, 
and straightforward composition make it a potential absorber. Furthermore, the components that make up 
CuSbS2 are widely available, reasonably priced, and non-toxic. CuSbS2 is a non-toxic substitute for CZTS 
and CIGS since it is readily available. A variety of direct and indirect approaches, including physical and 
chemical procedures including thermal evaporation, co-sputtering, and also spin coating, have been used 
by researchers to synthesis copper antimony sulfide (CuSbS2), yielding a range of characteristics. 
The theoretical efficiency range of advanced heterojunction and multi-junction photovoltaic concepts can 
be high under idealized conditions(Martí and Luque 2015); however, such values cannot be directly applied 
to a single simulated CuSbS2 absorber without careful consideration of optical absorption limits, 
recombination pathways, and device physics. Therefore, in this work the high simulated output of the 
proposed dual-heterojunction structure is interpreted as an upper-bound numerical result under the 
selected SCAPS-1D assumptions, not as an experimentally verified efficiency. Using ferroelectric materials 
as the back-surface layer, this study aims to evaluate whether a CuSbS2-based device can be improved by 
rear-interface engineering and BSF-assisted carrier selectivity. 
In order to determine the ideal window layer structure, we examine the performance of ZnSe window layers 
with different thicknesses. As a back surface field (BSF) layer, we used ferroelectric materials BTO, BFO, 
and BMO, and we assessed their performance according to thickness. For all these ferroelectric materials, 
we built dual-heterojunction solar cells, and the structure with the best power conversion efficiency (PCE) 
was n-ZnSe/p-CuSbS2/p+-BMO. 
 

2. Modeling and Simulation 
The simulation was performed using SCAPS-1D and literature-based physical parameters. Numerical 
simulations were carried out under AM1.5G illumination with an incident power density of 100 mW/cm2 
at 300 K. Series and shunt resistances were included using the optimized values defined in the simulation 
setup. Bulk donor and acceptor defects were represented using Gaussian distributions, and interface-related 
defects were considered where applicable. In the original model, radiative recombination was not explicitly 
included; in the revised interpretation, this assumption is identified as a limitation because omission of 
radiative and other recombination pathways can lead to optimistic performance values. Therefore, the high 
PCE reported for the optimized structure should be understood as an idealized simulated upper-limit case 
that requires further validation using a more complete recombination model including radiative, Auger, and 
experimentally measured defect-assisted recombination parameters. 
The simulated schematic design of the dual-heterojunction n-ZnSe/p-CuSbS2/p+-BMO cell is shown in 
Figure 1. Nickel (Ni) acts as the back contact in this structure. Incoming light first passes through the ZnSe 
window layer and is mainly absorbed in the CuSbS2 absorber, while the BMO rear layer is modeled as a 
p+-type BSF/hole-selective layer that modifies rear-interface energetics and may contribute to the 
simulated long-wavelength response only under the assumed material and defect parameters. CuSbS2 has 
an ionization potential of 5.45 eV and an electron affinity of 4.05 eV, whereas ZnSe has an ionization 
potential of 6.79 eV(Sayeed and Khaled Rouf 2019). Because of this alignment, ZnSe can form the front 
p-n heterojunction with CuSbS2. For consistency with Table 1 and the simulation input, BMO is treated 
with a bandgap of 1.2 eV and electron affinity of 3.75 eV, enabling a p-p+ rear heterojunction with CuSbS2. 
This rear junction supports hole extraction and reduces rear-interface recombination in the idealized model. 
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Figure 1 Proposed structure of CuSbS2 solar cell. 

 
Table 1 Electrical parameter of different layers for simulation in SCAPS 

Material Properties ZnSe (Saha 
et al. 2023) 

CuSbS2 
(Bhattacharjee 

et al. 2023) 

BMO 
(Branković et 

al. 2010) 

BFO (Kumar, 
Saini, and 

Soam 2025) 

BTO 
(Deng et 
al. 2026) 

Thickness (µm) 0.05 0.8 0.2 0.2 0.2 
Bandgap, Eg (eV) 2.7 1.45 1.2 2.26 1.67 

Electron affinity (eV) 4.09 4.05 3.75 3.3 3.8 
Dielectric permittivity 9.2 12 18.5 156 18.5 

Nc (cm3) 1.5×1018 1.23×1020 1.0×1016 1.0×1016 1.0×1016 
Nv (cm3) 1.8×1019 1.78×1020 1.0×1017 1.0×1017 1.0×1017 

µe (cm2/Vs) 50 4 180 200 100 
µh (cm2/Vs) 20 4 80 40 25 

Na (cm-3) 0 5×1015 7.5×1019 7.5×1019 7.5×1019 
Nd (cm-3) 1×1018 0 0 0 0 

Type of defect Acceptor Donor Neutral Neutral Neutral 
Distribution Gaussian Gaussian single Single Single 
Nt [eV-1cm-3] 5.642 ×1013 5.642 ×1013 1×1014 1×1014 1×1014 

Reference Energy [eV] 1.350 0.650 0.6 0.6 0.6 

3. Results and Discussion 
3.1 Impact of Window Layers on Cell Performance 

The ZnSe window layer generally has a range of ideal thicknesses that maximize solar cell conversion 
efficiency. A compromise between carrier collection and light transmission determines the ideal thickness. 
In order to successfully capture photogenerated carriers and ensure low carrier recombination as well as 
maximal current extraction, it should be thick enough. It should not, however, be very thick since this may 
prevent light from reaching the absorber layer, lowering the quantity of incoming light that can be absorbed 
and resulting in less photo-current production (Mahmood and Shah 2012). The conversion ability of a thin 
film solar cell may be altered by changing the thickness of the ZnSe window layer. This is essential for 
aiding effective carrier collection, lowering recombination losses, and improving the solar cell's overall 
efficiency (Ferekides et al. 2000).  
Figure 2 shows the thickness variation of ZnSe window layer. The ZnSe window layer generally has a range 
of ideal thicknesses that maximize solar cell conversion efficiency. By varying thickness of ZnSe window 
layer from 0 to 200 nm, we observed almost constant value of Voc & FF. On the other hand, the value of 
Jsc increased. As a result, efficiency increased from 26.48 % to 29.47%. A compromise between carrier 
collection and light transmission determines the ideal thickness. To successfully capture photon generated 
carriers and ensure low carrier recombination as well as maximal current extraction, it should be thick 
enough. It should not, however, be very thick since this may prevent light from reaching the absorber layer, 
lowering the quantity of incoming light that can be absorbed and resulting in less photocurrent production. 
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Figure 2 Thickness variation of ZnSe 

 

3.2 Impact of BSF Layers on Cell Performance 

At the solar cell's back surface, the BSF layer serves as a barrier to stop carrier recombination. By properly 
separating the photon generated electrons and holes in an area of high electric field, it decreases the 
likelihood of them being recombined and lengthens their lifespan. The BSF layer aids in maximizing the 
solar cell's total conversion efficiency by reducing carrier recombination (Borse, Chavhan, and Sharma 
2007). 
Through the creation of a stronger electric field close to the back surface, the BSF layer improves carrier 
collecting. This field directs the photon generated carriers towards the direction of contacts, enabling 
effective extraction. A greater photocurrent results from better carrier collection, which boosts the solar 
cell's overall performance. We use   Bismuth manganite (BiMnO3 or BMO) Ferroelectric materials as BSF 
layer. It’s a complex oxide that has been investigated for a variety of applications, including its potential as 
a bottom Surface Field (BSF) coating in thin film solar cells. Although the use of BMO as a BSF coating 
in thin-film solar cells has not been studied as extensively as other materials, it has been utilized (Islam 
Sakib, Ahmed, and Dhar 2023). 

3.3 Thickness Variation of BFO 

The thickness of the Bismuth Ferrite (BFO) layer in a thin film solar cell can affect its performance, 
particularly conversion efficiency. The thickness of the BFO layer has an effect on the production and 
density of faults in the film. Thicker layers may be more susceptible to flaws like grain boundaries or 
fissures, which can impair carrier movement and raise recombination rates. Controlling the thickness can 
aid in the optimization of film quality and the reduction of defect-related losses (Kumar et al. 2025).  
Figure 3 shows the comparison of thickness of BFO BSF layer from 0 to 400 nm, we observed almost 
constant value of Voc at 1.25V as well AS FF at 83.21% and also Jsc  at 39.4 (mA/cm2).  As a result, the 
efficiency was almost same as 41.00% for all thickness. 
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Figure 3 Thickness comparison of BFO BSF layer 

 

3.4 Thickness Variation of BTO 

The thickness of the Barium Titanate (BTO) layer in a thin film solar cell can affect device performance, 
particularly conversion efficiency. The effectiveness of the BTO layer to absorb light is affected by its 
thickness. Thicker BTO layers may absorb more photons, allowing the solar cell to absorb more light. 
Excessively thick layers, on the other hand, may impede light penetration into the underlying layers, 
lowering total photon absorption and potentially lowering conversion efficiency (Deng et al. 2026). 
Figure 4 shows the thickness variation of the BTO BSF layer from 0 to 400 nm. After rechecking the 
reported values, the BTO-based device is described consistently with the comparative BSF table: Voc is 
approximately 1.249 V, Jsc is approximately 39.507 mA/cm2, FF is approximately 83.08%, and PCE is 
approximately 41.01%. The response remains nearly unchanged with thickness within the investigated 
range, indicating that BTO provides a stable, but lower-performing BSF effect compared with BMO under 
the selected simulation parameters. 

3.5 Thickness Variation of BMO 

The performance of a thin film solar cell, particularly the conversion efficiency, can be affected by changing 
the thickness of the Bismuth Manganite (BMO) layer. The accumulation of photogenerated carriers is 
influenced by the BMO layer's thickness. Shorter carrier collection paths can be provided by thinner layers, 
lowering the chance of transporter recombination and increasing the effectiveness of charge collection. On 
the other side, larger layers can result in longer carrier transport pathways, raising the chance of carrier 
recombination and decreasing the effectiveness of charge collection (Islam Sakib et al. 2023). 
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Figure 4 Thickness comparison of BTO BSF layer 

 
Figure 5 shows the variation of BMO BSF-layer thickness from 0 to 200 nm. The values of Voc and FF 
remain nearly stable, while Jsc increases gradually with BMO thickness. As a result, the simulated efficiency 
increases from 45.58% to 48.96%. The 200 nm BMO thickness was selected as the optimized value in this 
numerical study. However, because the resulting PCE and Jsc are very high for a CuSbS2-based device, the 
result is interpreted as an idealized upper-limit simulation outcome dependent on the assumed BMO 
parameters, rear-interface defect settings, and recombination model. 

Table 2 Comparison of performance of different BSF layers 

BSF Layer Voc  (V) Jsc (mA/cm2) FF (%) PCE (%) 

BFO 1.249 39.502 83.07 41.00 

BTO 1.249 39.507 83.08 41.01 

      BMO     1.257        46.819        83.21        48.96 

 
BMO possesses ferroelectric, magnetic, and multiferroic properties, which may support improved carrier 
separation and rear-interface selectivity in an idealized device model. In the revised interpretation, these 
properties are not treated as direct proof of experimentally confirmed up-conversion. Instead, the BMO 
layer is considered a rear BSF/hole-selective layer whose assumed bandgap, electron affinity, doping 
density, and defect-state distribution influence band alignment, carrier transport, and recombination. Any 
contribution from tail states or extended spectral response must therefore be regarded as model-dependent 
and require further validation by detailed optical modeling and experimental measurement.  
Figure 6 illustrates the change in BMO doping concentration from 1010 cm-3 to 1021 cm-3. The optimized 
BMO-based structure gives approximately Voc = 1.257 V, Jsc = 46.819 mA/cm2, FF = 83.21%, and PCE 
= 48.96%. The previously reported FF inconsistency has been corrected. The simulation indicates that 
BMO gives the highest PCE among the investigated BSF layers, but this value should be interpreted 
cautiously because the model uses idealized rear-layer and recombination assumptions. 
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Figure 5 Thickness comparison of BMO BSF layer 

 

 
Figure 6 Doping Concentration Variation of BMO BSF layer. 

3.6 Variation of Defect Density 

The defect-density sweep was performed from 1011 cm-3 to 1019 cm-3 while maintaining the optimized layer 
thicknesses. The results show that the device output is relatively stable at lower defect densities but 
deteriorates when defect density becomes high, mainly because increased trap-assisted recombination 
reduces carrier lifetime and junction quality. For the optimized case, the representative parameters are Voc 
= 1.248 V, Jsc = 46.7 mA/cm2, FF = 83.25%, and PCE close to 48.96%. Because the final performance is 
strongly affected by the selected defect density, experimentally measured defect parameters should be used 
in future validation studies. 
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Figure 7 Variation of Defect Density for CuSbS2 Solar Cell 

3.7 Temperature variation’s impact on CuSbS2 solar cell 

Changes in operating temperature affect all major cell parameters. As temperature increases, reverse 
saturation current generally rises (Javed 2022), which reduces the open-circuit voltage and weakens device 
stability. Figure 8 shows the temperature response of the proposed structure from 300 K to 500 K. The 
computed temperature coefficient is approximately -0.065%/°C under the adopted model. This value 
indicates favorable thermal behavior in the simulation, but it should be validated using a more complete 
recombination model because temperature sensitivity can be underestimated when radiative, Auger, and 
realistic defect-assisted recombination pathways are simplified. 
 

 
Figure 8 Operating temperature's impact on cell performance. 
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3.8 J-V Curve Analysis 

A solar cell's performance is graphically represented by a JV (current density-voltage) curve. It gives 
important details regarding the cell's efficiency, fill factor, open-circuit voltage, and short-circuit current 
density by plotting the current density (J) versus the voltage (V).  
Figure 9 shows the J-V curve characteristics for the proposed cell structure. It can be seen from curve that 
with BSF, the proposed cell structure showing better performance than without BSF. 
 

 
Figure 9 Comparative study of J-V characteristics curve 

3.9 Quantum Efficiency of CuSbS2 solar cell 

The capacity of a solar cell to convert photons of different wavelengths into electrical current is measured 
by its quantum effectiveness, or QE. The QE spectrum of a CuSbS2 solar cell shows the percentage of 
photons that are absorbed and changed into charge carriers (electrons or holes) as a function of wavelength. 
 

 
Figure 10 Quantum Efficiency of CuSbS2 solar cell. 

 
Figure 10 shows that the quantum efficiency is high at wavelengths below approximately 800 nm, where 
photon absorption and carrier collection are strong. The curve also shows a simulated long-wavelength 
response beyond 1200 nm for the dual-heterojunction structure. In the revised manuscript, this response 
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is not presented as conclusive evidence of real photon up-conversion. SCAPS-1D does not by itself 
demonstrate a physical two-step up-conversion mechanism unless such a mechanism is explicitly defined 
through validated energy levels, defect distributions, optical absorption coefficients, and transition 
processes. Therefore, the extended QE response should be interpreted as a model-dependent outcome 
associated with the assumed BMO optical/defect parameters and rear-junction configuration. This 
limitation is important because the extended QE response directly affects the high simulated Jsc and PCE 
values. 

Table 3 Performance measurements for the cell with and without BSF 

 

3.10 Physical interpretation and modeling limitations of the high simulated performance 

The optimized n-ZnSe/p-CuSbS2/p+-BMO structure gives a high simulated PCE of 48.96% with Jsc = 
46.819 mA/cm2. This value is unusually high for a CuSbS2-based thin-film solar cell and is therefore treated 
as an idealized upper-bound result under the selected SCAPS-1D assumptions. The high current density is 
mainly linked to the modeled rear BMO layer and the extended simulated quantum-efficiency response. 
However, the present model does not provide a complete experimentally validated photon up-conversion 
mechanism. A rigorous demonstration would require an explicit energy-level diagram, transition pathways, 
governing equations, calibrated absorption coefficients, and defect/tail-state parameters. In addition, the 
omission of radiative recombination may artificially increase the simulated output. Consequently, the 
proposed structure should be understood as a promising numerical design concept that requires future 
validation using experimentally measured material parameters, full optical modeling, radiative and Auger 
recombination, and device fabrication. 
 

4. Conclusions 
ZnSe window layers and three different BSF layers were used in the simulation to compare and optimize the CuSbS2 
solar-cell structure. The results indicate that BSF engineering can improve carrier selectivity and rear-interface 
behavior. Among the investigated BSF materials, BMO produced the highest simulated performance, with the 
optimized n-ZnSe/p-CuSbS2/p+-BMO structure giving Voc = 1.257 V, Jsc = 46.819 mA/cm2, FF = 83.21%, and 
PCE = 48.96%. The BMO bandgap has been reported consistently as 1.2 eV in the revised manuscript, and all final 
photovoltaic parameters have been harmonized across the abstract, tables, and conclusion. However, the very high 
PCE and Jsc are interpreted as idealized numerical upper-limit results under the adopted SCAPS-1D assumptions. 
The extended QE response and any tail-state-related contribution require further theoretical and experimental 
validation. Future work should include complete recombination modeling, calibrated optical absorption data, 
experimentally measured defect parameters, and fabrication-based verification of the proposed dual-heterojunction 
structure. 
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