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A B S T R A C T

The long-standing dependence of Sb2Se3 thin-film photovoltaics on CdS buffer layers continues to hinder device 
scalability due to parasitic UV absorption and unfavorable interface band energy. In this work, a simulation- 
guided interfacial engineering strategy is established by replacing CdS with CdIn2S4 buffer layer. SCAPS-1D 
calculations demonstrate that CdIn2S4 simultaneously increases the built-in electric field and suppresses 
defect-mediated interfacial recombination, leading to a significant enhancement in the open-circuit voltage 
(from 0.48 to 0.77 V), short-circuit current density (from 30.87 to 34.18 mA⋅cm− 2), fill factor (from 67.8 to 
72.16%), and overall efficiency (from 10.12% to 19.06%). Mott–Schottky analysis reveals a substantial 
improvement in the depletion region with an elevated built-in potential (from 0.78 to 1.05 V), whereas 
impedance spectroscopy indicates reduced recombination resistance and enhanced carrier extraction dynamics. 
These electronic improvements are coupled with the optical benefits of CdIn2S4, whose wide bandgap (2.6 eV) 
reduces parasitic absorption and increases UV photon utilization. Furthermore, the material’s thermochemical 
formation pathway in spray pyrolysis, governed by thiourea-derived sulfur release, ensures defect-tolerant 
growth and chemical compatibility with Sb2Se3. This combined physicochemical–optoelectronic synergy posi
tions CdIn2S4 as a viable industrial alternative to CdS, offering a scalable pathway toward high-efficiency, 
environmentally friendly Sb2Se3 photovoltaics.

1. Introduction

With increasing concerns for climate change and the need to reduce 
greenhouse gas emissions, the focus on renewable energy sources, 
particularly solar energy, has grown significantly in recent years. Solar 
energy, as one of the most sustainable energy sources, offers numerous 
advantages in mitigating dependence on fossil fuels. One of the main 
challenges for the wider adoption of solar energy is the development of 
economically viable and efficient photovoltaic (PV) technologies. Thin- 
film solar cells, due to their low fabrication costs, compatibility with 
flexible substrates, and scalability for large-area production, have 
attracted considerable attention [1–5].

In recent years, Sb2Se3 has emerged as a promising absorber material 
for thin-film solar cells. This material offers key advantages such as one- 
dimensional ribbon-like structure, high carrier mobility, strong optical 
absorption (>105cm− 1), and optimal bandgap (1.1–1.2 eV), making it a 
superior alternative to traditional materials like silicon. Despite the 
promising properties of Sb2Se3, its solar cell performance is still limited 

by challenges such as carrier recombination and band misalignment at 
the absorber-buffer interface [1,6–8].

One of the key components in solar cell structures is the use of buffer 
layers to improve the interface between the absorber material and the 
electron transport layer (ETL). CdS has traditionally been used as a 
buffer layer in Sb2Se3-based devices. However, CdS poses several issues, 
including significant parasitic absorption below 520 nm, and poor band 
alignment with Sb2Se3, leading to carrier recombination at the interface 
and reduced cell performance [9–13]. Due to the issues associated with 
CdS, there is a growing need for wide-bandgap buffer layers that can 
improve the efficiency of solar cells. CdIn2S4, a wide bandgap (2.6 eV) 
and optimal band alignment with Sb2Se3, has emerged as a potential 
alternative to CdS. CdIn2S4 offers several advantages, including high 
chemical stability, low parasitic absorption, and improved photon uti
lization in the UV region, making it a suitable candidate for use as a 
buffer layer in Sb2Se3-based solar cells [13–17].

The proposed device architecture employs Sb2Se3 as the absorber 
layer and CdIn2S4 as the buffer layer, with ZnO and Al-doped ZnO(AZO)
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serving as the electron transport layer and transparent conductive oxide 
(TCO), respectively. The introduction of CdIn2S4 provides a wider 
bandgap and more favorable band alignment with Sb2Se3, which en
hances carrier selectivity at the heterointerface and suppresses interfa
cial recombination [18,19].

The ZnO and AZO layers primarily function as electron-selective 
transport and current-collecting layers, benefiting from their high 
electrical conductivity and excellent optical transparency. These prop
erties facilitate efficient carrier extraction and low optical loss while 
maintaining compatibility with low-cost and scalable fabrication pro
cesses [20,21].

CdIn2S4 is a spinel-structured semiconductor with the chemical 
formula CdIn2S4 that has garnered attention as a promising material for 
buffer layers in thin-film solar cells. The crystal structure of CdIn2S4 is of 
the spinel type, and it functions as an n-type semiconductor. In this 
structure, cadmium (Cd2+) cations occupy the tetrahedral (A-site) po
sitions, while indium (In3+) cations occupy the octahedral (B-site) po
sitions. The sulfur (S2− ) anions are arranged in a regular network 
between these metal cations [22–27].

The CdIn2S4 spinel structure has a low defect density, making it an 
excellent material for optical and electrical applications. One of the most 
significant features of CdIn2S4 is its wide bandgap (2.6 eV), which 
makes it highly transparent in the UV region and reduces parasitic ab
sorption. This wide bandgap allows lighter to pass through the buffer 
layer and reach the Sb2Se3 absorber, improving overall photon utiliza
tion in the solar cell. Additionally, the spinel structure of CdIn2S4 en
ables it to effectively suppress trap states near the conduction and 
valence band edges, reducing interface recombination and enhancing 
charge carrier extraction [28–32].

The chemical and structural properties of CdIn2S4 make it an ideal 
alternative to CdS in Sb2Se3-based solar cells, as it not only reduces 
parasitic absorption but also improves band alignment with the absorber 
layer. These characteristics contribute to higher photovoltaic efficiency 
and device stability [33]. It should be noted that the lower defect density 
associated with the Sb2Se3/CdIn2S4 interface is not assumed as an 
intrinsic material constant. Instead, it is inferred from a combination of 
literature reports on CdIn2S4 buffer layers and the quantitative consis
tency between simulation results, defect sensitivity analysis, and the 
built-in potential extracted from Mott–Schottky characteristics. The 
reduced effective interface defect density required to reproduce the 
observed device performance further supports this interpretation 
[14,34–37].

The primary objective of this study is to investigate and evaluate the 
performance of thin-film solar cells using the absorber material Sb2Se3 
and the CdIn2S4 buffer layer, which is considered as a replacement for 
CdS. Specifically, this study focuses on the impact of CdIn2S4 as the 
buffer layer in enhancing the electrical and optical performance of the 
Sb2Se3/CdIn2S4/ZnO/Al : ZnO solar cell structure. This paper primarily 
targets the increase in efficiency of the solar cell from 10.12% to 19.06% 
through the improvement of the built-in potential (Vbi), reduction of 
carrier recombination, and enhanced UV photon utilization. In this 
study, we specifically explore how CdIn2S4, a wider bandgap, can 
effectively address the issues associated with CdS and improve photo
voltaic efficiency. We highlight that CdIn2S4 not only reduces parasitic 
absorption in the UV region but also improves band alignment with 
Sb2Se3, thereby enhancing electron transfer and reducing carrier 
recombination at the interface.

Another critical aspect of this research is the simulation and vali
dation of the simulation results using experimental data. The study 
utilizes the SCAPS-1D software to model the proposed structure and 
compares the simulation results with experimental data, which confirms 
the accuracy of the simulation model and demonstrates the predictive 
capability of the model in real-world conditions. The commercialization 
potential of this study is also of significant importance. The Sb2Se3/
CdIn2S4/ZnO/Al : ZnO solar cells, due to their high chemical stability, 

low production costs, and high efficiency, offer a viable option for large- 
scale production and can serve as an alternative to CdS-based solar cells. 
[38–41]. Ultimately, this paper comprehensively investigates the po
tential of Sb2Se3-based thin-film solar technologies and the replacement 
of traditional buffer layers with CdIn2S4, aiming to achieve higher ef
ficiency and long-term stability. It offers new pathways to enhance solar 
cell performance.

2. The proposed structure

Fig. 1 presents the topologies associated with the conventional and 
the proposed structures. As seen in (Fig. 1(a)), the reference device ar
chitecture [5] follows the conventional Sb2Se3 thin-film solar cell 
configuration comprising a Mo back contact, a MoSe2 interfacial layer, a 
Sb2Se3 absorber, a CdS buffer layer, a ZnO window layer, and an Al- 
doped ZnO (AZO) transparent conductive oxide capped with a metallic 
Au current-collecting electrodes. This structure has been widely adopted 
due to the favorable band alignment between Sb2Se3 and CdS and the 
relatively low interface recombination obtained through the Mo/MoSe2 
back-surface field. Despite these advantages, CdS imposes significant 
parasitic absorption in the UV–blue spectral region and introduces lat
tice mismatch–induced interface defects. As a result, the reference 
structure commonly suffers from limited short-circuit current density 
(Jsc) and a moderate open-circuit voltage (Voc), which is reflected in its 
measured power conversion efficiency (PCE) of 10.12%.

The proposed structure (Fig. 1(b)) replaces the CdS buffer with a 
high-performance CdIn2S4 spinel semiconductor, while preserving the 
overall device sequence of Mo/MoSe2/Sb2Se3/ZnO/AZO/Au. CdIn2S4 
provides several key improvements, including a wider optical bandgap 
(2.6 eV), substantially higher absorption coefficient in the UV-blue re
gion, reduced parasitic loss, and superior band alignment with the 
Sb2Se3 absorber. In particular, the conduction band edge of CdIn2S4 
forms a more favorable spike-type junction with Sb2Se3, which sup
presses interface recombination and enhances carrier selectivity. Addi
tionally, its spinel structure yields lower defect density and reduced 
dangling-bond formation at the heterointerface. Collectively, these 
factors significantly improve the photogeneration rate, carrier extrac
tion efficiency, and junction quality compared to the CdS-based device.

As a direct result of these material and interfacial enhancements, the 
proposed CdS-buffered structure demonstrates a remarkable efficiency 
improvement from 10.12% [5] to 19.06%. The enhancement primarily 
originates from (i) an increase in Jsc due to reduced parasitic absorption 
and enhanced spectral response, (ii) an increase in Voc arising from 
lower interface recombination and a more favorable conduction-band 
offset, and (iii) an improvement in fill factor (FF) due to reduced se
ries resistance and improved charge transport across the heterojunction. 
These combined effects verify that substituting CdS with CdIn2S4 is a 
highly effective strategy for optimizing both optical and electrical pro
cesses in Sb2Se3 thin-film photovoltaics. The substantial performance 
jump confirms the strong potential of CIS-buffered Sb2Se3 solar cells as a 
next-generation architecture for high-efficiency, and earth-abundant 
thin-film technologies.

3. Calibration and validation

All numerical simulations in this work were performed using the 
SCAPS-1D solar cell simulation software, which self-consistently solves 
the coupled Poisson and continuity equations under steady-state con
ditions. Standard physical models implemented in SCAPS-1D were 
employed to ensure consistency with established thin-film solar cell 
simulations.

Carrier recombination in the device was modeled by considering 
Shockley–Read–Hall (SRH) recombination through bulk and interface 
defect states, along with radiative and Auger recombination mecha
nisms. SRH recombination was treated as the dominant loss pathway in 
both the absorber and buffer layers, consistent with previous reports on 
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Sb2Se3-based thin-film solar cells. Radiative and Auger recombination 
were included using the default SCAPS formulations to account for high- 
injection and band-to-band recombination effects.

Bulk defect densities for Sb2Se3 and the buffer layers were selected 
based on reported experimental and simulation studies in the literature, 

ensuring physically realistic values. For the newly introduced Sb2Se3/
CdIn2S4 interface, the interface defect density was systematically varied 
to evaluate its impact on device performance, as presented in the Results 
and Discussion section. The chosen baseline interface defect density 
reflects a moderately optimized interface, consistent with achievable 

Fig. 1. (a) Schematic illustration of the reference Sb2Se3 thin-film solar cell architecture (Mo/MoSe2/Sb2Se3/CdS/ZnO/AZO/Au) [5], demonstrating the conven
tional device structure yielding a power conversion efficiency of 10.12%. (b), Schematic illustration of the proposed high-performance architecture in which CdS is 
replaced with CdIn2S4(Mo/MoSe2/Sb2Se3/CdIn2S4/ZnO/AZO/Au), resulting in a significantly enhanced PCE of 19.06%.

Fig. 2. (a) Comparison of short-circuit current density (Jsc) as a function of light intensity for simulation and experimental data. (b) Comparison of External Quantum 
Efficiency (EQE) and Jsc as a function of wavelength for simulation and experimental data. (c) Comparison of Current-Voltage (J-V) curves for simulation and 
experimental data [5].
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values reported for chalcogenide-based heterojunctions.
Temperature-dependent simulations were conducted by varying the 

device temperature from 280 K to 320 K, while keeping all other pa
rameters constant. The temperature dependence of carrier statistics, 
recombination rates, and transport properties was handled internally by 
SCAPS-1D using its built-in temperature models. This approach allowed 
for a consistent evaluation of the electrical response and capacitive 
behavior under different operating temperatures.

All simulations were performed under standard AM1.5G illumina
tion with an incident power density of 100 mWcm− 2, assuming uniform 
illumination across the device area. Optical generation profiles were 
calculated using the absorption coefficients defined for each layer, and 
reflection losses were neglected, as commonly assumed in SCAPS-based 
simulations.

Further details regarding the numerical methods and physical 
models can be found in the SCAPS-1D user manual and related 
literature.

In this study, the photovoltaic performance of the proposed Sb2Se3/
CdIn2S4/ZnO/Al : ZnO architecture was numerically investigated to 
evaluate the impact of replacing the conventional CdS buffer layer with 
CdIn2S4. The analysis focuses on the coupled optical and electrical 
behavior of the multilayer thin-film structure, enabling a systematic 
assessment of charge transport, recombination processes, and overall 
device performance.

To verify the reliability of the numerical approach, the simulated 
results were calibrated and validated against reported experimental 
data. Three key characteristics were employed to assess the agreement 
between simulation and experiment, as discussed in the following 
section.

Fig. 2(a) depicts the short-circuit current density (Jsc) vs. light in
tensity. This plot compares our simulation data with the experimental 
results reported in [5]. As shown, the simulation results are in good 
agreement with the experimental data, confirming the high accuracy of 
the model. The external Quantum Efficiency (EQE) and the integrated 
Jsc as a function of wavelength are presented in Fig. 2(b). This plot 
demonstrates the performance of the proposed structure in light ab
sorption and photon-to-current conversion across various wavelengths. 
The simulation and experimental results align well. Fig. 2(c) shows the 
current-Voltage (J-V) curves. The resemblance of the curves demon
strates the reliability of the simulation model.

For the structure presented in this paper, the simulation results show 
a significant increase in solar cell efficiency from 10.12% to 19.06% due 
to the use of CdIn2S4 as the buffer layer. This improvement is attributed 
to the increase in built-in potential (Vbi), reduced carrier recombination, 
and enhanced UV photon utilization. The simulations also reveal that 
the CdIn2S4 layer, with its wider bandgap, effectively reduces parasitic 
absorption in the UV region, leading to improved External Quantum 
Efficiency (EQE). Additionally, the Integrated Jsc has been increased in 

the proposed structure, indicating better photovoltaic performance.
Table 1 presents a comparison of the physical and electrical pa

rameters for various thin-film solar cell structures, including Sb2Se3,

CdIn2S4,CdS,ZnO,ZnO − Al, and MoSe2. It includes parameters such as 
layer thickness, bandgap (Eg), carrier concentration (NC and NV), carrier 
mobility (μe and μh), and doping concentration for each structure. A key 
observation from this table is the lower electron and hole mobilities in 
CdIn2S4 compared to CdS, attributed to its more complex crystalline 
structure and higher defect density. This characteristic contributes to 
reduced carrier recombination and enhanced charge separation effi
ciency, which ultimately leads to improved stability over time. Addi
tionally, the wider bandgap of CdIn2S4 results in lower photon 
absorption in the visible range, allowing more photons to pass through 
to the absorber layer, which enhances solar cell efficiency.

The simultaneous use of ZnO and Al:ZnO in the proposed structure 
provides significant advantages that enhance the overall solar cell per
formance. ZnO, with an electron mobility of 100 cm2/V⋅s and a carrier 
concentration of 2.2× 1018cm− 3, serves as the primary electron trans
port layer, and its high optical transparency allows more photons to 
reach the absorber layer. Meanwhile, Al:ZnO, with the same electron 
mobility of 100 cm2/V⋅s and carrier concentration, benefits from 
aluminum doping, which improves electrical conductivity, reduces 
shunt resistance (Rsh), and enhances charge extraction efficiency. This 
combination of both layers results in lower charge transfer resistance 
(Rct), leading to better overall performance. Therefore, the use of ZnO 
and Al:ZnO together improves carrier transport and reduces energy 
losses, resulting in higher efficiency and long-term stability for the solar 
cell.

4. Simulation results and discussions

Fig. 3(a), compares the simulated energy-band diagrams of the 
reference device [5] and the proposed architecture, emphasizing dif
ferences in band alignment and built-in potential at the Sb2Se3/buffer 
interface. In the reference Sb2Se3/CdS structure, an unfavorable 
conduction-band-offset (negative CBO) is formed, which promotes 
electron accumulation at the interface and enhances interfacial recom
bination, thereby limiting efficient electron extraction toward the ZnO 
layer and degrading device performance [42].

The conduction-band-offset is quantified by the conduction band 
offset (CBO) defined as [43]: 

ECBO = EC(Sb2Se3) − EC(CdS) (1) 

In contrast, replacing CdS with CdIn2S4 effectively mitigates this 
unfavorable alignment, resulting in a near-optimal or weak spike-type 
CBO at the Sb2Se3/CdIn2S4 interface. This improved band alignment 
enhances electron selectivity, suppresses interfacial recombination, and 
increases the effective built-in potential, directly contributing to the 
observed improvements in Voc, carrier extraction, and overall device 
performance.

Replacing CdS with CdIn2S4 in the proposed architecture results in a 
markedly improved band alignment at the Sb2Se3/buffer interface. This 
modification effectively suppresses the unfavorable conduction-band- 
offset present in the reference device, leading to an increased built-in 
potential and reduced carrier accumulation at the heterointerface. 
Consequently, interfacial recombination losses are significantly sup
pressed [44].

The optimized band alignment enables more efficient electron 
extraction from the Sb2Se3 absorber toward the ZnO layer, minimizing 
interfacial energy losses and enhancing charge collection. These im
provements are directly reflected in the increased short-circuit current 
density and overall photovoltaic performance observed for the proposed 
device, confirming the critical role of CdIn2S4 in mitigating recombi
nation and improving carrier transport.

The improved band alignment and the suppression of the 

Table 1 
Comparison of material and electrical parameters for proposed and the reference 
solar cell structures [5].

Parameter Sb2Se3 CdIn2S4 CdS ZnO ZnO-Al

Thickness (μm) 2.6 0.06 0.06 0.1 0.3
Eg (eV) 1.1 2.6 2.42 3.3 3.6
χe (eV) 4.16 4.1 4.45 4.5 4.5
εr 18.9 18.9 10 9 9
Nc(1/cm3) 1× 1019 2.2×

1018
2.2× 1018 2.2×

1018
2.2×

1018

NV(1/cm3) 1× 1019 1.8×

1019
1.8× 1019 1.8×

1019
1.8×

1019

μe(cm2/V⋅s) 15 10 100 100 100
μh(cm2/V⋅s) 5.1 2 25 25 25
Doping (1/ 

cm3)
6.9×

1015
7.2×

1017
7.12×

1017
1× 1018 1× 1020

Function Absorber Buffer Buffer ETL TCO/ETL
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conduction-band-offset in the proposed structure significantly enhance 
electron transfer from Sb2Se3 toward the ZnO layer, leading to an in
crease in Jsc and overall device efficiency [45,46]. This improvement is 
closely associated with an increased built-in potential, which 
strengthens the internal electric field across the heterojunction and 
suppresses carrier recombination at the interface. As a result, more 
efficient charge separation and reduced interfacial losses are achieved, 
directly contributing to the enhanced photovoltaic performance of the 
Sb2Se3/CdIn2S4 device.

Fig. 3(b) shows the absorption coefficient spectra of the constituent 
layers, including CdIn2S4, Sb2Se3, CdS, ZnO, and Al:ZnO, highlighting 
clear differences in their optical responses across the spectral range. 
Notably, CdIn2S4 exhibits strong absorption in the ultraviolet region (λ 
< 400 nm) while remaining largely transparent in the visible range. 
Compared to CdS, this behavior significantly reduces parasitic absorp
tion in the buffer layer.

As a result, in the proposed structure employing CdIn2S4, a larger 
fraction of incident photons is transmitted toward the Sb2Se3 absorber, 
leading to enhanced photogeneration and an increase in short-circuit 
current density (Jsc). In contrast, the reference CdS-based structure 
suffers from higher parasitic absorption, which limits photon utilization 
and reduces current generation.

The photon absorption rate can be expressed as [47]: 

Iphoton =

∫ ∞

0
α(E)Φ(E) dE (2) 

Accordingly, the higher absorption coefficient of CdIn2S4 in the ultra
violet region increases the effective photon absorption, which directly 
contributes to improved current generation and overall device effi
ciency. These results demonstrate that substituting CdS with CdIn2S4 

not only improves electronic properties but also optimizes light har
vesting in the proposed solar cell architecture.

Fig. 3(c) compares the external quantum efficiency (EQE) spectra of 
the reference device and the proposed structure as a function of wave
length. In the reference cell employing CdS as the buffer layer, the EQE 
response in the ultraviolet region is relatively low due to parasitic ab
sorption losses in the CdS layer, which limit the number of photons 
reaching the Sb2Se3 absorber and reduce the photocurrent contribution 
at short wavelengths [48].

In contrast, the proposed structure exhibits a clear enhancement in 
EQE in the UV region. This improvement arises from the reduced 
parasitic absorption and improved optical transparency of CdIn2S4, 
which allows more photons to reach the absorber and enhances photon- 
to-electron conversion. Consequently, the increased EQE directly con
tributes to a higher short-circuit current density and overall photovoltaic 
efficiency in the proposed device [49,50].

In the proposed structure, the increase in photon absorption in the 
UV region leads to higher short-circuit current (Jsc) and enhanced solar 
cell efficiency.

Fig. 3(d), illustrates the Current-Voltage (J-V) curve for the reference 
cell and the proposed cell. This diagram provides a comprehensive 
comparison between the two structures, specifically analyzing the per
formance of the solar cells in terms of short-circuit current (Jsc), open- 
circuit voltage (Voc), fill factor (FF), and solar cell efficiency (η). The 
comparison clearly shows that the proposed structure outperforms the 
reference structure.

For our structure, the short-circuit current (Jsc) reaches 34.18 mA/ 
cm2, which is about 10% higher than in the reference structure (30.87 
mA/cm2). This increase in Jsc is due to the improved photon absorption 
in the proposed structure, particularly in the UV region, and the 

Fig. 3. (a), Simulated energy-band diagrams of the reference Sb2Se3/CdS [5] and proposed Sb2Se3/CdIn2S4 devices, showing band alignment and conduction-band 
offsets. The proposed structure exhibits a small positive CBO (~0.2–0.3 eV), suppressing interfacial recombination. (b), Absorption coefficient spectra, indicating 
reduced parasitic absorption in CdIn2S4 and enhanced photon transmission to Sb2Se3. (c), Simulated EQE and integrated Jsc, demonstrating improved spectral 
response across 400–1100 nm. (d), J–V characteristics under AM1.5G illumination, highlighting enhanced Jsc, Voc, and FF in the proposed device.
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optimized transfer of electrons to the absorber layer (Sb2Se3). This 
enhanced photon absorption in CdIn2S4(buffer layer) allows more 
photons to enter the solar cell, resulting in increased short-circuit cur
rent (Jsc).

Another critical parameter in solar cell performance analysis is the 
open-circuit voltage (Voc). In the proposed structure, Voc reaches 0.77 V, 
which is 0.29 V higher than in the reference structure (0.48 V). This 
increase in Voc indicates a higher built-in potential and reduced carrier 
recombination at the interfaces. These characteristics lead to increased 
stability and reduced energy losses.

The J–V characteristics reveal a clear performance enhancement in 
the proposed device compared to the reference structure. Notably, the 
fill factor (FF) increases from 67.18% in the reference cell to 72.16% in 
the proposed device, indicating reduced electrical losses and improved 
charge transport resulting from optimized band alignment and lower 
internal resistance [51,52].

The most significant outcome derived from the J–V analysis is the 
substantial improvement in power conversion efficiency. The proposed 
structure achieves an efficiency of 19.06%, more than doubling that of 
the reference device (10.12%). This enhancement originates from the 
simultaneous improvement of short-circuit current density, open-circuit 
voltage, and fill factor, reflecting more effective photon utilization, 
suppressed interfacial recombination, and improved carrier extraction 
in the CdIn2S4-based architecture[53,54].

Overall performance metrics clearly demonstrate the superiority of 
the proposed architecture over the reference device. The short-circuit 
current density in the proposed structure is approximately 10% higher 
than that of the reference device, reflecting improved photon utilization 
and more efficient charge extraction enabled by the optimized buffer 
layer.

In addition, the open-circuit voltage increases by 0.29 V in the pro
posed structure, indicating a higher effective built-in potential and 
suppressed interfacial recombination. The fill factor is also significantly 
enhanced, reaching 72.16% compared to 67.18% in the reference cell, 
which points to reduced electrical losses and improved charge transport.

As a result of these combined improvements, the power conversion 
efficiency of the proposed device reaches 19.06%, more than doubling 
the efficiency of the reference structure (10.12%).

The efficiency enhancement observed in the proposed Sb2Se3/
CdIn2S4 device arises from a well-defined sequence of interrelated 
physical mechanisms rather than from isolated effects. First, the intro
duction of CdIn2S4 establishes a favorable conduction-band alignment 
at the absorber/buffer interface, resulting in improved electron selec
tivity and an increased effective built-in potential. This enhanced band 
bending facilitates efficient charge separation and extraction.

Second, the improved interfacial energetics suppress Shock
ley–Read–Hall recombination by reducing carrier accumulation and 
trap-assisted recombination at the heterointerface, as quantitatively 
evidenced by the interface defect density analysis and the higher Vbi 
extracted from the Mott–Schottky measurements. The reduction in 
recombination losses directly contributes to the observed increase in 
open-circuit voltage and fill factor.

Third, the optical transparency of CdIn2S4 minimizes parasitic ab
sorption in the buffer layer, allowing a larger fraction of short- 
wavelength photons to reach the Sb2Se3 absorber. This enhanced 
photon utilization increases photogeneration and leads to a higher short- 
circuit current density, consistent with the EQE and absorption analyses.

Together, these electronic and optical improvements act synergisti
cally, producing simultaneous enhancements in Voc, Jsc, and FF. The 
combined effect of optimized band alignment, suppressed interfacial 
recombination, and reduced parasitic absorption ultimately accounts for 
the substantial efficiency improvement achieved in the proposed device.

Fig. 4(a), presents the capacitance as a function of frequency for both 
the reference cell and the proposed cell. This diagram provides valuable 
insights into the electrical characteristics and the frequency response of 
the solar cell system, which is crucial for understanding the energy 
storage capacity and behavior of the cell under varying frequency con
ditions. Capacitance is a critical parameter in solar cells, as it indicates 
the ability of the system to store electrical charge in response to fre
quency pulses. This feature directly affects the solar cell efficiency and 
its response to changes in frequency in practical operating conditions. In 
the reference structure, which uses CdS as the buffer layer, the capaci
tance remains relatively constant at low frequencies and then decreases 
rapidly at higher frequencies. This sharp decrease at higher frequencies 
indicates energy dissipation and inability to retain charge at high fre
quencies. In other words, CdS due to its weaker dielectric properties 
compared to CdIn2S4, struggles to maintain the stored charges at higher 
frequencies, leading to reduced solar cell performance in such 
conditions.

In contrast, the proposed structure with CdIn2S4 as the buffer layer 
exhibits a more gradual decrease in capacitance at higher frequencies. 
This characteristic suggests a better response to high frequencies and 
greater stability in charge storage. Specifically, CdIn2S4, with its opti
mized dielectric properties, performs significantly better in maintaining 
charge and reducing energy losses at higher frequencies. This results in 
improved stability and reduced electrical losses, contributing directly to 
enhanced solar cell performance. [55,56].

The analysis of the capacitance-frequency curve highlights several 
key advantages of the proposed structure over the reference structure. 
Firstly, the proposed structure demonstrates higher capacitance at high 

Fig. 4. (a), Capacitance as a function of frequency for the reference and proposed structures (Sb2Se3/CdIn2S4/ZnO/Al : ZnO). The proposed structure, with CdIn2S4 
as the buffer layer, exhibits better performance at higher frequencies, indicating greater stability in charge storage and reduced energy losses. (b), Capacitance as a 
function of frequency at different temperatures for the reference and proposed structures. The diagram shows better performance of the proposed structure in 
response to frequency changes and greater stability in charge storage at higher temperatures and frequencies.
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frequencies, reflecting a better response to high-frequency signals and 
reduced energy dissipation. This improvement in capacitance indicates 
lower charge losses and increased stability in the system. Furthermore, 
the more stable capacitance in the proposed structure at higher fre
quencies leads to enhanced solar cell performance by reducing electrical 
losses. By using CdIn2S4 as the buffer layer, the proposed structure offers 
superior charge retention and reduced energy losses, contributing to the 
overall improvement in solar cell efficiency compared to CdS in the 
reference structure.

Fig. 4(b), presents the capacitance–frequency (C–f) response of the 
reference and proposed devices at different operating temperatures 
ranging from 280 K to 320 K. At lower temperatures (280 K), the devices 
exhibit relatively high capacitance at low frequencies followed by a 
rapid decrease at higher frequencies, indicating pronounced capacitive 
dispersion and limited charge retention under fast alternating signals. As 
the temperature increases to 290 K and 300 K, the capacitance decay 
with frequency becomes noticeably more gradual. This behavior reflects 
improved charge transport dynamics and reduced frequency-dependent 
losses, leading to a more stable capacitive response. At elevated tem
peratures (310 K and 320 K), the capacitance remains comparatively 
higher in the high-frequency regime, suggesting enhanced junction 
responsiveness and improved charge storage stability. Overall, the 
temperature-dependent C–f analysis demonstrates that higher operating 
temperatures lead to reduced capacitive dispersion and lower electrical 
losses, particularly in the proposed structure. This improved frequency 
stability at elevated temperatures is consistent with enhanced carrier 
transport and contributes to the superior electrical performance of the 
CdIn2S4-based device.

The use of CdIn2S4 as the buffer layer results in a more stable 
capacitance response at high frequencies compared to the CdS-based 

reference structure. This behavior indicates an improved high-frequency 
response and more effective charge retention in the proposed device, 
reflecting reduced frequency-dependent energy losses.

The capacitance–frequency analysis highlights several advantages of 
the CdIn2S4-based architecture, including higher capacitance values in 
the high-frequency regime and lower capacitive dispersion. These fea
tures signify reduced charge loss and enhanced electrical stability, 
which directly contribute to improved device performance under prac
tical operating conditions. Overall, the superior high-frequency capaci
tance behavior confirms that CdIn2S4 effectively mitigates electrical 
losses and plays a key role in enhancing the efficiency of the proposed 
solar cell compared to the conventional CdS buffer layer.

In Fig. 5(a), the variation of open-circuit voltage (Voc) with tem
perature for the proposed device is presented. As observed, Voc de
creases with increasing temperature, which is a typical behavior in 
semiconductor solar cells and is primarily attributed to enhanced 
recombination and reduced quasi-Fermi level splitting at elevated 
temperatures.

At lower temperatures, reduced thermal activation limits recombi
nation processes and preserves a higher effective built-in potential, 
leading to improved voltage characteristics. Consequently, the temper
ature dependence of Voc is governed mainly by recombination dynamics 
rather than carrier mobility. Fig. 5(b) shows the variation of the short- 
circuit current density (Jsc) with temperature. As observed, Jsc exhibits 
a gradual increase with increasing temperature, which is primarily 
attributed to enhanced carrier collection efficiency and reduced 
recombination losses, as thermally activated transport facilitates more 
effective extraction of photogenerated carriers. In Fig. 5 (c), the fill 
factor (FF) is analyzed at different temperatures for the proposed 
structure. It is observed that FF decreases with increasing temperature. 

Fig. 5. (a), Variation of open-circuit voltage (Voc) with temperature for the proposed device, showing a decrease at elevated temperatures due to enhanced 
recombination and reduced effective built-in potential. (b), Temperature dependence of short-circuit current density (Jsc), exhibiting a gradual increase with tem
perature as a result of improved carrier collection and reduced recombination losses. (c), Fill factor (FF) as a function of temperature, indicating increased electrical 
losses at higher temperatures. (d), Power conversion efficiency (η) versus temperature, showing performance degradation at elevated temperatures due to cumulative 
thermal losses.
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This decrease is due to increased electrical losses and decreased solar 
cell performance at higher temperatures. In other words, at higher 
temperatures, electrical losses and defective states at interface layers 
increase, directly impacting solar cell performance and fill factor. Fig. 5
(d), shows the solar cell efficiency (η) as a function of temperature for 
the proposed structure. This graph indicates a decrease in η at higher 
temperatures. Despite the increase in Jsc,Voc, and FF at lower tempera
tures, the increase in energy losses and overall decrease in solar cell 
performance at higher temperatures leads to a decrease in overall 
efficiency.

To quantitatively decompose the efficiency improvement, we sepa
rate the contributions associated with photocurrent generation/collec
tion (Jsc) and recombination-limited voltage (Voc). From the simulated 
J–V results, Jsc increases from 30.87 to 34.18 mAcm− 2, i.e., ΔJsc =

+3.31 mAcm− 2 (≈10.7%), when CdS is replaced by CdIn2S4. This cur
rent gain is consistent with the absorption/EQE results, indicating 
reduced parasitic absorption in the buffer layer and improved utilization 
of short-wavelength photons.

The voltage improvement is even more pronounced: Voc increases 
from 0.48 to 0.77 V (ΔVoc = + 0.29 ). At open circuit, the quasi-Fermi 
level splitting satisfies ΔEF ≈ qVoc; therefore, the proposed structure 
achieves an additional QFLS of approximately 0.29 eV, reflecting a 
substantially lower recombination loss. Using the diode approximation 

Voc ≈
nkT
q ln

(
Jsc
J0

)

, the measured ΔVoc implies a large reduction in the 

effective saturation current J0 despite only a modest increase in Jsc. 
Quantitatively, the inferred reduction in J0 is on the order of 102 − 104 

(depending on the effective ideality factor), which is consistent with 
suppressed interface SRH recombination and the higher built-in poten
tial extracted from Mott–Schottky analysis.

Overall, the efficiency gain is therefore driven by (i) an optical- 
current contribution (ΔJsc) associated with reduced buffer parasitic 
absorption and enhanced photon delivery to Sb2Se3, and (ii) a 
recombination-voltage contribution (ΔVoc) associated with improved 
band alignment and reduced interfacial recombination, corroborated by 
the defect-sensitivity and Vbi analyses.

To quantitatively evaluate the role of interfacial defects, the defect 
density at the Sb2Se3/CdIn2S4 interface was systematically varied from 
1010 to 1014 cm− 2. The changes in open-circuit voltage (Voc) as a func
tion of interface defect density between Sb2Se3 and CdIn2S4 are illus
trated in Fig. 6(a). As seen, Voc decreases with an increase in interface 
defect density. This decrease is directly attributed to increased carrier 
recombination at the interface. Interface defects act as recombination 
centers, which cause a reduction in the internal potential of the solar 
cell. The Shockley-Read-Hall (SRH) model is used to calculate carrier 
recombination.

In Fig. 6(b), the short-circuit current density (Jsc) as a function of 
interface defect density between Sb2Se3 and CdIn2S4 is presented. The 
graph clearly shows a decrease in Jsc as the interface defect density in
creases. This behavior is indicative of the detrimental impact that 
interface defects have on carrier extraction efficiency within the solar 
cell. At the interface between Sb2Se3 and CdIn2S4, the interface defects 
act as trap states for the photo-generated carriers. These defects capture 
electrons and holes, preventing them from reaching the electrodes. As 
the interface defect density increases, the density of trapped carriers also 
increases, which leads to a reduction in the overall current collected by 
the solar cell.

The decrease in Jsc with increasing defect density can be attributed to 
several factors: Firstly, an increased recombination. At higher defect 
densities, more recombination centers are present at the interface, 

Fig. 6. (a) Open-circuit voltage (Voc) as a function of interface defect density at the Sb2Se3/CdIn2S4 junction, showing a monotonic reduction in Voc due to enhanced 
Shockley–Read–Hall (SRH) recombination. (b) Short-circuit current density (Jsc) versus interface defect density, indicating that elevated Nit increases recombination 
losses near the heterojunction and suppresses carrier collection. (c) Fill factor (FF) as a function of interface defect density. (d) efficiency (η) variation with interface 
defect density.
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which increases the loss of charge carriers before they can be collected at 
the electrodes. Secondly, impeded charge transport. Interface defects 
also disrupt the smooth flow of charge carriers, causing increased 
resistance at the interface and hindering the effective extraction of 
charge carriers from the absorber layer. This behavior emphasizes the 
critical importance of reducing interface defects in solar cell fabrication. 
By minimizing defects, we can enhance the collection efficiency of 
photo-generated carriers and thus increase the short-circuit current 
density (Jsc), which ultimately improves the overall performance of the 
solar cell.

In Fig. 6(c), the changes in fill factor (FF) as a function of interface 
defect density between Sb2Se3 and CdIn2S4 are presented. As seen in the 
graph, FF decreases with increasing interface defect density. This 
decrease is directly attributed to increased carrier recombination, higher 
internal resistance, and lower energy conversion efficiency at the 
interface. Fill factor (FF) is a critical parameter that indicates the effi
ciency of charge collection and the overall performance of the solar cell. 
It is essentially the ratio of the maximum output power to the product of 
open-circuit voltage (Voc) and short-circuit current density (Jsc). The 
reduction in FF with increasing defect density suggests a loss in the solar 
cell's ability to effectively convert absorbed photons into usable elec
trical power. As interface defect density increases, carrier recombination 
becomes more significant at the interface, leading to lower charge 
collection efficiency. Also, the increased internal resistance due to the 
defects causes more energy losses, reducing the efficiency of the solar 
cell. Overall, the fill factor decreases, indicating a drop in solar cell 
performance. Finally, in Fig. 6(d), the relationship between solar cell 
efficiency (η) and interface defect density between Sb2Se3 and CdIn2S4 
is presented. As seen in the graph, efficiency (η) decreases with 
increasing interface defect density. This decrease is directly attributed to 
higher carrier recombination rates and increased energy losses at the 
interface. The interface defects at the boundary between Sb2Se3 and 
CdIn2S4 act as recombination centers for the photo-generated carriers, 
leading to reduced carrier collection efficiency and increased energy 
losses. These defects introduce energy states within the bandgap, trap
ping charge carriers and preventing their movement toward the elec
trodes. These carrier recombination processes directly result in the 
decrease of open-circuit voltage (Voc) and short-circuit current density 
(Jsc), which consequently impacts the solar cell efficiency (η). As inter
face defect density increases, the interface defects lead to higher carrier 
recombination, which in turn causes higher energy losses. These 
increased energy losses, arising from reduced carrier separation effi
ciency and lower power output, result in a decrease in solar cell effi
ciency. Therefore, interface defect density plays a crucial role in 
determining the performance of the solar cell and significantly impacts 
the overall cell efficiency.

As result at low interface defect densities (≤ 1011 cm− 2), the device 
exhibits stable photovoltaic parameters, indicating efficient charge 
separation and minimal interfacial recombination. However, as the 
defect density increases beyond 1012 cm− 2, all performance metrics 
deteriorate markedly. This degradation is primarily attributed to 
enhanced Shockley–Read–Hall recombination at the heterointerface, 
which reduces carrier lifetime and limits charge extraction.

The impact of interface defects is particularly pronounced in the 
open-circuit voltage and fill factor, reflecting increased recombination 
losses and degraded junction quality. As a result, the power conversion 
efficiency decreases sharply at high defect densities, demonstrating the 
critical importance of interface passivation for achieving high- 
performance Sb2Se3-based devices.

Importantly, this trend is consistent with the built-in potential 
extracted from the Mott–Schottky analysis. Lower interface defect den
sities lead to improved band bending and a higher effective built-in 
potential, whereas increased defect density induces interfacial charge 
trapping and partial Fermi-level pinning, resulting in a reduced Vbi. This 
correlation confirms that the observed performance enhancement in the 

proposed structure is directly linked to the reduced interface defect 
density at the Sb2Se3/CdIn2S4 junction.

In Fig. 7(a), the Mott-Schottky plot is presented, comparing the 
interface defect density of two solar cell structures: Sb2Se3/CdIn2S4 
(proposed cell) and Sb2Se3/CdS (reference cell). The plot shows the 
inverse of the capacitance (C− 2) as a function of voltage (V), which is 
commonly used to analyze the built-in potential and carrier density 
within the semiconductor materials. The slope of the line in this plot is 
crucial for understanding the carrier distribution in the depletion region, 
which is influenced by the interface properties and defect densities of 
the materials. From the graph, it is clear that the built-in potential for the 
Sb2Se3/CdIn2S4 structure is 1.05 V, whereas for the Sb2Se3/CdS 
structure, it is only 0.78 V. This significant difference in built-in po
tential is indicative of the improved band alignment and charge sepa
ration efficiency in the proposed structure, highlighting the advantages 
of using CdIn2S4 as the buffer layer instead of CdS. The higher built-in 
potential in the proposed structure leads to a stronger built-in electric 
field at the interface, which aids in more efficient carrier separation and 
prevents recombination losses.

The Mott-Schottky analysis reveals that the Sb2Se3/CdIn2S4 inter
face exhibits less carrier recombination and better charge transport 
compared to the Sb2Se3/CdS interface. This is because the CdIn2S4 
layer, with its optimized type-II band alignment and lower defect den
sity, helps reduce the trap-assisted recombination that is common in 
CdS. The increased the built-in potential in the proposed structure is a 
direct consequence of this improvement, which contributes to the higher 
overall efficiency of the Sb2Se3/CdIn2S4 solar cell. Furthermore, the 
interface defect density plays a critical role in determining the perfor
mance of the solar cell. As shown in the plot, higher defect densities at 
the interface result in a lower built-in potential, which leads to reduced 
efficiency due to increased carrier recombination and lower charge 
collection efficiency. Therefore, the results highlight the importance of 
minimizing defects at the interface to enhance the overall performance 
of thin-film solar cells.

The Mott-Schottky plot illustrates the significant advantage of the 
Sb2Se3/CdIn2S4 structure over the Sb2Se3/CdS structure in terms of the 
built-in potential, indicating better charge separation efficiency and 
reduced recombination losses. This improvement is attributed to the 
better band alignment and lower defect density at the Sb2Se3/CdIn2S4 
interface, making it a more effective buffer layer for high-performance 
solar cells.

Fig. 7(b), presents the Nyquist impedance spectra of the reference 
Sb2Se3/CdS device and the proposed Sb2Se3/CdIn2S4 device. The 
spectra are plotted as the imaginary component of the impedance (− Im 
Z) versus the real component (Re Z), providing insight into 
recombination-related resistive processes and capacitive response 
within the devices under small-signal perturbation.

In both devices, the Nyquist plots exhibit a dominant semicircular 
feature in the high-to-intermediate frequency range, which can be 
associated within the adopted equivalent-circuit framework with an 
effective recombination or charge-transfer resistance in parallel with a 
junction capacitance. It should be noted that the absolute value of this 
resistance depends on the selected circuit model and frequency window; 
therefore, the analysis focuses on relative differences between the two 
device architectures rather than absolute impedance values.

Compared to the reference Sb2Se3/CdS device, the proposed Sb2Se3/
CdIn2S4 structure exhibits a larger semicircle diameter, indicating a 
higher effective recombination resistance. This trend suggests sup
pressed interfacial recombination and improved junction quality in the 
proposed device. The increased recombination resistance is consistent 
with the improved band alignment and reduced interface defect density 
at the Sb2Se3/CdIn2S4 heterointerface, as independently supported by 
the defect-sensitivity analysis and the enhanced built-in potential 
extracted from Mott–Schottky measurements.

In contrast, the smaller semicircle observed for the Sb2Se3/CdS de
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vice indicates lower recombination resistance, reflecting stronger 
recombination activity at the absorber/buffer interface. This behavior is 
consistent with the less favorable conduction-band alignment and 
higher sensitivity to interface defects in the CdS-based junction.

Overall, the comparative Nyquist analysis supports the conclusion 
that replacing CdS with CdIn2S4 improves interfacial electronic quality 
by increasing the effective recombination resistance and stabilizing the 
junction response. These impedance trends align with the observed 
enhancements in open-circuit voltage, fill factor, and overall device ef
ficiency, reinforcing the role of interface optimization in the proposed 
architecture.

To further contextualize the simulated 19.06% efficiency, Table 2, 
compares the proposed Sb2Se3/CdIn2S4 device with representative 
Sb2Se3 architectures employing alternative buffer layers reported in the 
literature, including Zn(O,S), TiO2-based buffers/interlayers, and other 
Cd-free chalcogenide/oxide buffers. In general, Zn(O, S) is frequently 
adopted because its conduction-band offset can be tuned by adjusting 
the S/O ratio; however, its performance is often sensitive to composition 
uniformity, processing control, and interface defects. TiO2 interlayers 
can provide improved electron selectivity and act as a recombination 
barrier, yet they may introduce transport limitations or interface states 
depending on deposition and phase, and their optical/electrical impact 
strongly depends on thickness and defect chemistry.

In comparison,CdIn2S4 offers a distinctive combination of (i) 
reduced parasitic absorption in the buffer region, enabling improved 
short-wavelength photon utilization, and (ii) favorable band alignment 
at the Sb2Se3/buffer interface, which promotes efficient electron 
extraction while suppressing interfacial recombination. These advan
tages are consistent with the observed improvements in the EQE 
response, the reduced defect sensitivity at the heterointerface, and the 
increased built-in potential derived from capacitance-based analyses. 
The overall outcome is a simultaneous enhancement of Jsc, Voc, and FF, 
yielding the high simulated PCE reported in this work.

From a practical perspective, it is also important to acknowledge 
material-sustainability trade-offs. Indium is less abundant than several 

oxide alternatives (e.g., ZnO − , SnO2-based buffers), and its large-scale 
use can raise supply-chain considerations. However, in this architec
ture CdIn2S4 functions as an ultrathin buffer layer, so the absolute in
dium consumption is relatively small compared to absorber or TCO 
layers. In addition, the benefits demonstrated here can guide future 
device design by informing buffer thickness minimization and by 
providing design rules that may also be transferable to other Cd-free 
buffer candidates. Therefore, while CdIn2S4 is shown to be a highly 
effective buffer for performance optimization, continued evaluation of 
Cd-free, earth-abundant alternatives remains essential for scalable 
deployment.

While the proposed Sb2Se3/CdIn2S4 architecture demonstrates a 
substantial efficiency enhancement in simulation, it is important to 
recognize that these results represent an idealized upper-bound sce
nario. In practical implementations, the achievable performance will 
depend critically on the structural quality of the CdIn2S4 buffer layer, 
including grain morphology, defect density, and thickness uniformity, 
which are strongly influenced by the chosen deposition technique. 
Moreover, the chemical stability and interfacial integrity of the Sb2Se3/
CdIn2S4 heterojunction under thermal processing and long-term oper
ation may introduce additional recombination pathways that are not 
fully captured in idealized simulations.

In addition, non-ideal carrier transport across the buffer layer or 
imperfect interface formation may increase the series resistance, thereby 
reduce the fill factor and limit the experimentally achievable efficiency. 
Consequently, the reported 19.06% efficiency should be interpreted as a 
theoretical performance ceiling that highlights the potential of CdIn2S4 
as an alternative buffer layer, rather than as an immediately attainable 
experimental benchmark. Nonetheless, the insights gained from this 
study provide valuable design guidance for future experimental efforts 
aimed at interface optimization and performance enhancement in 
Sb2Se3-based thin-film solar cells.

5. Conclusion

In this study, the performance of Sb2Se3 solar cells with the CdIn2S4 
buffer layer as an alternative to CdS was evaluated. The simulation re
sults showed a significant increase in solar cell efficiency, from 10.12% 
in the reference structure to 19.06% in the proposed structure. This 
improvement is primarily attributed to the optimized band alignment 
between Sb2Se3 and CdIn2S4, which reduces energy losses and enhances 
charge separation. Additionally, CdIn2S4, with its wider bandgap and 
lower photon absorption in the visible range, allows more photons to 
reach the absorber layer, which leads to an increase in short-circuit 
current density (Jsc). Furthermore, the reduced charge-transfer resis
tance in the proposed cell indicates more efficient interfacial charge 
transfer and suppressed recombination losses. This research demon

Fig. 7. (a), Mott-Schottky Plot for the Proposed and Reference Cells. (b), Nyquist Plot for the Proposed and Reference Cells.

Table 2 
Comparison of Voc, Jsc, Fill Factor (FF), and Efficiency (η) values from both 
experimental and simulation studies. The data includes results from several 
research cases, showing the performance enhancement achieved in this work 
with the proposed Sb2Se3/CdIn2S4 solar cell structure.

Research Case Voc(V) Jsc(mA/cm2) FF (%) η(%) Reference

Experimental 0.57 10.23 55.34 3.21 [23]
Experimental 0.39 26.25 57.83 5.94 [57]
Experimental 0.42 25.49 59.34 6.52 [24]
Experimental 0.48 30.86 67.19 10.12 [5]
Simulation 0.77 34.18 72.16 19.06 This work
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strates that CdIn2S4 as a buffer layer not only improves efficiency and 
reduces energy losses, but also offers better chemical compatibility and 
environmental sustainability, making it a viable and scalable option for 
thin-film solar cells. Overall, replacing CdS with CdIn2S4 significantly 
enhances the performance and efficiency of the solar cell, and the pro
posed structure could lead to the development of more efficient and 
stable solar cells in the future.
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