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ABSTRACT 

Earth-abundant and non-toxic copper zinc tin sulfide (Cu2ZnSnS4, 

CZTS) serves as a compelling absorber candidate for thin-film solar 

technology, characterized by a favorable direct optical bandgap near 1.5 

eV alongside a strong absorption coefficient. This work presents a 

numerical simulation of an ITO ZnO CdS CZTS Mo heterojunction 

configuration carried out via the SCAPS-1D platform under ambient 

conditions (300 K) and standard AM1.5G solar spectrum (100 mW cm2). 

Key physical parameters, including the spatial dimensions of the CZTS 

absorber, ZnO window, and CdS buffer layers, alongside acceptor 

doping densities and working temperatures, were systematically varied 

to evaluate device characteristics. Findings demonstrate that increasing 

the CZTS absorber thickness enhances the photovoltaic response up to 

an optimum thickness of 2.4 μm, beyond which only a limited additional 

improvement is obtained. The ZnO thickness has a comparatively minor 

influence on the simulated performance over the investigated range; 

therefore, a thickness of 50 nm was selected as a practical value while 

maintaining near-maximum efficiency. The absorber acceptor 

concentration strongly affects the device characteristics, with an 

optimum practical value of NA=1×1018 cm-3 identified for the 

investigated structure. Following optimization of the selected device 

parameters, the proposed solar cell achieves a maximum power 

conversion efficiency of 24.19%, with an open-circuit voltage Voc of 

1.057 V, a short-circuit current density Jsc of 26.18 mA cm-2, and a fill 

factor FF of 87.42%. These outcome metrics confirm that 

comprehensive physical and electrical calibration across the absorber, 

buffer, and window regions significantly boosts the simulated efficiency 

of thin-film CZTS heterojunction devices. 
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1. INTRODUCTION 

Driven by the rising worldwide need for renewable and eco-friendly power, significant scientific focus has shifted toward 

photovoltaic systems capable of delivering cost-effective and high efficiency power generation (Haegel et al., 2019; Intal 

& Ebong, 2026). Solar energy has received particular attention because of its abundance, wide availability, and potential 

for long-term sustainable electricity generation (Armstrong et al., 2016; Sivula & van de Krol, 2016). 
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 Among photovoltaic systems, thin-film architectures are attractive because they require relatively small amounts of active 

material, enable lightweight device structures, and offer the potential for low-cost, scalable fabrication (Intal & Ebong, 

2026). Kesterite copper zinc tin sulfide (Cu₂ZnSnS₄, CZTS) has attracted considerable interest as a p-type absorber 

material owing to an optimal direct bandgap near 1.4 -1.5 eV and an elevated absorption coefficient exceeding 10 cm-1) 

(Katagiri et al., 2009; Suryawanshi et al., 2013). In addition, CZTS consists of earth-abundant and relatively inexpensive 

elements, establishing a viable alternative to Cu (In, Ga) Se2, which relies on costly, rare indium/gallium, and toxic CdTe 

systems (Katagiri et al., 2009; Intal & Ebong, 2026). These characteristics, together with its suitable optoelectronic 

properties, make CZTS a promising candidate for eco-friendly and potentially cost-effective thin-film photovoltaic 

applications (Katagiri et al., 2009; Suryawanshi et al., 2013). Despite these advantages, the performance characteristics of 

CZTS solar cells remain limited by several material and interface-related issues. Intrinsic defects, cation disorder, 

secondary phases, and non-radiative recombination can lead to significant voltage losses and limit the achievable device 

efficiency (Sahu et al., 2021; Kumar et al., 2015; Wei et al., 2023). Recombination at the absorber/buffer interface has also 

been identified as a major loss mechanism in kesterite photovoltaic devices (Siebentritt, 2013). These limitations can 

adversely affect the key photovoltaic performance parameters, namely Voc, Jsc, FF, and PCE. A typical CZTS solar  cell 

architecture employs a p-type CZTS absorber together with an n-type CdS buffer layer, a ZnO-based window layer, and a 

metallic back contact such as Mo (Katagiri et al., 2009). The thickness and electrical features of the individual layers can 

strongly influence photogeneration, drift-diffusion transport, recombination, and charge collection, and therefore directly 

impact the overall cell performance (Benzetta et al., 2021; Ait Abdelkadir & Sahal, 2023). Numerical simulation provides 

an efficient approach to investigating the electrical behavior of thin film solar cells and evaluating the influence of material 

and structural parameters before experimental fabrication. The Solar Cell Capacitance Simulator in One Dimension 

(SCAPS-1D) is a widely used numerical tool for modeling multilayer semiconductor solar cells and calculating 

characteristics such as current–voltage and capacitance responses (Burgelman et al., 2000). Previous numerical studies 

have demonstrated that the operation of CZTS solar cells is sensitive to variables such as absorber thickness, carrier 

densities, buffer-layer properties, and operating temperature (Ait Abdelkadir & Sahal, 2023; Belarbi et al., 2023; Benzetta 

et al., 2021). Recent SCAPS-1D investigations have examined the effects of the thickness of the CZTS absorber layer, 

carrier concentration, and operating temperature, demonstrating the importance of these parameters in determining device 

performance (Belarbi et al., 2023). However, the optimum values of these parameters depend on the selected device 

architecture, material properties, defect characteristics, and simulation conditions. In this work, a simulation study of an 

ITO/ZnO/CdS/CZTS/Mo heterojunction solar cell is performed utilizing the SCAPS-1D simulation software. The effects 

of absorber, buffer, and window layer thicknesses, absorber acceptor concentration (NA), and operating temperature (T) 

are systematically investigated. Their influence on the primary photovoltaic performance parameters, including Voc, Jsc, 

FF, and PCE, is evaluated to determine suitable structural and operating conditions for improving the overall performance 

of the modeled CZTS device. 

2. MATERIAL  

The Schematic structure of the proposed thin-film solar device is shown in Figure 1. The photovoltaic performance of the 

solar cell was numerically evaluated using the one-dimensional Solar Cell Capacitance Simulator (SCAPS-1D) (Ait 

Abdelkadir & Sahal, 2023; Burgelman et al., 2000). Cadmium sulfide (CdS) was selected as the buffer layer because its 

n-type conductivity and suitable band alignment make it ideal for forming a p-n heterojunction with the p-type CZTS 

absorber layer (Katagiri et al., 2009; Belarbi et al., 2023). Zinc oxide (ZnO) was employed as the window layer owing to 

its wide bandgap, high optical transparency, and appropriate electrical properties, which allow incident light to reach the 

absorber while supporting carrier transport (Park et al., 2020; Katagiri et al., 2009). Indium tin oxide (ITO) was used as 

the front transparent conducting oxide (TCO) layer because of its high optical transmittance combined with superior 

electrical conductivity, providing effective light transmission and a low-resistance path for carrier extraction (Ellmer, 

2012; Park et al., 2020). Finally, molybdenum (Mo) was selected as the back contact due to its suitable work function, 

high electrical conductivity, and chemical stability during CZTS processing. The Mo/CZTS interface can be affected by 

the formation of an interfacial molybdenum disulfide MoS2 layer during sulfurization, which influences back contact 

resistance and overall solar cell performance (Scragg et al., 2012; Zhang et al., 2021). 
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Figure 1: Schematic structure of the simulated ITO/ZnO/CdS/CZTS/Mo thin-film solar cell. 

 

The physical parameters used in the simulation, including layer thicknesses, band gaps, electron affinities, and other 

relevant physical and electrical properties of the proposed solar cell layers, are summarized in Table 1 (Ranjan et al., 

2023; Sultan et al., 2024; Lai & Lin, 2024). 

 

3. ETHICS APPROVAL 

Ethical approval was not required for this study because the research was entirely simulation-based and involved 

numerical modeling of a thin-film solar cell using the SCAPS-1D simulation software. No human participants, animals, 

human data, or biological materials were involved in the research. 

 

Table 1: Physical parameters and material properties used in the SCAPS-1D simulation for the 

ITO/ZnO/CdS/CZTS/Mo solar cell layers. 

Parameters p-CZTS n-CdS n-ZnO ITO 

Thickness (nm) 500-5000 10-200 10-300 60 

Bandgap (eV) 1.5 2.4 3.3 3.6 

Electron affinity (eV) 4.5 4.5 4.6 4.1 

Dielectric permittivity  9 9 9 10 

CB effective density of states (cm-3) 2.2×1018 2.2×1018 2.2×1018 2.2×1018 

VB effective density of states (cm-3) 1.8×1019 1.8×1019 1.8×1019 1.8×1019 

Electron thermal velocity (cm s-1) 1×107 1×107 1×107 1×107 

Hole thermal velocity (cm s-1) 1×107 1×107 1×107 1×107 

Electron mobility (cm2/Vs) 60 100 100 50 

Hole mobility (cm2/Vs) 20 25 25 75 

Shallow donor density - 1×1018 1×1018 1×1019 

Shallow acceptor density 1×1018 - - - 
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3. Results  

 

3.1 Performance Dependency on CdS Buffer Thickness 

To evaluate the influence of the CdS layer thickness on the photovoltaic output metrics of the proposed device, its 

thickness was systematically swept from 10 to 300 nm. The resulting trends in Voc, Jsc, FF, and PCE are presented in 

Figure 2. As the CdS buffer-layer thickness rises, Voc exhibits only a minor increase, rising slightly from ~ 0.983 V to a 

saturated value of ~ 0.992 V above 60–80 nm.  A similar behavior is seen for FF, increasing at lower CdS thicknesses 

before gradually reaching saturation. In contrast, Jsc exhibits a slight decrease with increasing CdS thickness, from 

approximately 27.47 to 27.40 mA cm-2, which can be attributed to increased parasitic absorption within the CdS layer and 

the resulting reduction in the photon flux reaching the CZTS absorber. The combined variation of these photovoltaic 

parameters results in a maximum simulated efficiency of approximately 23.29% at a CdS thickness of about 86 nm. 

Beyond this thickness, efficiency changes only marginally and gradually decrease. Therefore, a CdS thickness of 80 nm 

was selected as the optimized value for the proposed device, as it provides performance very close to the maximum while 

avoiding unnecessary increases in buffer-layer thickness. 

Figure 2: Effect of CdS buffer layer thickness on the photovoltaic performance parameters of the device. 

 

3.2 PERFORMANCE DEPENDENCY ON ZNO WINDOW THICKNESS  

Figure 3 shows the impact of varying the ZnO window-layer thickness from 10 nm to 300 nm on the photovoltaic 

performance parameters of the proposed solar cell. Across the entire thickness range, Jsc, FF, and PCE exhibit only 

marginal variations. Specifically, Jsc undergoes a minor reduction from 27.47 mA cm-2 to 27.40 mA cm-2, while FF remains 

virtually unchanged at approximately 85.5%. Consequently, power conversion efficiency drops negligibly from 23.30% 

at 10 nm to 23.25% at 300 nm. Meanwhile, the Voc remains invariant at 0.992 V, as modifying the window layer thickness 

does not alter the built-in potential or junction band alignment of the absorber/buffer interface. 

The subtle decrease in Jsc with increasing ZnO thickness is primarily attributed to parasitic ultraviolet absorption and mild 

transmittance attenuation within the window layer (Chen et al., 2024). Experimental studies have shown that ZnO 

thickness affects both the optical transmittance and photovoltaic performance of kesterite solar cells; moreover, an 

excessively thin ZnO layer may be insufficient to suppress leakage pathways, whereas excessive thickness can increase 

series resistance (Chen et al., 2024; Alhammadi et al., 2019). Considering the negligible trade-off in simulated 

photoelectric metrics alongside physical processing requirements, a ZnO thickness of 50 nm was selected as an optimal 

baseline to balance device efficiency with realistic thin-film fabrication constraints (Chen et al., 2024; Liu et al., 2019). 
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Figure 3: Influence of ZnO window layer thickness on the photovoltaic parameters of the proposed solar cell. 

 
3.3 Performance Dependency on CZTS Absorber Thickness 

  

The impact of the CZTS layer thickness on the photovoltaic performance of the proposed solar cell was investigated. The 

study evaluated an absorber layer thickness within 0.5 to 5.0 μm, while the CdS buffer layer and ZnO window layer 

thicknesses were fixed at 80 nm and 50 nm, respectively. Figure 4 presents the corresponding variations in device 

photovoltaic parameters as a function of absorber layer thickness. The results demonstrate that rising the CZTS thickness 

leads to a substantial improvement in performance at lower thickness levels. Specifically, the power conversion efficiency 

rises from 18.60% at 0.5 μm to 23.30% at 2.05 μm, accompanied by concurrent increases in Jsc, Voc, and FF. This 

enhancement is mainly driven by increased optical absorption in the thicker CZTS layer, which elevates photogeneration 

and charge collection rates (Ait Abdelkadir & Sahal, 2023; Suryawanshi et al., 2013). 

Beyond 2.05 μm, further increasing the absorber thickness yields diminishing performance gains. The efficiency increases 

modestly from 23.30% at 2.05 μm to 24.70% at 5.0 μm, with Voc increasing from 0.993 V to 1.01 V, Jsc from 27.5 mA 

cm-2 to 28.3 mA cm-2, and FF from 85.5% to 86.6%. This saturation behavior indicates that once the absorber thickness 

exceeds the effective optical absorption depth, additional material yields minimal photogeneration while slightly 

increasing bulk recombination resistance. 

Based on these results, a CZTS layer thickness of 2.4 m was chosen as the optimal operating thickness for subsequent 

simulations. This value provides a strong performance profile with an efficiency of approximately 23.7% while avoiding 

unnecessary material consumption and processing complexity associated with thicker films. 
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Figure 4: Variation of solar cell output parameters as a function of CZTS absorber layer thickness. 

 

 

3.4 Effect of Acceptor Concentration on Device Performance 

 
As illustrated in Figure 5, varying the acceptor concentration (𝑁𝐴) of the CZTS absorber layer from 1 × 1014 cm−3 to 

1 × 1019 cm−3 has a significant effect on the photovoltaic performance of the proposed solar cell. The power conversion 

efficiency (PCE) increases from 22.80% at 𝑁𝐴 = 3 × 1014 cm−3 to 27.70% at 1 × 1019 cm−3. A similar upward trend 

is observed in the 𝑉𝑜𝑐 , which rises from 0.928 V to 1.15 V over the investigated concentration range. This behavior is 

attributed to the increased majority carrier concentration, which enhances the built-in potential (𝑉𝑏𝑖) across the 

heterojunction and promotes charge separation and collection. 

In contrast, the 𝐽𝑠𝑐 decreases gradually from 28.5 mA ⋅ cm−2 to 27.2 mA ⋅ cm−2 as the acceptor concentration increases, 

primarily due to the narrowing of the space-charge region. However, the FF improves steadily with higher acceptor 

doping, reaching 89.0% at 1 × 1019 cm−3 due to reduced bulk series resistance. The combined enhancements in 𝑉𝑜𝑐  and 

FF outweigh the minor reduction in 𝐽𝑠𝑐, driving the overall increase in conversion efficiency. 

Although the simulated efficiency continues to increase at concentrations above 1 × 1018 cm−3, the value of 𝑁𝐴 =

1 × 1018 cm−3 was selected as the practical operating doping density for the optimized device. At this concentration, the 

cell achieves an efficiency of 24.19%, a 𝑉𝑜𝑐  of 1.06 V, a 𝐽𝑠𝑐 of 27.2 mA ⋅ cm−2, and an FF of 87.5%. Thus, 

1 × 1018 cm−3 provides an optimal compromise between photovoltaic performance and physical doping feasibility while 

avoiding heavy-doping effects. 
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Figure 5: Impact of CZTS absorber acceptor concentration (NA) on Voc, Jsc, FF, and PCE. 

 

3.5 Performance Dependency on Operating Temperature  

 
To evaluate the thermal stability of the proposed solar cell, the operating temperature (𝑇) was varied from 300 to 400 K. 

As shown in Figure 6, increasing the operating temperature results in a gradual decline in the photovoltaic performance 

of the device. The PCE decreases from 25.20% at 300 K to 19.65% at 400 K. This reduction is primarily associated 

with the decrease in the 𝑉𝑜𝑐 , which decreases from 1.06 V at 300 K to 0.876 V at 400 K. The corresponding average 

temperature coefficient of 𝑉𝑜𝑐  (𝑑𝑉𝑜𝑐/𝑑𝑇) is approximately −1.84 mV ⋅ K−1. The reduction in 𝑉𝑜𝑐  with increasing 

temperature can be attributed to the thermally induced increase in carrier generation and recombination, which increases 

the reverse saturation current and consequently reduces the achievable photovoltage. 

The FF also decreases progressively from 87.5% at 300 K to 82.4% at 400 K, indicating a deterioration in the electrical 

characteristics of the device at elevated temperatures. In contrast, the 𝐽𝑠𝑐 remains essentially constant at approximately 

27.2 mA ⋅ cm−2 throughout the investigated temperature range, indicating that temperature variation has only a minor 

effect on the photogenerated current. Overall, the results demonstrate that the thermal degradation of the proposed solar 

cell is primarily governed by the reductions in 𝑉𝑜𝑐  and FF, leading to a substantial decrease in conversion efficiency at 

elevated operating temperatures. These findings highlight the importance of effective thermal management for 

maintaining high photovoltaic performance under elevated-temperature operating conditions. 
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Figure 6: Temperature dependence of photovoltaic performance metrics in the range of 300 K to 400K. 

 
Figure 7 shows the illuminated 𝐽-𝑉 curve for the fully optimized ITO/ZnO/CdS/CZTS/Mo solar cell under AM1.5G 

conditions (300 K). Using the optimized parameters (𝑡CZTS = 2.4 𝜇m, 𝑡CdS = 80 nm, 𝑡ZnO = 50 nm, and 𝑁𝐴 =

1 × 1018 cm−3), the cell achieves a peak efficiency (PCE) of 24.19%, with 𝑉𝑜𝑐 = 1.057 V, 𝐽𝑠𝑐 = 26.18 mA ⋅ cm−2, and 

FF = 87.42%. These results confirm that balancing layer thicknesses and absorber doping effectively minimizes 

recombination and maximizes device performance. 

 

Figure 7: Illuminated J-V characteristic curve of the fully optimized ITO/ZnO/CdS/CZTS/Mo solar cell under standard 

AM1.5G conditions at 300K. 
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4.  CONCLUSION 

 
In this study, a numerical investigation of a ITO/ZnO/CdS/CZTS/Mo thin-film heterojunction solar cell was successfully 

performed using SCAPS-1D. The influence of absorber, buffer, and window layer dimensions, alongside absorber 

acceptor concentration (𝑁𝐴) and working temperature, was systematically evaluated to determine optimal design 

parameters. The results demonstrate that increasing the CZTS absorber thickness enhances photon absorption and 

photogeneration up to an optimal thickness of 2.4 𝜇m, beyond which efficiency increases at a significantly slower rate. 

For the buffer layer, a CdS thickness of 80 nm was selected to minimize parasitic absorption in the short-wavelength 

(blue) region while ensuring complete junction coverage. The ZnO window layer exhibited minimal impact on 

performance over the investigated range, with a thickness of 50 nm selected for practical fabrication continuity. 

Furthermore, optimizing the absorber acceptor concentration to 𝑁𝐴 = 1 × 1018 cm−3 significantly enhanced the built-in 

potential and open-circuit voltage (𝑉𝑜𝑐), balancing charge extraction with heavy-doping constraints. Under these 

optimized conditions, the proposed solar cell achieves a maximum power conversion efficiency (PCE) of 24.19%, with 

𝑉𝑜𝑐 = 1.057 V, 𝐽𝑠𝑐 = 26.18 mA ⋅ cm−2, and FF = 87.42%. These findings provide critical design guidelines for 

fabricating high-performance, cost-effective CZTS-based photovoltaics. 
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