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ABSTRACT                                  
This research analyzes the modeling of CZTS 

(Copper Zinc Tin Sulfide) solar cells, with a focus 
on advanced layer configuration and thermal 
management to improve operational efficiency. 
Using SCAPS-1D software, this investigation seeks to 
augment cell efficiency by fine-tuning the dimensions 
of absorptive layers, modifying buffer compositions, 
and adjusting other critical components. The study 
evaluates the role of transition metal dichalcogenides 
(TMDs), specifically MoS₂ as the hole transport layer 
and ZnO as the window layer, in influencing open-
circuit voltage (Voc) and short-circuit current density 
(Jsc).

Furthermore, the research delves into temperature-related effects, demonstrating that 
elevated temperatures lead to a decrease in Voc and Jsc attributable to bandgap narrowing and 
heightened recombination processes. Through the optimization of the thicknesses of the CZTS, 
MoS₂, and WSe₂ layers, this study elucidates the manner in which material adjustments influence 
Voc, Jsc, fill factor (FF), and overall efficiency (η). In addition, effective thermal management 
emerges as a critical factor, given that increased temperatures elevate recombination rates, thereby 
adversely affecting FF and efficiency. The results of this study provide essential information 
for increasing the performance, durability and stability of CZTS solar cells under various 
environmental conditions.
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تحسين كفاءة الخلايا الشمسية )كبريتيد النحاس والزنك والقصدير( من خلال تطوير التكوينات 
الطبقية المتقدمة وتحليل الأداء باستخدام برنامج سكابسالاسماء باللغة العربية.

ملخ��ص: تحل��ل ه��ذه الدراس��ة نمذجة الخلايا الشمس��ية )كبريتيد النحاس والزن��ك والقصدير(، مع التركيز عل��ى تكوينات طبقية 
متقدمة وإدارة حرارية لتحسين الكفاءة التشغيلية. باستخدام برنامج )سكابس-1د(، تهدف هذه الدراسة إلى تعزيز كفاءة الخلايا 
م��ن خ��لال تعدي��ل أبع��اد الطبق��ات الماص��ة، وتعدي��ل تركيب��ات الطبق��ات العازل��ة، وضب��ط مكون��ات أخ��رى حاسم��ة. تقي��م الدراس��ة دور 
ثنائ��ي كبريتي��د المع��ادن الانتقالي��ة، خاص��ة ثنائ��ي كبريتي��د الموليبدين��وم كطبق��ة نق��ل للثقوب وأكس��يد الزنك كطبق��ة نافذة، في 
التأث��ر عل��ى جه��د الدائ��رة المفتوح��ة وكثاف��ة تي��ار الدائ��رة القص��رة. ع��لاوة عل��ى ذلك، تتناول الدراس��ة تأث��رات درجات الح��رارة، مما 
يظه��ر أن ارتفاعه��ا ي��ؤدي إلى انخف��اض جه��د الدائ��رة المفتوح��ة وكثاف��ة تي��ار الدائ��رة القص��رة بس��بب تضيي��ق فج��وة الطاق��ة وزي��ادة 
عملي��ات إع��ادة التركي��ب. م��ن خ��لال تحس��ين سماك��ة طبقات كبريتي��د النحاس والزن��ك والقصدي��ر وثنائي كبريتي��د الموليبدينوم 
وس��يلينيد التنجس��ن، توض��ح الدراس��ة كي��ف تؤث��ر تعدي��لات المواد على جه��د الدائرة المفتوح��ة وكثافة تيار الدائ��رة القصرة وعامل 
التعبئة والكفاءة الإجمالية. بالإضافة إلى ذلك، تبرز الإدارة الحرارية الفعالة كعامل حاسم، حيث يؤدي ارتفاع درجات الحرارة إلى 
زي��ادة مع��دلات إع��ادة التركي��ب، مم��ا يؤثر س��لبًا على عامل التعبئة والكفاءة. تقدم نتائج هذه الدراس��ة معلومات أساس��ية لزيادة الأداء 

والموثوقي��ة والاس��تقرار للخلاي��ا الشمس��ية كبريتي��د النح��اس والزن��ك والقصدير تحت ظ��روف بيئية مختلفة.

الكلم��ات المفتاحي��ة - الخلاي��ا الشمس��ية كبريتي��د النح��اس والزن��ك والقصدي��ر؛ مح��اكاة س��كابس؛ ثنائ��ي كبريتي��د المع��ادن الانتقالي��ة؛ ثنائ��ي كبريتي��د 
الموليبدين��وم؛ أكس��يد الزن��ك؛ التأث��رات الحراري��ة؛ الطاق��ة المتج��ددة.

1. INTRODUCTION

Photovoltaic solar cells convert solar energy into electricity by exploiting the principles of the 
photovoltaic effect in p-n junctions [1-3]. Thin-film photovoltaic cells, known for their high 
optical absorption coefficients, require only a few micrometers of material to enable significant 
light absorption [4-6]. This reduced thickness provides flexibility to the devices, making them 
suitable for applications on curved surfaces, such as in automobiles or wearable technologies. In 
addition, reducing the thickness of the absorber layer allows for ultra-thin and semi-transparent 
cells, offering promising prospects for their integration into building-integrated photovoltaic 
systems.
Although CIGS (copper indium gallium selenide) and CdTe (cadmium telluride) solar cells 
currently dominate the thin-film technology sector, they face major challenges. CIGS relies on 
rare and expensive materials such as indium (In) and gallium (Ga), while CdTe contains toxic 
elements such as cadmium (Cd) and tellurium (Te), raising concerns about their environmental 
impact and long-term sustainability. This highlights the urgent need to develop alternative, 
abundant, non-toxic, and economically viable materials without compromising performance. 
In this context, CZTS (copper zinc tin sulfide) is positioned as a promising candidate for future 
generations of thin-film photovoltaic cells [7-10].
CZTS has many advantages as a photovoltaic material: it is composed of elements abundant 
in the Earth’s crust, it is non-toxic and inexpensive (copper, zinc, tin, and sulfur), making it 
an attractive material for large-scale sustainable photovoltaic applications. Unlike rare and toxic 
materials, CZTS offers a reduced environmental footprint and has high potential for adoption 
in renewable energy technologies. Moreover, its direct bandgap of about 1.5 eV is ideal for solar 
energy conversion, as it falls within the optimal range of bandgaps for efficient light absorption 
in the solar spectrum [11]. Its absorption coefficient, over 10⁴ cm⁻¹, enables efficient light capture 
even with thin films, which is crucial for reducing material usage and manufacturing costs [12].
 Solar cells based on CZTS also exhibit remarkable stability under changing environmental 
conditions, such as temperature fluctuations, a key criterion for ensuring reliable long-term 
operation in real-world applications [13]. Furthermore, its tunable optoelectronic properties, 
such as its adjustable bandgap and high hole mobility, make it a versatile material that can be 
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optimized to meet various performance requirements. These characteristics, combined with 
the fact that CZTS does not rely on any rare or toxic elements, make it a prime candidate for 
environmentally responsible and scalable photovoltaic technologies [14,15].
In this study, CZTS was selected due to its potential to overcome the limitations of existing thin-
film technologies while providing a sustainable and efficient alternative for renewable energy. The 
main objective of this research is to optimize the performance of CZTS-based solar cells using 
advanced layer configurations and appropriate thermal management, in order to address the 
low open-circuit voltage (Voc) that currently limits their efficiency. By fine-tuning the material 
layers and integrating innovative buffer layers as well as hole transport layers, this work aims to 
maximize the performance of CZTS-based cells, positioning them as viable alternatives for future 
photovoltaic systems.In order to rectify this diminished Voc and augment the efficacy of CZTS-
based solar cells, this research emphasizes the utilization of copper-based (p-type) inorganic 
semiconductors as prospective hole transport layers (HTLs). These substances exhibit high 
hole mobility, excellent electrical conductivity, high optical transparency, cost-effectiveness and 
environmental sustainability, making them promising candidates for increasing the performance 
of solar cells [15].
In our modeling methodology, we utilized SCAPS-1D (Solar Cell Capacitance Simulator in 1 
Dimension) software to simulate the performance of CZTS-based photovoltaic cells, designed 
with a sophisticated i-ZnO/WSe₂/CZTS architecture. SCAPS-1D was chosen for this study due 
to its robust capabilities in modeling the electro-optical properties of thin-film solar cells. It 
enables precise analysis of critical performance metrics, such as current-voltage characteristics, 
band alignment, and recombination processes within multilayer photovoltaic structures. This 
makes it an ideal tool for evaluating potential efficiency and optimizing the design of each layer 
within the solar cell. Each material in this cell architecture was meticulously selected for its 
distinct properties and functional significance. CZTS (Copper Zinc Tin Sulfide) serves as the 
light-absorbing layer due to its ideal direct bandgap of approximately 1.5 eV, which closely aligns 
with the optimal value for solar energy conversion. Its high absorption coefficient enhances the 
cell’s ability to capture sunlight and generate electron-hole pairs efficiently, making it a strong 
candidate for effective light absorption and energy conversion. Furthermore, CZTS is composed 
of earth-abundant, non-toxic elements, positioning it as an environmentally sustainable and 
economically feasible alternative to conventional absorber materials such as CIGS (Copper 
Indium Gallium Selenide) or CdTe [15].
The i-ZnO (intrinsic zinc oxide) layer functions as the window layer, characterized by a substantial 
bandgap of roughly 3.3 eV. La large bande interdite offre une transparence élevée, permettant une 
pénétration maximale de la lumière avec une perte d’absorption minimale, augmentant ainsi 
encore le courant de court-circuit. 
The monolayer tungsten diselenide (WSe₂) was selected as the buffer layer owing to its 
outstanding properties, which render it highly advantageous for cutting-edge applications in 
nanoelectronics, spintronics, and valleytronics. WSe₂ is particularly distinguished among all 
recognized monolayer transition-metal dichalcogenides (TMDs) by its exceptional spin splitting 
and prolonged valley coherence time. These features, in conjunction with its superior band 
alignment with CZTS, facilitate efficient charge separation and mitigate recombination losses. 
Furthermore, WSe₂ operates as a direct bandgap semiconductor with an energy gap of 1.2 eV, 
thereby augmenting its applicability for photovoltaic purposes. Our incorporation of high-
quality monolayer WSe₂ within the simulation framework capitalizes on its advanced electronic 
characteristics, as substantiated by high-resolution angle-resolved photoemission spectroscopy 
(ARPES), to increase the overall efficiency of the device.
MoS₂ (molybdenum disulfide) acts as the hole transport layer (HTL), recognized for its elevated 
carrier mobility and suitable band alignment, thereby promoting effective hole extraction and 
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transport. This, in turn, which results in increased open-circuit voltage (Voc) and fill factor. 
Through the integration of these materials into our SCAPS model, we systematically evaluated their 
influence on device efficiency, providing invaluable insights for optimizing layer configurations 
and informing experimental designs aimed at further increasing solar cell performance.

2. METHODOLOGY 

2.1. Simulation 

Numerical analysis has emerged as an essential approach in advancing and refining a range 
of technological devices, with a specific focus on thin-film solar cells (TFSCs).By employing 
sophisticated simulation frameworks such as SCAPS 1D, investigators are able to meticulously 
forecast and optimize the operational performance and energy efficacy of these solar cells in 
relation to a wide range of environmental factors. This methodology not only promotes a more 
profound comprehension of the complex physical phenomena occurring within the cells but also 
permits the discernment of optimal material compositions and architectural designs, thereby 
contributing to increased device reliability, efficiency, and adaptability to practical applications.
 SCAPS 1D 3.307, which was developed in the year 2012 by the Department of Electronics and 
Information Systems (ELIS) at the University of Gent, was specifically engineered to emulate the 
characteristics of the field layer and blaze diffractive grating in Thin-Film Solar Cells (TFSCs). The 
software is constructed upon a robust foundation of scholarly research and empirical evidence, 
incorporating an extensive array of meticulously cited parameters. A significant parameter within 
SCAPS is the pre-factor Aα, established at 105 to calibrate the absorption coefficient obtained 
from a designated equation. This value is substantiated by scholarly investigations, including 
those conducted by Burgelman (1999) and Liang et al. (2018). [16-18].

1
2 1gA ( hv E ) ( )αα = −

The simulation is executed under solar irradiance conditions equivalent to 1 Sun, defined by a 
power density of 1000 W/m² and a thermal environment maintained at 300 K. This approach 
incorporates the application of well-established theoretical constructs, including the continuity 
equation, Poisson’s equation, and the equations governing electron and hole transport, which 
collectively elucidate various recombination mechanisms. The primary aim of these analytical 
endeavors is to accurately capture and reproduce the operational characteristics exhibited by 
thin-film solar cells (TFSCs) . The execution of these simulations is crucial for optimizing both 
the design parameters and operational performance of TFSCs, with the ultimate goal of achieving 
optimal efficiency alongside economic feasibility. As the global appetite for renewable energy 
solutions intensifies, the use of numerical analysis software, such as SCAPS 1D, is expected to 
gain increased significance in the ongoing evolution of sustainable energy technologies.[19].
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When simulating thin-film solar devices, it is essential to consider the global discontinuity 
parameter. However, a recent study did not include this essential parameter, instead choosing to 
use electrical and optical values from existing literature while keeping the temperature fixed at 
300 K. The solar cell was illuminated with a global spectrum of 1000 W/m² and an air mass value 
of 1.5, based on previous research. Additionally, the input material properties for each layer and 
the device parameters in the 1-D SCAPS tool were adjusted as needed. Despite the omission of the 
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global discontinuity parameter, this approach provided valuable insights into the performance of 
thin-film solar devices. Future research should incorporate the global discontinuity parameter to 
increase the accuracy of the simulation results.
2.2. Device configuration 
       This computational tool is predicated upon mathematical formulations that are relevant 
to semiconductor physics, specifically focusing on the continuity equation governing electron 
dynamics (4), the continuity equation applicable to hole transport (5), and the Poisson equation 
[20]:

0 4n
n n

j G U ( n, p ) ( )
x

∂
+ − =

∂

0 5p
p p

j
G U ( n, p ) ( )

x
∂

+ − =
∂

2

2
0

6D A
r

d dE ( p n N N ) ( )
d x dx
ψ ρ

ε ε
+ −= = − − + −

The following equations describe how electrons and holes drift and scatter during carrier 
transport:
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The relationship between scattering efficiency, career mobility, and career lifetime is defined by 
Einstein’s equation:
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The efficiency (PCE) and the fill factor are showing as:
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The illustrated model delineates a complex stratified architecture of a CZTS (Copper Zinc Tin 
Sulfide) photovoltaic cell, meticulously engineered for simulation utilizing the SCAPS (Solar 
Cell Capacitance Simulator) software. This configuration incorporates a sequence of deliberately 
organized layers, each fulfilling a pivotal function in increasing the efficiency and performance 
of the solar cell. Positioned at both the uppermost and lowermost regions of the architecture are 
Au (Gold) contacts, which are imperative for facilitating the conduction of electrical current 
throughout the cell. These contacts guarantee effective charge collection and transport, which are 
indispensable for the holistic energy conversion mechanism. Situated beneath the upper contact 
is the i-ZnO (Intrinsic Zinc Oxide) layer, which serves as a buffer layer.
This layer is essential for increasing the interface between the WSe₂ layer and the frontal contact, 
thus augmenting electron transport and reducing recombination losses. The WSe₂ layer is 
subsequently positioned as the window layer. Its fundamental purpose is to facilitate maximal 
light transmission while contributing to the photovoltaic effect through the promotion of 
electron-hole pair generation.
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Figure 1. the structure of the proposed device.

The principal component of the structure is CZTS absorber layer, which serves as the absorber 
layer tasked with the capture of solar radiation and its conversion into electrical energy. CZTS 
is particularly beneficial due to its abundance and non-toxic nature, rendering it a promising 
candidate for sustainable energy applications. Beneath the CZTS layer lies the MoS₂ (Molybdenum 
Disulfide) layer, which functions as a back contact or hole transport layer. This layer is pivotal 
in promoting the mobility of holes and increasing charge separation, thereby increasing the 
efficiency of the cell [21]. Finally, the TCO (Transparent Conductive Oxide) layer is located 
at the base of the structure, Figure  1. It offers both transparency for optimal light absorption 
and electrical conductivity, thereby ensuring effective charge transport throughout the device. 
This comprehensive simulation framework utilizing SCAPS enables researchers to rigorously 
investigate the performance attributes of CZTS solar cells, allowing them to meticulously adjust 
various parameters and emulate diverse environmental conditions. the device and material 
parameters utilized in this study, chosen based on experimental data, literature values, theoretical 
considerations, or reasonable estimates, are presented in Table 1 [22-24].

           Table 1. The parameters used in this simulation.
Parameter CZTS MoS₂ WSe₂ i-ZnO
thickness (μm) Var 1 Var 0.08
dielectric permittivity (relative) 10 3 13.8 8.9
Electron mobility (cm2/V.s) 100 100 30 10
hole mobility (cm2/V.s) 25 150 30 10
shallow uniform donor density  ND (cm-3) 10 10 1017 1020

shallow uniform acceptor density NA (cm-3) 2×1016 1017 0 0
bandgap (eV) 1.50 1.29 1.55 3.65
Nc (cm-3) 2.2 ×1018 2.2 ×1018 8.3 ×1018 5.2 ×1018

Nv (cm-3) 1.8 ×1019 1.8 ×1019 1.4×1019 1 ×1019

electron affinity (eV) 4.5 4.2 4.03 4.8
Electron thermal velocity (cm/s) 107 107 1.7×107 2×107

hole thermal velocity (cm/s) 107 107 1.4×107 107
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3. RESULTS

3.1. Analyzing the influence of the thickness of the absorber layer

In Figure  2, the SCAPS simulations illustrate the impact of varying the thickness of the CZTS 
layer on the photovoltaic properties of the solar cell. An observable trend emerges in both the 
open-circuit voltage (Voc) and the short-circuit current density (Jsc) as the layer thickness is 
incrementally increased.
 At an initial thickness of 0.2857 μm, the solar cell achieves a Voc of 0.78177 V along with 
a significant Jsc of 31.68 mA/cm². indicating efficient light absorption and charge collection, this 
efficiency is attribued to the minimal recombination losses characteristic of the thinner layer. 
With an increase in thickness to 0.5714 μm, Voc increases  to 0.7947 V, which signifies a reduction 
in surface recombination and an improvement in charge separation efficiency. Conversely, Jsc 
experiences a decrement to 31.21 mA/cm², likely resulting from the augmentation of resistive 
and recombination losses within the bulk of the thicker material.
 As the thickness of 0.8571 μm, Voc peaks at 0.80981 V, which signifies further 
advancements in charge separation capabilities. Notably, Jsc continues to decrease to 29.06 mA/
cm², indicating a trade-off between augmented absorption and heightened recombination losses. 
As the thickness escalates to 1.143 μm, Voc stabilizes at 0.82003 V, whereas Jsc diminishes further 
to 28.24 mA/cm², indicating that increased layer thickness may exacerbate resistive losses, thus 
adversely affecting current density.
 For thicknesses above 1.429 μm, Voc continues to increase, reaching a maximum of 
0.83964 V at 2 μm. This increase can be attributed to a reduction in recombination sites, which 
increases the voltage output. Nonetheless, Jsc demonstrates a downward trajectory, ultimately 
reaching 27.83 mA/cm² at 2 μm, suggesting that, while thicker layers may increase voltage 
through diminished recombination, they concurrently restrict current generation due to elevated 
internal resistance and absorption inefficiencies.
 In summation, the findings highlight the importance of optimizing the CZTS layer 
thickness to balance between Voc and Jsc for the attainment of maximum operational efficiency. 
The modeling results emphasize the necessity of fine-tuning the thickness of the absorber layer to 
realize an optimal compromise between increased voltage and minimized current losses, which 
is crucial for the improvement of CZTS solar cell performance [25–28].

Figure  2. Variation of cell efficiency Jsc and Voc with CZTS thickness.
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In Figure  3, the SCAPS simulation results for the CZTS solar cell reveal a nuanced relationship 
between the thickness of the absorber layer and pivotal performance indicators: fill factor (FF) 
and efficiency (η). As the thickness of the CZTS layer varies, these parameters manifest distinct 
tendencies that highlight the intricate relationship between material characteristics and device 
efficacy.
        At initial thickness of 0.2857 μm, the cell achieves a fill factor of 70.61% and an efficiency of 
17.49%. This observation implies proficient charge transport and minimal resistive losses, thereby 
facilitating effective energy conversion. Nevertheless, as the thickness escalates to 0.5714 μm, both 
FF and efficiency experience a decline to 68.80% and 17.06%, respectively. This decline points 
signifies heightened recombination and resistive losses, which may hinder charge collection.
       Upon reaching a thickness of 0.8571 μm, there is a partial recovery in FF to 70.90%, while 
efficiency diminishes to 16.69%. This observation suggests that, while some resistive losses are 
mitigated, the increased thickness may still introduce additional recombination sites, negatively 
impacting overall device performance. At a thickness of 1.143 μm,, the FF further increases to 
72.43%, with efficiency stabilizing at 16.77%, suggesting a compromise between increased charge 
collection and persistent recombination phenomena.
Beyond this juncture, at a thickness of 1.429 μm, the FF continues to ascend, attaining 73.06%, 
while efficiency realizes a modest rise to 16.92%. This improvement implies that the thickness of 
the absorber layer is approaching an optimal equilibrium wherein the advantages of increased 
light absorption begin to surpass the disadvantages associated with increased recombination. At 
the maximum thickness of 2 μm, the FF reaches its zenith at 73.56%, and efficiency rebounds to 
17.19%, emphasizing the successful attenuation of recombination losses and the improvement of 
charge transport.
        In summation, these findings accentuate the significance of fine-tuning the thickness of 
the CZTS layer to optimize both FF and η. Attaining the appropriate thickness is imperative for 
maximizing the efficiency of CZTS solar cells, as it reconciles light absorption, charge separation, 
and loss mechanisms within the device [29].

Figure  3. Variation of cell efficiency eta and FF  with CZTS thickness.

3.2. Analyzing the influence of the thickness of interfacial layer 

In Figure  4, the SCAPS model simulation demonstrates the effect of the MoS₂ layer thickness on 
the open-circuit voltage (Voc) and short-circuit current density (Jsc) of the photovoltaic device. 
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As the layer thickness is augmented, both Voc and Jsc demonstrate upward trajectories, indicative 
of improvements in charge separation and light absorption efficiency.
Initially, at a thickness of 0.1667 μm, Voc is measured at 0.79945 V, and Jsc is recorded at 26.39 
mA/cm². demonstrating effective initial charge separation and collection mechanisms. When the 
thickness is increased to 0.3333 μm, Voc ascends to 0.80354 V, while Jsc reaches 26.81 mA/cm², 
implying a reduction in recombination losses and a concomitant improvement in absorption 
characteristics. At a thickness of 0.5 μm, Voc persists in its upward trend, attaining a value of 
0.80709 V, with Jsc achieving 27.28 mA/cm². This observation denotes an optimal equilibrium 
between absorption efficacy and diminished recombination phenomena. Further augmentation 
of thickness to 0.8333 μm yields a Voc of 0.81291 V and a Jsc of 28.16 mA/cm², thereby reflecting 
ongoing advancements in charge separation dynamics. For thicknesses at 1 μm and greater, both 
Voc and Jsc continue to exhibit an upward trajectory, culminating in values of 0.82125 V and 
29.38 mA/cm² at a thickness of 1.5 μm, respectively. This indicates that increased layer thickness 
facilitates superior light absorption, thereby increasing current generation while concurrently 
minimizing recombination losses. In summary, the optimization of the MoS₂ layer thickness 
is essential for the maximization of both Voc and Jsc. The observed upward trends signify that 
increased thickness not only increases charge separation but also augments light absorption, 
resulting in increased performance of the solar cell as delineated in the SCAPS model [30-31].

Figure  4. Variation of cell efficiency Jsc and Voc with interfacial layer.

In Figure  5, the SCAPS simulation results demonstrate how the thickness of the MoS₂ layer 
affects both the fill factor (FF) and the efficiency (η) of the solar cells. As the MoS₂ layer thickness 
increases, the FF tends to decrease, while the efficiency (η) shows an upward trend.
      At an initial thickness of 0.1667 μm, the FF is relatively high at 73.53%, indicating efficient 
charge transport with minimal resistive losses. However, as the thickness increases, the FF 
gradually decreases, reaching 71.34% at 1.5 μm. This decline suggests that thicker MoS₂ layers 
may introduce additional resistive losses or recombination sites, thereby reducing the efficiency 
of charge carrier extraction.
      In contrast, the efficiency starts at 15.51% and steadily rises to 17.22% as the thickness reaches 
1.5 μm. This increase in efficiency is likely due to increased light absorption and increased 
charge generation in thicker layers. The additional material may allow for better photon capture, 
compensating for the negative effects observed on the FF.  In conclusion, the results reveal a 
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trade-off between FF and efficiency (η) as the thickness of the MoS₂ layer increases. While 
thicker layers increase light absorption and thus efficiency, they also present challenges in charge 
transport, leading to a reduction in FF. Therefore, optimizing the thickness of the MoS₂ layer is 
crucial to balancing these effects and maximizing the overall performance of CZTS solar cells 
modeled with SCAPS [31].

Figure  5. Variation of cell efficiency FF and eta with interfacial layer.

3.3. Analyzing the influence of the thickness of buffer layer  

In Figure 6, the SCAPS simulation results illustrate a complex interrelationship between the 
thickness of the WSe₂ layer and critical performance metrics, including open-circuit voltage 
(Voc) and short-circuit current density (Jsc).  As the thickness of the WSe₂ layer is augmented, 
Voc demonstrates a marginally positive trajectory, stabilizing at approximately 1 μm. This 
observation implies an improvement in charge separation and a reduction in recombination at 
optimal thickness values. In contrast, Jsc encounters a decrement with the increase in thickness, 
presumably attributable to elevated recombination losses or hindered carrier transport within 
thicker layers. 

 
Figure 6. Variation of cell efficiency Voc and Jsc with buffer layer.
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The compromise between these performance parameters suggests that an optimal WSe₂ thickness 
exists near 1 μm, wherein Voc reaches its zenith without imposing significant adverse effects on 
Jsc. Furthermore, the initial improvements in the fill factor (FF) and efficiency (η) concomitant 
with increasing thickness indicate increased device performance, which subsequently plateaus, 
thereby illustrating a equilibrium between effective charge collection and recombination. This 
examination emphasizes the criticality of meticulous optimization of layer thickness in the 
pursuit of high-efficiency solar cells [32].
       The modeling of the solar cell structure using SCAPS provides in Figure 7 how the thickness 
of the WSe₂ layer impacts both the fill factor (FF) and the efficiency (η) of the device. As the 
thickness of the WSe₂ layer increases, both FF and η show a notable improvement initially. 
This indicates increased charge collection efficiency and a reduction in series resistance, which 
collectively contribute to increased overall device performance.

Figure 7. Variation of cell efficiency FF and eta with buffer layer.

The FF increases significantly as the thickness approaches 1 μm. This suggests that the electrical 
characteristics of the device, such as reduced internal resistance and increased carrier transport, 
are optimized at this thickness. The peak in FF around this point indicates that the device operates 
more efficiently, with better charge extraction and lower recombination rates at the electrodes.
  The efficiency follows a similar trend, peaking alongside the FF. This peak efficiency 
reflects the balance between maximizing photovoltaic conversion and minimizing losses due to 
recombination and resistive pathways. The optimal thickness allows for sufficient light absorption 
while maintaining efficient charge carrier separation and transport, crucial for high photovoltaic 
performance.
  As the thickness exceeds the optimal point, both FF and η experience slight declines. This 
can be attributed to increased recombination losses or resistive losses that outweigh the benefits 
of additional light absorption. Thicker layers may lead to longer carrier paths, increasing the 
likelihood of recombination before charge extraction.
This detailed analysis underscores the importance of precise thickness optimization in the 
WSe₂ layer to achieve high efficiency in solar cells. It highlights the delicate balance necessary 
between light absorption, charge transport, and recombination dynamics in designing efficient 
photovoltaic devices [32].
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3.4. Analyzing the influence of temperature   

In Figure 8 , the SCAPS simulation results represents the thermal dependence of the open-circuit 
voltage (Voc) and short-circuit current density (Jsc) for a solar cell composed of CZTS, arranged 
in the configuration of i-ZnO/WSe₂/CZTS/MoS₂. As the temperature increases from 300 K to 400 
K, both Voc and Jsc exhibit downward trends, a common characteristic in photovoltaic systems.
The open-circuit voltage (Voc) manifests a considerable decline from approximately 0.815 V at 
300 K to 0.668 V at 400 K. This observed behavior is predominantly ascribed to the temperature-
dependent characteristics of the bandgap energy. With an increase in temperature, the bandgap 
of the absorber material (CZTS, in this instance) diminishes, consequently leading to a reduction 
in Voc. Moreover, the augmented thermal energy facilitates an increase in the intrinsic carrier 
concentration, which subsequently elevates the saturation current (I₀). Given that Voc is 
logarithmically correlated to the ratio of the photocurrent to the saturation current, a rise in I₀ 
culminates in a diminished Voc. This temperature-induced reduction in Voc serves to reflect the 
intrinsic thermodynamic constraints of the semiconductor material employed in the solar cell.
The short-circuit current density (Jsc) similarly experiences a decline with the increase in 
temperature, albeit the decrease is less pronounced in comparison to Voc, diminishing from 
approximately 28.525 mA/cm² at 300 K to 27.102 mA/cm² at 400 K. The observed reduction in 
Jsc can be attributed to multiple factors. Elevated temperatures expedite carrier recombination 
phenomena, particularly within the bulk of the absorber layer and at the interfaces, thereby 
leading to a decrease in the quantity of photogenerated carriers that contribute to the current. 
As temperature escalates, phonon scattering becomes increasingly prominent, which results in 
a diminished mobility of charge carriers (i.e., electrons and holes). This reduction in mobility 
can obstruct the effective collection of carriers at the electrodes, thereby yielding a lower Jsc. 
Additionally, elevated temperatures may exacerbate energy losses due to carrier thermalization, 
wherein the excess kinetic energy of photogenerated carriers is dissipated as heat prior to their 
contribution to the current[33-35].

Figure 8. Variation of cell efficiency Voc  and Jsc with temperature.

The combined effect of reduced Voc and Jsc with temperature culminates in a reduction of the 
overall efficiency (η) of the solar cell, as evidenced by the data presented. The efficiency declines 
from 16.7127% at 300 K to 13.906% at 400 K. This highlights the critical significance of thermal 
management in the design of solar cells, particularly those based on CZTS, to uphold performance 
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across varying environmental conditions. Furthermore, the balance between sustaining elevated 
Voc and Jsc whilst addressing temperature effects is essential for optimizing the design and 
material selection in these solar cells. 

At lower temperatures (300 K to ~350 K), Figure 9 represents a progressive improvement of the fill 
factor (FF). This phenomenon can be ascribed to a diminution in the series resistance inherent in 
the solar cell as the temperature escalates. Series resistance, which originates from resistive losses 
along the current-conducting pathways, generally exhibits a decline with increasing temperature, 
facilitating augmented current flow and subsequently leading to an improvement in the FF.
As the temperature persists in rising beyond the optimal threshold, the FF commences a downward 
trajectory. This reduction is predominantly attributable to heightened recombination rates of 
charge carriers within the solar cell. At elevated temperatures, the increase in thermal energy 
culminates in an augmented rate of electron-hole recombination, especially within the depletion 
region and at defect sites. This phenomenon culminates in a reduction of the photocurrent 
available for energy conversion, thereby diminishing the FF.

Figure 9. Variation of cell efficiency FF and eta with temperature.

The efficiency of the solar cell demonstrates a consistent attenuation concomitant with rising 
temperature. Efficiency is intricately linked to both the open-circuit voltage (Voc) and the FF. 
Nevertheless, temperature exerts a more pronounced influence on Voc, which experiences a 
substantial decline with increasing temperature. As the temperature elevates, the intrinsic carrier 
concentration of the semiconductor escalates, resulting in a shift of the Fermi level closer to the 
intrinsic level. This shift mitigates the disparity between the conduction band and the Fermi 
level, thereby leading to a reduction in Voc. Given that Voc possesses a logarithmic relationship 
with the ratio of light-generated current to dark saturation current, an increase in temperature 
induces an exponential rise in the dark saturation current, culminating in a reduced Voc and, as 
a result, diminished efficiency.
Considering that both FF and Voc are pivotal constituents of the efficiency, the convergence 
of declining FF and Voc engenders a substantial decrease in overall efficiency as temperature 
ascends. This effect is further exacerbated at elevated temperatures, wherein the decline in 
efficiency becomes markedly pronounced.
The discerned trends accentuate the criticality of thermal management within solar cell design. 
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To preserve high efficiency, it is imperative to mitigate temperature-induced losses. This objective 
can be accomplished through the utilization of materials with lower temperature coefficients for 
Voc or through structural optimizations aimed at reducing recombination losses under elevated 
temperature conditions. The selection of materials, particularly those employed in the active layer 
and contacts, is instrumental in determining the extent to which temperature influences the FF 
and efficiency. For example, materials characterized by higher bandgaps may provide increased 
Voc stability at elevated temperatures; however, such advantages may be accompanied by trade-
offs in other parameters such as (Jsc). In conclusion, the diagram and data collectively elucidate 
that while the fill factor initially reaps benefits from moderate temperature elevations, both FF 
and efficiency are adversely affected at higher temperatures due to increased recombination 
and diminished Voc. These findings underscore the necessity for meticulous consideration of 
temperature effects in both the design and implementation of solar cells, particularly in contexts 
where they are subjected to elevated thermal loads  [35].

4. CONCLUSION 

 In conclusion, the findings from the simulation emphasize the critical significance of 
optimizing layer thickness and regulating temperature to attain peak efficiency in solar cells.
With regard to the CZTS layer, an ideal thickness promotes an increase in (Voc) by diminishing 
recombination and resistive losses, while concurrently sustaining elevated short-circuit current 
density (Jsc). An augmentation in thickness increases light absorption and Voc; however, it 
may concurrently lead to elevated recombination and resistive losses, thereby diminishing Jsc 
and overall efficiency. Likewise, for the MoS₂ layer, the optimal thickness increases both Voc 
and Jsc, although the increase in efficiency occurs at the cost of a diminished fill factor (FF) 
owing to heightened resistive losses. For the WSe₂ layer, an optimal thickness in the vicinity 
of 1 μm increases both FF and efficiency, yet further increases result in diminishing returns 
attributable to augmented recombination and resistive losses. Moreover, elevated temperatures 
exert a detrimental effect on Voc and Jsc, culminating in a reduction of efficiency. While FF 
initially benefits from rising temperatures due to a decrease in series resistance, it subsequently 
declines as a result of increased recombination. Consequently, effective thermal management and 
meticulous optimization of layer thickness are imperative for sustaining elevated performance 
and efficiency in solar cells across diverse conditions.
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