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Abstract: 

     Copper Indium Sulfur-Selenide (CISSe)-based solar cell is examined by 

optimization several aspects including absorber layer thickness, buffer layer 

thickness, window layer thickness, working temperatures and energy band gap 

values. The optimization of these factors has resulted in optimum absorber layer 

thickness of 3000 nm, optimum CdS thickness of 10 nm, optimum ZnO thickness of 

10 nm, optimum working temperature of 300 K and optimum energy band gap of 

1.5 eV. The best device performance consisting of these optimum values results in a 

PCE of 30.51% correlated to FF of 83.7%, JSC of 47.188 mA.cm-2 and VOC of 0.773 

Volt. The results are promising and pave the way towards high PCE of CISSe-based 

solar. However, there might be a differences when these factors are applied in an 

experimental procedure due to the preparation conditions. 
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دور  : SCAPS-1Dتمت محاكاتها بواسطة برنامج  CuInSSeخلية شمسية فعالة تعتمد على 
 % 30الكفاءة بنسبة 
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ملي    FF  ,47.188من    %83.7المرتبط مع    PCEمن      %30.51للجهاز من هذه القيم المثلى ينتج عنه  
عالية للطاقة    PCEالنتائج واعدة وتمهد الطريق نحو .    OCVفولت من    0.773و      SCJمن    2امبير . سم  

القائمة على و  إجراء   CISSe الشمسية  في  العوامل  هذه  تطبيق  عند  اختلافات  هناك  تكون  قد  ذلك،  .ومع 
 تجريبي بسبب ظروف التحضير.

 

Introduction: 

     Among several important light-absorbing semiconductors used for thin film solar cells, I–

III–VI group compounds are one of the promising absorber materials of Power Conversion 

Efficiency (PCE) higher than 20% at the laboratory scale and 15% at the module scale [1]. 

Copper Indium Sulfur-Selenide, abbreviated as (CISSe) has promising electrical and optical 

characteristics with a direct band gap ranging from 1eV to 1.5 eV depending on the S/Se ratio 

and an absorption coefficient higher than 105 cm− 1, making this material ideal for solar cell 

fabrication [2]. CISSe-based solar cells are categorized by their high PCE, low production 

cost, and stable performance [3]. To achieve high performance solar cell, several aspects 

should be considered, such as the absorber layer thickness [4], buffer layer [5], window layer 

[6], and working conditions [7]. One of the main issues that should be optimized to achieve 

high-performance solar cells is the buffer layer, as it directly affects the band alignment and 

interface between the absorber and the window layers [8]. Cadmium sulfide (CdS) is a 

favorable buffer layer used in thin film-based solar cells due to its 2.42 eV band gap, which 

contributes to a higher transmission in the blue wavelength region and enhances the interface 

with the absorber layer [9]. Ghebouli et al. [10] have examined a CISSe-based solar cell 

using a solar cell capacitance simulator (SCAPS-1D) software and estimated that the desired 

thickness of the CISSe absorber layer was 1800 nm. They achieved a PCE of 18.53 % using 

Zn2SnO4 buffer layer correlated with an open-circuit voltage (VOC) of 0.5153 Volt, short-

circuit current density (JSC) of 45.4 mA.cm−2 and a fill factor (FF) of 79.17% compared to 

CdS buffer layer. They attributed the enhancement to the higher transmission properties of 

Zn2SnO4 layer due to its high band gap of 3.35 eV compared to 2.4 eV band gap of CdS. 

Furthermore, CISSe-based solar cell was examined using SCAPS-1D software employing 

In2S3 as the buffer layer, a PCE of 17.26% associated with a FF of 77.31%, JSC of 45.0161 

mA.cm-2 and VOC of 0.4958 Volt was achieved [11].  

 

     This study aims to achieve a 30% efficiency by controlling several parameters, including 

CISSe band gap and thickness, CdS thickness, and ZnO thickness. The simulated results and 

analysis through several steps and choosing the optimum parameters of each step are carried 

out. However, some parameters may differ between simulation and experimental studies due 

to several aspects, such as working conditions. However, the final output is promising to pave 

the way towards high performance CISSe solar cells. 

  

Methodology and device structure: 

     SCAPS-1D version (3.3.07) is a one-dimensional solar cell simulation software developed 

at the Department of Electronics and Information Systems (EIS), University of Gent, 

Belgium, and was used for numerically analyzing the solar cell; all the details about the 

software were reported by Burgelman et al. [12]. The structure of the CISSe solar cell is 

composed of different layers, starting with the right contact, which is suggested to be a 

transparent conducting layer known as indium tin oxide (ITO), which is used to provide high 

light transparency and low sheet resistance [13]. In this work, the effect of series or shunt 

resistance was not considered; a similar consideration has been done by Jhuma et al. [14]. A 

ZnO layer was used as a window layer, followed by a buffer layer of a CdS layer; then a 

CISSe absorber layer was inserted, followed by the left Au contact with a work function of 
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5.146 eV as suggested by the software. SCAPS-1D software suggested a band gap value of 

1.04 eV for the CISSe. The illumination was AMG1_5G_1sun with a power of 1000 W/m2. 

The study was performed in several steps, first, optimizing the absorber layer thickness, 

which was varied from 500 nm to 3000 nm with equal steps of 100 nm and keeping other 

parameters, such as ZnO thickness of 200 nm, CdS thickness of 100nm, CISSe band gap of 

1.04 eV, and working temperature at 300K, fixed. The second step was changing the buffer 

layer thickness from 10 nm to 100 nm with a step of 10 nm while keeping the absorber layer 

fixed at the optimum thickness. Following these steps, the optimum thicknesses of CISSe and 

CdS layers were used. The working temperature in the range of 300K to 350K with steps of 

10K was evaluated, and the optimum working temperature was used. Moreover, the thickness 

of the ZnO layer was examined in the range from 10 nm to 200 nm with a 10 nm step and the 

optimum thickness was employed. Finally, the energy band varied from 1.04 eV to 1.5 eV, 

and the optimum band gap was chosen. The final optimum device with the optimum 

parameters was investigated. All the layers' characteristics used in this study are shown in 

Table 1. 

 

Table 1: Material characteristics used in SCAPS -1D software to simulate the CISSe solar 

cell 

Materials ZnO CdS CISSe 

Thickness (nm) (10-200) (10-100) (500-3000) 

Band gap (eV) 3.3 2.42 (1-1.5) 

Electron affinity (eV) 4.1 4.1 4.3 

Dielectric permittivity 9 9 12 

CB effective density of state (1/cm3) 4x1018 3 x1018 1 x1019 

VB effective density of state (1/cm3) 1 x1019 1.8 x1019 1 x1019 

Electron thermal velocity (cm/s) 1 x108 1 x107 1 x107 

Hole on thermal velocity (cm/s) 1 x108 1 x107 1 x107 

Electron mobility (cm/Vs) 100 100 100 

Electron mobility (cm/Vs) 20 25 25 

Shallow donor density (1/cm3) 1 x1018 1 x1017 1 x105 

Shallow acceptor density (1/cm3) 1 x105 1 x105 1 x1016 

 

     The improvement in the device performance was mainly achieved when photogenerated 

carriers were extracted without experiencing recombination loss. The solar cell parameters 

were extracted based on the following equations [15]: 

PCE (%) =
Jmax  Vmax

Pin
                                                                         (1) 

FF =
Jmax  Vmax

  Jsc   Voc
                                                                         (2) 

where Pin is the incident light power and Jmax (mA.cm-2) and Vmax (V) are the current density 

and voltage at the point of maximum power output in the J-V curves, respectively.  

 

Results and discussions: 

1. Controlling CISSe thickness: 

     The absorber layer CISSe thickness in a simulated CISSe-based solar cell was changed in 

the range from 500 nm to 3000 nm, with a ZnO layer thickness of 200 nm and that of CdS 

100nm. An efficiency of 22.5% has resulted with an optimum CISSe thickness of 3000 nm 

[11]. In this study, changing the absorber layer thickness directly impacted the solar cell 

performance, as shown in Fig.1. 
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Figure 1: (A) Solar cell curves, (B) Voc and Jsc and (C) FF and PCE, characteristics of the 

CISSe based solar cell with different CISSe thickness 

 

Increasing the CISSe thickness resulted in increasing PCE from 14.4% for the 500 nm 

thickness to 18.41% for the 3000 nm thickness, FF from 76.14% to 79.52%, JSC from 40.15 

mA.cm-2 to 44.09 mA.cm-2, and VOC from 0.472 Volt to 0.525 Volt. Such an increase is 

beneficial for higher solar cell performance and paves the way for experimental studies. 

However, the results might be altered when an experimental procedure is applied due to the 

preparation conditions. The increase in the solar cell performance may be attributed to 

different band energy alignments, as shown in Fig.2. When the thickness of the CISSe layer 

was 500 nm (Fig.2A), the band bending was different than that of 3000 nm thickness 

(Fig.2F). 

 
Figure 2: Energy band alignment of the CISSe based solar cell with different CISSe  

thickness (A) 0.5μm, (B) 1 μm, (C) 1.5 μm, (D) 2 μm, (E) 2.5 μm and (F) 3 μm 

 

     The effect of absorber layer thickness variation was also studied by Ghebouli et al. [10], 

revealing that the optimal thickness for CISSe was 1800 nm. At this thickness, a PCE of 

18.53%, a VOC of 0.5153 V, a JSC of 45.4 mA.cm⁻², and an FF of 79.17% were achieved. 

They have attributed these results to the higher transmittance characteristics of the buffer 

layer in the short wavelength range.  They also observed that JSC, PCE, VOC and FF increased 

with increasing CISSe thickness. This was attributed to the higher absorption properties of 

the thicker absorber layer, which produced more charge carriers.   

 

     The CISSe layer thickness variation has altered the Quasi-Fermi Levels (QFL), especially 

close to the CISSe\CdS interface and increased the internal voltage of the device [16]. A 

thicker CISSe layer is recommended to achieve higher solar cell performance. In this study, a 

thickness of 3000 nm was found to be the optimum thickness for better CISSe solar cell 

performance. Therefore, in the following sections, the thickness of the CISSe absorber layer 

was fixed at the optimum CISSe thickness.  
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2. Different working temperatures 

SCAPS-1D software can propose the working temperature to evaluate the best working 

conditions for the prepared CISSe-based solar cells; in this context, different working 

temperatures in the range of (300K-350K) were performed to assess the solar cell 

performance. The solar cell structure of this section is [CISSe (3000 nm)/CdS (100 nm)/ZnO 

(200 nm)]. It is obvious from Fig.3 that increasing the working temperature results in 

performance reduction. Decreasing the temperature from 300K to 350K resulted in the 

decrease of: PCE from 18.41% to 13.79, FF from 79.52% to 74.03% and VOC from 0.525Volt 

to 0.421 Volt, while JSC exhibited slight increase from 44.09 mA.cm-2 to 44.2 mA.cm-2. 

  

 
Figure 3: (A) Solar cell curves, (B) Voc and Jsc and (C) FF and PCE, of the CISSe based 

solar cell at different working temperatures 

 

Generally, increasing temperature results in linear decrease in VOC [17], while JSC increases 

slowly [18]. The variation in band structure between the devices treated at 300K and 350K is 

shown in Fig.4. The shifting of the electron Quasi Fermi Level (QFL) (Efn) closer to the holes 

QFL (Efp) reduces VOC. Mainly VOC is determined by the difference between Efn and Efp 

under open circuit condition using the following relation [19]: 

VOC =
Efn−Efp

q
                                                          ………. (3) 

To achieve high solar cell performance, 300K was suggested as an optimum working 

temperature for CISSe-based solar cell with absorber layer thickness of 3000nm. Ghebouli et 

al. have also suggested that 300K is the best working temperature for CISSe-based solar cell 

[10].  

 

 
Figure 4: Energy band alignment of the CISSe-based solar cell at working temperatures 

(300K and 350K) 

 

3. Different CdS layer thickness 

     The effects of the CdS buffer layer thickness ranging from 10 nm to 100 nm was 

investigated in this section. SCAPS-1D software suggests the use of 100 nm as a CdS 

thickness. However, variation is desired to achieve the optimum buffer layer thickness 

towards a 30% efficiency solar cell. Fig.5 illustrates the performance of the investigated 

CISSe-based solar cell with different CdS layer thicknesses; a thinner CdS layer resulted in 
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higher PCE of 19.75% associated with FF of 80.03%, JSC of 46.16 mA.cm-2, and VOC of 

0.525 Volt. This increase in the device performance with decreasing the buffer layer 

thickness is attributed to the probability of reducing the recombination rate and thus 

increasing the current density and PCE [20]. Reducing the buffer layer thickness is beneficial 

for light absorption, as the light passes through the window layer (ZnO) to the buffer layer 

(CdS) and then to the absorber layer (CISSe); thinner thickness is better for higher 

transmittance characteristics and higher production of electron–hole pair [21]. 

  

 
Figure 5: Solar cell parameters of the CISSe-based solar cell with different CdS layer 

thickness. 

 

Moreover, FF decreases from 80.03% (when the CdS thickness was 10 nm) to 79.86% (for a 

CdS thickness of 100 nm) due to the increase in the series resistance with thickness and the 

maximum possible power output also decreased [22]. PCE for the different buffer layer 

thicknesses followed the FF trend. The reduction in PCE was attributed to the combined 

effect of JSC and FF [14]. However, VOC exhibited no apparent change as the QFL was not 

affected by the buffer layer thickness, as shown in Fig.6. Jhuma et al. [14] have examined the 

effect of CdS layer thickness in the range from 50 nm to 150 nm for a CZTS-based solar cell. 

They found that the buffer layer has no effect on the VOC. In this study, the improvement of 

PCE of the CISSe-based solar cell using 10 nm thickness of CdS was encouraging to suggest 

that this is the optimum thickness. 

 

 
Figure 6: Energy band alignment of the CISSe based solar cell with 10nm and 100nm CdS 

layer thickness 

 

4. Different band gap of CISSe 

     Usually, CISSe materials have a range of band gaps (Eg) from approximately 1.0 eV to 1.5 

eV, which enables them to absorb a significant portion of the solar spectrum. This range of 

band gap of CISSe composition is attributed to various aspects, such as the ratio of copper, 

indium, sulfur, and selenium within the material [2,3]. For this reason, the optimization of the 

CISSe band gap was carried out, and a maximum of 30% efficiency was the main target. It is 

worth noting that the devices' performance has increased incredibly by changing the band gap 

value, as shown in Fig.7.  PCE increased from 22.04% when a 1.1eV band gap was used, 
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whereas increasing the band gap to 1.5eV achieved as high a PCE as 29.88%. FF increased 

from 81.19% in the device with an Eg of 1.1eV to 83.66% in the device with an Eg of 1.5eV. 

 
Figure 7: Solar cell parameters of the CISSe-based solar cell with different energy bands of 

CISSe. 

 

     Moreover, VOC improved dramatically from 0.59 Volt when Eg was 1.1eV to 0.773V 

when Eg increased to 1.5Ev; while JSC showed no clear change in their values. Such variation 

in the device performance was attributed to the band gap increase from 1eV to 1.5eV, both 

Efn and Efp exhibited different positions closer to their respective conduction and valance 

bands, respectively, as shown in Fig.8. Such behavior is responsible for increasing the VOC as 

it is mainly defined by these two factors [19]. The increase in the band gap and VOC values 

directly affected the final output power. The optimization of the buffer layer resulting in 

increasing the FF was attributed to the good interface properties defined as low series 

resistance when 10 nm thickness of the CdS layer was used [22]. It was observed that FF 

decreased with increasing the buffer layer thickness due to the effect of series resistance and 

reduced the maximum achievable power output [14]. 

 
Figure 8: Energy band alignment of the CISSe based solar cell with different proposed band 

gaps of CISSe 

 

For the above-mentioned reasons and the enhancement in the device performance, the band 

gap of 1.5eV was recommended as an optimum band gap for the CISSe material in CISSe-

based solar cell. However, the preparation conditions could play a significant role in 

changing some of these results. 

 

5. Different ZnO layer thickness 

     The window layer made of ZnO was also optimized by choosing different thicknesses 

ranging from 10 nm to 200 nm with an increase of 10 nm for each test. The results, in 

general, showed no big enhancement in the device performance compared to the previous 

section. However, achieving 30% was reached by this adjustment. FF and VOC have 

demonstrated no change in their values; JSC increased from 46.22 mA.cm-2 in the device with 

a ZnO thickness of 200 nm to 47.188 mA.cm-2 in the device with a 10 nm ZnO thickness. 

This increase was attributed to the increase in the absorption passing through the window 
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layer to the absorber layer, which increased the charge carrier generation inside the absorbing 

layer, resulting in more current density. The slight increase to reach a PCE as high as 30.51% 

in the device with a ZnO thickness of 10 nm was achieved, and this is mainly attributed to the 

increase in the current density [23].  

  

 
Figure 9: Solar cell parameters of the CISSe-based solar cell with different ZnO layer 

thicknesses  

 

6. The optimum device performance 

The optimum device performance in this study (see Fig.10) was achieved by controlling 

several factors as mentioned earlier as follows: ZnO (window layer) with 10 nm thickness, 

CdS (buffer layer) with 10 nm thickness, CISSe (absorber layer) with 3000 nm thickness, 

band gap of 1.5eV. This device achieved PCE of 30.5125% correlated with an FF of 0.83.7%, 

JSC of 47.188 mA.cm-2, and VOC of 0.773 Volt.  

 

 
 

Figure 10: The best solar cell device achieved in this study based on the optimum parameters 

      

       The quantum efficiency (QE) of this device shown in Fig.10 demonstrates significant 

absorption region covering the wavelengths from around 300 nm to 1300 nm, which is very 

important for generating charge carriers and high performance solar cells. Zhang et al. 

reported closer results using CIS\CISSe graded band gap structure using SCAPS-1D software 

[24]. Ying et al. also reported similar results using wxAMPS software to simulate CuInSe2 

solar cells [25]. 

 

Conclusion: 

     This study aimed to achieve 30% efficiency in CISSe-based solar cells by optimizing key 

parameters, including the absorber, buffer, and window layers' thickness, the working 

temperature and the absorber layer band gap. Simulations using SCAPS-1D software 

indicated that the highest efficiency of 30.5125% was achieved with a CISSe absorber layer 

of 3000 nm and a band gap of 1.5 eV, a CdS buffer layer of 10 nm, and a ZnO window layer 

of 10 nm. The optimal working temperature was determined to be 300 K. The results 

demonstrated a high fill factor (FF) of 83.7%, a short-circuit current density (JSC) of 47.188 

mA.cm⁻², and an open-circuit voltage (VOC) of 0.773 V. The optimization of the layers’ 
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thickness contributed to enhancing current density, while the band gap directly influenced the 

increase in open-circuit voltage. These findings present promising potential for experimental 

validation, though variations may arise due to differences in fabrication conditions. 
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