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The photovoltaic societies are much focused and have awaited the development of the next generation of different Perovskite 
Solar Cells (PSCs) because of their strong prospect of supporting low-cost solar cells. This present research work emphasizes 
lead material MAPbI3 as well as lead-free materials as MASnI3 and MAGeI3 perovskite solar cells using TiO2 (Titanium dioxide) 
as well as ZnO (Zinc oxide) as Electron Transport Material and CuSbS2 (Copper antimony sulphide) as the Hole Transport 
Material. It has been observed that MAPbI3 gives better performance with an efficiency of 27.51% with TiO2 as Electron 
Transport Layer while MAGeI3 has the lowest performance of 23.25%. Furthermore, MASnI3 has shown an improved result 
with 26.3% efficiency when ZnO is taken as Electron Transport Layer. Additionally, the performance of the various evaluated 
variables is almost identical to that of the perovskites under study.  
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1. Introduction 
 

Researchers from all over the world are focusing more 

on Perovskite Solar Cells (PSCs) because of their 

remarkable electrical and optical properties, which include 

a low binding energy at an excited state, an adequate band-

gap, a high coefficient of absorption, and low processing 

costs [1-2]. Perovskite photovoltaics demonstrated a good 

Energy Conversion Efficiency (ECE) of 22.86% in a short 

amount of time when compared to alternative methods for 

one-junction solar cells. As a result, they became a 

competitive option for the future photovoltaic market [3-4]. 

However, in addition to PSC instability in the ambient 

environment, environmental issues regarding lead-based 

perovskites stemming from lead's high toxicity hinder the 

commercialization process [5]. To create a stable, nontoxic 

perovskite solar cell, it is crucial to search for metal 

components with similar electrical properties to lead (Pb). 

This problem has been addressed in several articles by using 

Sn and Ge as an absorbent layer in place of Pb in perovskite 

structures. This replacement eliminates the instability 

caused by toxicity and moisture, but it also severely reduces 

the device's performance [6]. Researchers are very 

interested in studying the various features of this new class 

of perovskite material in order to improve PSC performance 

in addition to stability [7]. In this work, CuSbS2 was utilized 

as the Hole Transport Layer (HTL) and TiO2/ZnO as the 

Electron Transport Layer (ETL), in a comparative 

simulation analysis for MAXI3 as absorbing material in 

PSC (where X=Pb, Sn, Ge). The purpose of this research is 

to examine how various elements affect PSC performance 

and, in turn, make an application of the devices based on 

results of the simulations. The outcomes of analysis of the 

PSC have been indicated by the results shown by the 

absorber layer thickness and defect density. 

 
 
2. Methodology 
 

2.1 SCAPS-1D and simulation framework 

 

The one-dimensional Solar Cell Capacity Simulator 

(SCAPS-1D) program has been introduced in this study to 

simulate the performance of perovskite solar cells. 

Poisson's equation, carrier-continuity equation and drift-

diffusion equation are the equations that control 

semiconductor substances for electron or hole carriers and 

are the foundation of the SCAPS-1D simulation approach 

[8-9]. Understanding the fundamentals of solar cells and 

identifying the key elements that influence their 

performance are made easier with the use of numerical 

modeling. The equation between an electric field (E) and 

space charge density (ρ) of p-n junction is represented by 

the Poisson equation, which is as follows [10-11]. 
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where   is Electrostatic potential, q is the elementary 

charge, p(n) is the density of hole (electron), s is the 

relative permittivity static) of the medium and NA (ND) are 

the ionized acceptors (donors) density, and Ndef  is the defect 

density (acceptor or donor). 

The electron hole continuity equations in equilibrium 

state are expressed as: 
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Here, the current density of electrons and holes are 

represented by jn and jp, the rates of net recombination by 

Un,p, and the electron-hole production rate by G.   

The current density of electrons as well as holes is 

determined by: 
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Here the elementary charge is denoted by q, the 

electron (or hole) mobility by μn(p), and the electron (or 

hole) diffusion coefficient by Dn(p).   

Numerous studies that have been published in the 

literature, including [12-14], attest to the fact that data from 

the SCAPS program closely match with actual findings. It 

therefore validates and makes the simulation results in this 

investigation trustworthy. 

 
2.2. Device configuration and absorber layer  

       parameters 

 

Table 1 lists the various parameters of perovskite 

materials that have been gathered from the literature [1, 

2,6,13-26] and Table 2 lists the FTO, ETL, and HTL 

characteristics. The AM1.5G spectrum (1000 Wm−2) was 

used to illuminate the device from the ETL side during the 

simulation, which was conducted in direct sunlight with an 

assumed ambient temperature of 300 K. Figs. 1 and 2 depict 

the configuration of the PSC devices and energy levels of 

the utilized materials, respectively. 

 

 

 

Fig. 1. Configuration of the PSC devices (color online) 

 

 
 

Fig. 2. Energy levels for all materials used in the study 

(colour online) 

 

Table 1. Material Parameters of different MAXI3 materials used in this study 

 

Material Property MAPbI3 MASnI3 MAGeI3 

Thickness (nm) 200-1400 200-1400 200-1400 

Band gap (eV) 1.5 1.3 1.9 

Electron Affinity (eV) 3.75 4.2 3.98 

Dielectric Permittivity 6.5 10 10 

Conduction Band effective Density of States (per cm3) 1×1018 1×1018 1×1016 

Valence Band effective Density of States (per cm3) 1×1018 1×1018 1×1015 

Mobility of Electron (cm2/VS) 2 1.6 2 

Mobility of Hole (cm2/VS) 2 1.6 2 

Donor Density, per cm3 1×109 0 1×109 

Acceptor Density, per cm3 1×109 1.3×1018 1×109 

Defect, per cm3 1×1014 1×1014 1×1013 

Reference [23] [24] [25] 
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Table 2. Material Parameters of HTL, ETLs and FTO used in this study[13,26-29] 

 

Material Property HTL ETL(TiO2) ETL(ZnO) FTO 

Thickness (nm) 80 30 50 500 

Band gap (eV) 1.5 3.2 3.2 3.5 

Electron Affinity (eV) 4.2 4.1 4.5 4 

Dielectric Permittivity 14.6 9 10 10 

Conduction Band effective Density of States (per 

cm3) 

2×1018 1×1018 1×1019 1×1018 

Valence Band effective Density of States (per cm3) 1×1019 1×1019 1×1019 1×1019 

Mobility of Electron (cm2/VS) 5 20 50 20 

Mobility of Hole (cm2/VS) 5 10 50 10 

Donor Density, per cm3 0 1×1018 1×1015 1×1019 

Acceptor Density, per cm3 1×1018 0 0 0 

Defect, per cm3 1×1014 1×1015 1×1015 1×1015 

  
3. Results and discussion 

 

3.1. Preliminary results 

 

Using the SCAPS-1D, simulation study is conducted 

for three different types of solar cells using perovskite 

materials (MAPbI3, MASnI3, and MAGeI3) as the absorber 

layer, CuSbS2 as the Hole Transport Material, and 

TiO2/ZnO as the Electron Transport Material. Table 3 

presents the simulation's initial results. 

The results (Table 3) indicate that the MAPbI3 device 

is the most efficient, with an ECE of up to 27.51%. On the 

other hand, the MASnI3 device has the largest short circuit 

current density (28.5 mA/cm2), while MAGeI3 has the 

lowest (16.47 mA/cm2). However, in contrast to other 

varieties, the MAGeI3 device has a greater open circuit 

voltage (1.73 V). By using TiO2 material as ETL, the 

efficiency of MAXI3 is observed to be highest except 

MAGeI3 (Table 4). 

 

 
Table 3.  An overview of the preliminary findings for PSC performance parameters taken from the simulation using the device 

configuration with (FTO/TiO2/Perovskite materials/CuSbS2/Au) 

 

Material  Open Circuit Voltage 

(VOC) (Volt) 

Short Circuit Current Density 

(JSC) (mA/cm2) 

Fill Factor 

(FF) (%) 

Energy Conversion 

Efficiency ECE (%) 

 MAPbI3 1.2 26.02 88.08 27.51 

MASnI3 1.09 29.05 86.61 27.48 

MAGeI3 1.73 16.47 81.75 23.25 

 
Table 4.  An overview of the preliminary findings for PSC performance parameters taken from the simulation using the device 

configuration with (FTO/ZnO/Perovskite materials/CuSbS2/Au) 

 

Material  Open Circuit Voltage (VOC) 

(Volt) 

Short Circuit Current Density 

(JSC) (mA/cm2) 

Fill Factor 

(FF) (%) 

Energy Conversion 

Efficiency ECE (%) 

MAPbI3 1.13 26.14 81.01 23.84 

MASnI3 1.08 28.5 85.32 26.3 

MAGeI3 1.17 24.56 85.23 24.64 

 

3.2. The effect of variation of absorber layer  

        thickness 

 

For each of the three MAXI3 types under study, a 

simulation was run using the thicknesses of the absorber 

layer ranging from 200 nm to 1400 nm to examine the result 

of the thicknesses of the MAXI3 absorber layer 

performance. For MAPbI3, MASnI3, and MAGeI3, the 

optimal performance is reached at 1200 nm, 600 nm, and 

1400 nm with TiO2 as ETL whereas 600 nm, 1000 nm, and 

1200 nm with ZnO as ETL, in that order. Figs. 3, 4, 5, 6, 7, 

and 8 display the PSCs performance parameters simulation 

results. The primary causes of the efficiency loss on both 

sides of the ideal absorber thickness are the results of charge 

carrier recombination and photon absorption rate. It can 

hold more photons by thickening the absorber layer, but at 

the same time, the recombination rate rises. Therefore, 

performance is adversely affected by any additional 

increase in absorber thickness over the ideal value.
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Fig. 3. Various parameters of MASnI3 using TiO2 as ETL (a) ECE (b) Fill Factor (c) VOC (color online) 

 

 
 

Fig. 4. Various parameters of MASnI3 using ZnO as ETL (a) ECE (b) Fill Factor (c) VOC (colour online) 

 

 
 

Fig. 5. Various parameters of MAPbI3 using TiO2 as ETL (a) ECE (b) Fill Factor (c) VOC (colour online) 

 

 
 

Fig. 6. Various parameters of MAPbI3 using ZnO as ETL (a) ECE (b) Fill Factor (c) VOC (colour online) 
               

 
 

Fig. 7. Various parameters of MAGeI3 using TiO2 as ETL (a) ECE (b) Fill Factor (c) VOC (colour online) 
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Fig. 8. Various parameters of MAGeI3 using ZnO as ETL (a) ECE (b) Fill Factor (c) VOC (colour online) 

 

 

On the contrary, the effectiveness of PSCs is also 

reduced when the thickness is reduced below the ideal value 

for each device configuration. The reason for this is that 

when the active layer is too thin, fewer photons are 

absorbed.  

 

Therefore, to improve PSC performance, it is crucial to 

find the ideal absorber thickness value that precisely 

balances illumination absorption and carrier transport [1]. 

 

 
 

Fig. 9. Comparison study of efficiency of various PSCs using 

TiO2 as ETL (colour online) 

 

 

 
 

Fig. 10. Comparison study of fill factors of various PSCs using 

TiO2 as ETL (colour online) 

 

 
 

Fig. 11. Comparison study of efficiency of various PSCs using 

ZnO as ETL (colour online) 
 

  
 

Fig. 12. Comparison study of fill factors of various PSCs using 

ZnO as ETL (colour online)

3.3. The ETL effect on PSCs performance 

 

a) Efficiency: In the PSC, the ETL gathers electrons 

and obstructs the movement of holes to the FTO electrode. 

The ETL's mesoporous structure facilitates the 

crystallization and film development of perovskite while 

also reducing the photogenerated electrons' migratory path. 

While changing the electron transport material and keeping 

the hole transport material and various parameters the same, 

the performance of perovskite material is changed. With 

TiO2 as HTL, the efficiency of MAPbI3 is found to be 

maximum (27.51%) as shown in Fig. 5(a) and MAGeI3 is 
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minimum (23.25%) given in Fig. 7(a). When ZnO is taken 

as ETM, the efficiency of MASnI3 is found to be maximum 

(26.3%) as shown in Fig. 3(a).  

b) Fill Factor: Among the most important electrical 

parameters used to measure the efficiency of solar cells is 

the fill factor (FF). A solar cell's energy conversion 

efficiency is correlated with its FF; a greater FF corresponds 

to an increased efficiency. This is indicated by comparing 

the results shown in Figs. 3(b), 5(b) and 7(b) that MAPbI3 

has maximum FF (88.08%) with TiO2 electron transport 

layer and MASnI3 has maximum FF (85.32%) with ZnO as 

ETL when checked with simulation result given in Figs. 

4(b), 6(b), 8(b). 

c) Open Circuit Voltage: It is the maximum voltage a 

solar cell can generate with zero current. The open-circuit 

voltage reflects the amount of forward bias on the solar cell 

caused by the bias of the solar cell junction with the light-

generated current. As per comparison results, using 

different ETLs as shown in Figs. 3(c), 4(c), 5(c), 6(c), 7(c) 

& 8(c), the maximum received VOC, irrespective of ETL, is 

of MAGeI3 that is 1.73V.  

Table 5 shows a comparative result of the efficiency of 

different perovskite cells MAXI3 where X=Pb, Sn, Ge 

concerning recent studies. It has been observed that 

irrespective of ETL, material efficiency has increased up to 

some extent as compared with other research works. 
 

Table 5. Comparative study of efficiency of MAXI3 as obtained from literature 

 

Material Efficiency Efficiency (In This Paper) Reference 

MAPbI3 19.3 27.51 [30] 

MASnI3 22.86 27.48 [31] 

MAGeI3 15.84 24.64 [32] 

 
4. Conclusion 
 

The stability and structural features of lead-based 

perovskite MAPbI3 play an essential role in the perovskite 

architecture of solar cells. However, due to lead's high 

toxicity, lead-free materials such as MASnI3 and MAGeI3 

are gaining interest in the scientific community. This study 

explores the findings of three different absorber layers using 

TiO2/ZnO and CuSbS2 as Electron Transport Layer (ETL) 

and Hole Transport Layer (HTL) respectively. The 

simulation study was conducted using SCAPS-1D software 

on two lead-free perovskites - MASnI3 and MAGeI3 - as 

well as lead-based perovskites - MAPbI3. The device is 

configured as FTO/TiO2 (ZnO)/MAXI3/CuSbS2/Au. To 

optimize device configuration and increase PSC efficiency, 

studies have been conducted on how different factors affect 

the efficiency of PSC devices. These factors include the 

absorber layer thickness and different ETM layers. 

Regarding the factors under investigation, all perovskite 

kinds show almost the same impacts. The research, when 

compared with the recent findings, is found that MASnI3 is 

giving the better result with ZnO layer whereas MAPBI3 

have better results with TiO2 layer. 
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