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Large-scale deployment of the perovskite photovoltaic technology using such high-performance materials as 

СH3NH3PbI3 may face serious environmental issues in the future. Implementation of perovskite solar cell based 

on Sn could be an alternative solution for commercialisation. This paper presents the results of a theoretical study 

of a lead-free, environmentally-friendly photovoltaic cell using СH3NH3SnI3 as a light-absorbing layer. The 

characteristics of a photovoltaic cell based on perovskite were modelled using the SCAPS-1D program. Various 

thicknesses of the absorbing layer were analysed, and an optimised device structure is proposed, demonstrating a 

high power conversion efficiency of up to 28% at ambient temperature. The analysis of the thicknesses of the 

СH3NH3SnI3 absorbing layer revealed that at a thickness of 500 nm, performance is demonstrated with an 

efficiency of 27.41 %, a fill factor of 85.92 %, a short circuit current density of 32.60 mA/cm
2
 and an open-circuit 

voltage of 0.98 V. The obtained numerical results indicate that the СH3NH3SnI3 absorbing layer may be a viable 

replacement for the standard materials and may form the basis of a highly efficient technology of the 

environmentally-friendly perovskite solar cells. 
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Introduction 

With the rapid economic development, the demand for energy is increasing, as evidenced by the studies 

of the World Energy Resources, which predicted that the world's oil, gas and coal reserves will be exhausted 

in about 100 years. In addition, a growing number of studies have shown that problems such as 

environmental pollution and global warming are the consequences of burning fossil fuels [1]. Along with the 

problem of the depletion of fossil fuels, pollution and global warming pose significant challenges to the 

production of energy [2,3]. Thus, finding an alternative source that will be clean, renewable and sustainable 

to replace fossil fuels is an urgent task today. One of the solutions for the production of energy is the 

conversion of solar energy as photovoltaics is renewable and pure [4]. Besides, it can be converted into many 

other types of energy for various purposes. Compared with other alternative energy sources, such as 

hydropower, wind power, bioenergy, geothermal and nuclear power, photovoltaics is available in larger 

amounts and is more abundant [5]. 

A photovoltaic cell is an important energy conversion device that uses solar energy [6,7]. The first solar 

cell was manufactured using a single crystal of silicon at Bell Laboratories, which demonstrated an energy 

conversion efficiency (PCE) of 6% in 1954 [8]. However, silicon-based photovoltaic cells had their 

disadvantages, such as high cost and low PCE, but photovoltaic cells based on perovskite prevent all of these 

disadvantages [9]. Perovskite solar cells (PSC) based on organometallic lead halides quickly emerged as the 

fourth generation of photovoltaic technology, featuring high PCE [10]. This advantage made them the 

strongest competitor of silicon-based photovoltaic cells. To date, the PCE of a photovoltaic converter based 

on perovskites has reached  26 % in a laboratory environment [11–13].  

Recently, much attention has been paid to planar perovskite structures (n-i-p or p-i-n) due to the 

simplicity of the device architecture and, above all, the manufacturability at low temperatures. It allows to 

facilitate the use of flexible structures as most flexible substrates, such as poly(ethylene 2,6-naphthalate) and 

poly(ethylene terephthalate), are damaged by the high temperature required for a mesoscopic configuration 

[14]. 
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Usually, a perovskite photovoltaic material has the following structure: ABX3, where A is an organic 

compound СH3NH3, В is Pb or Sn, and Х3 is a halide anion (for example, I
-
). The most widespread perovskite 

is СH3NH3PbI3, also referred to as MAPI, or a methylammonium lead triiodide. However, perovskites based 

on MAPI are toxic due to the presence of Pb, which may destabilise the further commercialization of this 

material [15]. One of the alternative perovskite materials containing tin instead of lead is methylammonium 

tin triiodide (СH3NH3SnI3 or MASI). 

A significant amount of research is being dedicated to developing lead-free PSC, with the tin halide 

perovskite being one of the most promising alternatives [16]. Tin is widely distributed in nature and has 

similar electronic properties to lead, since it is a member of the same group in the periodic table. In addition, 

perovskites based on tin halide have excellent light absorbing properties and high carrier mobilities [17]. 

Additionally, tin-based perovskites provide a high theoretical PCE due to a smaller band gap than the 

equivalent lead-based perovskites [18]. 

The transport layer plays a vital role in determining the PCE of a photovoltaic cell. The materials used 

as the transport layer must fulfil a number of requirements. Firstly, the transport layer must have high 

transparency for the charge transfer so that the maximum amount of energy enters the perovskite layer. 

Secondly, it is necessary to have such a material in which the electrons are holes moving fast enough to 

ensure a rapid charge transfer from one layer to another. It is also necessary to employ a material with good 

chemical and physical stability in the environment so that it does not react with the other layers of the 

photovoltaic cell. To collect charge carriers efficiently, it is common to use additional layers such as ETL 

and HTL. The functional purpose of the ETL is to block holes, collect electrons from the perovskite layer 

and then deliver them to the anode. Besides, the ETL must have a high transmittance from ultraviolet to the 

visible regions so that all photons passing through this layer are maximally absorbed by the perovskite. 

Today, materials used as the ETL include TiO2, SnO2, SiO2, ZnO, etc. In this research, TiO2 was taken as the 

ETL since it was possible to achieve the maximum PCE by using this material. Similarly, the functional 

purpose of the HTL is to block electrons, collect holes from the perovskite layer and then deliver them to the 

cathode. In this research, Spiro-OMETAD was used as an HTL as this material is widely used as an HTL 

since the emergence of the first solid perovskite. The key issue for polymer photovoltaic cells based on 

perovskites is the mobility of the charge carriers. In a photovoltaic cell with a bulk heterojunction, the 

electron-to-hole mobility ratio can be controlled by replacing one of the donor or acceptor materials. 

It should be noted that the experimental research of photovoltaic cell devices is an expensive and 

laborious process. Therefore, it is common in many scientific fields to perform simulations to obtain an 

effective structure of a photovoltaic cell. Numerical studies provide opportunities to solve these kinds of 

problems and help predict/optimize the performance of the device. In this paper, a photovoltaic cell based on 

perovskites will be modelled using the SCAPS-1D program, which is based on the continuity equations for 

holes and electrons, as well as the Poisson equation. 

Methodology 

The simulated photovoltaic cell is shown in Fig. 1 and consists of three main layers: TiO2 (electron 

transport layer (ETL))/СH3NH3SnI3 (perovskite light-absorbing layer)/Spiro-OMeTAD (hole transport layer 

(HTL)). It should be noted that recently the numerical analysis in the SCAPS-1D program (version 3.3.09) 

has become popular as it has proven its effectiveness in various scientific works [19–22]. SCAPS-1D 

operates by solving the Poisson equation and the continuity equation for electrons and holes. The Poisson 

equation states: 

,                       (1) 

where  is the electrostatic potential;  is the elementary charge;  are the dielectric constant in 

vacuum and the relative dielectric constant of a material; p and n are the concentrations of holes and 

electrons, respectively;  and  are the donor and acceptor impurities;  and  are the distributions of 

holes and electrons, respectively. 

To describe the dependence of electrons and holes, the following continuity equation is used: 

, (2) 
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, (3) 

where Jn and Jp are the current density of the electrons and holes; R is the recombination rate; G is the 

generation rate. 

 
Fig.1. Initial structure of the simulated solar cell 

Drift and diffusion move carriers in semiconductors, which can be represented using the equations: 

Pn JJJ 
, (4) 

dx
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n

dx

dn
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
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, (5) 
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, (6) 

where J - is the current density; Jn and Jp are the current density of the electrons and holes; Dn and Dp are the 

diffusion coefficients for electrons and holes;  and   are the concentration gradients for electrons and 

holes; n and  p - electron and hole concentrations, µn and µp - electron and hole mobilities. 

The initial technological and geometric parameters of the simulated solar cell were taken from the 

experimental photovoltaic cell and are presented in Table 1 [19–21]. Table 1 shows the parameters of the 

semiconductor of each layer as well as the electrical properties of the contacts used in the simulation in this 

research. 

Results and discussion 

It should be noted that the optical-electrical characteristics of an organic photovoltaic cell are more 

dependent on the thickness of the perovskite (absorber) layer. When the thickness of the photovoltaic cell 

changes, such parameters of the device as short-circuit current, generation and recombination of carriers, 

mechanism of charge transfer, etc. change as well. Thus, a thicker perovskite layer absorbs more light and 

generates more electron holes. However, it should be noted that in a thicker layer, the recombination rate 

increases due to the longer path travelled by the charges, which reduces the PCE of a photovoltaic cell. In 

this research, the influence of the thickness of the perovskite layer (СH3NH3SnI3) on the PCE of a 

photovoltaic cell was studied through computer simulation. Numerical research was carried out in the 

AM1.5G solar spectrum at a power of P=1000W/m
2
.  
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Table 1. Parameters of solar cells [19–21]. 

Parameters FTO TiO2 СH3NH3SnI3 Spiro-OMETAD 

Thickness (nm) 500* 30* 300-1300* 350* 

Band gap (eV) 3.50 3.20 1.30 3.06 

Electron affinity (eV) 4.00 4.26 4.17 2.05 

Dielectric permittivity 9.0 32.0 8.2 3.0 

CB effective density of states (cm
-3

) 2.20×10
18

 1 × 10
19

 1×10
18

 2.20×10
18

 

VB effective density of states (cm
-3

) 1.80×10
19

 1 × 10
19

 1 × 10
18

 1.80×10
19

 

Electron thermal speed (cm/s) 1×10
7
 1×10

7
 1×10

7
 1×10

7
 

Hole thermal speed (cm/s) 1×10
7
 1×10

7
 1×10

7
 1×10

7
 

Electron mobility (cm
2
/Vs) 20.0 20.0 1.6 2×10

-4
 

Hole mobility (cm
2
/Vs) 10.0 10.0 1.6 2×10

-4
 

Shallow donor density ND (cm-3) 10
19

 10
17

 0 0 

Shallow acceptor density NA (cm
-3

) 0 0 1×10
14

 2×10
18

 

Defect density Nt (cm
-3

) 1.0×10
14

 1.0×10
14

 2.5×10
13

 1.0×10
15

 

*in this research 

 

Optimisation of the photovoltaic cell was carried out by changing the thickness of the absorbing layer 

СH3NH3SnI3 300 nm, 500 nm, 700 nm, 900 nm, 1100 nm and 1300 nm at a fixed temperature of 300K, 

keeping all other parameters and layer thicknesses the same. Considering the complexity of the device and 

the large choice of materials for PSC, the use of numerical calculation methods allows obtaining important 

information on the main solar characteristics of the modified PSC. Modelling in SCAPS-1D was done using 

the parameters shown in Table 1, based on earlier theoretical and experimental works. In this work, the 

thicknesses of the transport layers were fixed, and special attention was paid to the perovskite absorbing 

layer. Transport layers play an important role in PSC, because they not only carry cations from the absorbing 

layer to the electrode, but also act as a separator.  

Accordingly, the series resistance of the PSC increases with the increase in the thickness of the charge 

transport layer, which leads to charge recombination, as it becomes more difficult for holes and electrons to 

reach the anode and cathode, respectively. Thus, the optimal ETL thickness should be as small as possible to 

provide good blocking properties at the tops of the layers, resulting in fast electron transfer and low resistive 

losses [23]. For HTL, the layer thickness is also of great importance, since the minimum time for the charge 

to pass through the layers will increase the main characteristics of the PSC by increasing the conductivity 

and reducing the probability of recombination [24–27].  

The changes in the thickness of the absorbing layer help determine the best performance of the 

photovoltaic cell, which can be a decisive factor. Fig. 2 shows the current-voltage characteristics due to 

different thicknesses of the СH3NH3SnI3 absorbing layer.  

 
Fig.2. Current-voltage characteristic of a simulated solar cell FTO/TiO2/СH3NH3SnI3/Spiro-OMETAD/Au with 

different thicknesses of the absorbing layer 
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It should be noted that the short-circuit current for the absorber layer thickness of 1100-1300 nm is the 

highest one compared with the other thicknesses. Fig. 3 demonstrates the comparison of the short-circuit 

current and open-circuit voltage of a tin-based perovskite cell for the thicknesses ranging from 300 nm to 

1300 nm. 

 
Fig.3. Dependence of the short-circuit current and open-circuit voltage on the thickness 

 

The thickness of the absorber layer plays a significant role in determining the quality and performance 

of a thin-film PSC. Fig. 4 depicts the changes in the fill factor and PCE with the various thicknesses of the 

absorbing layer. As can be seen from the figure, the PCE increases with the increase in the thickness of the 

perovskite layer. However, starting from a thickness of 900 nm, the PCE reaches a plateau and is equal to ~ 

29%. It can be seen that as the thickness of the perovskite layer increases, a significant increase in PCE and 

JSC is observed. This observation can be explained by an increase in the light absorption in the absorbing 

layer. It facilitates the production of excitons and, therefore, leads to an increase in PCE. However, a further 

increase in the thickness of the absorber layer to 900 nm leads to higher resistance and higher recombination 

rates. At first, it leads to a plateau and then to a decrease in the corresponding parameters. 

 

 
Fig.4. Dependence of the fill factor and PCE on the thickness of the absorbing layer 

 

To prove the reliability of the simulated solar cell, a comparison with the other works on PSCs based on 

СH3NH3SnI3 is shown in Table 2. The analysis of the PCE and the other parameters of the simulated 

photovoltaic cells the previous studies demonstrated in combination with the results of this research allows to 

conclude that the model used in this research is reliable. Analyzing works [28–31], one can draw some 

conclusions regarding the change in the thickness of the absorber layer, in particular, with an increase in the 

thickness of the absorber, PCE PSC increases, and one can also notice a tendency towards a decrease in FF. 

This can be explained by the fact that in the case of an increase in the thickness of the absorbing layer, the 
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energy absorption also increases due to the generation of a larger number of electron-hole pairs. Basically, 

the decrease in FF is due to the internal recombination of the PSC, which most likely occurs due to the short 

lifetime of charge carriers (electrons and holes), which leads to a short time for the creation of a conduction 

band in the PSC.  

Table 2. Performance comparison of simulated tin-based PSCs with various device architectures.  

Structure Optimized 

thickness of 

the absorber 

layer (nm) 

VOC, V JSC, mA/cm
2
 FF, % PCE, % Ref. 

TCO//TiO2/СH3NH3SnI3/Spiro-

OMETAD/Anode 

350 0.67 17.60 44.20 5.15 [28] 

FTO/TiO2/СH3NH3SnI3/ Spiro-

OMeTAD/Au 

350 0.67 16.99 47.67 5.42 [29] 

FTO/TiO2/СH3NH3SnI3/ Spiro-

OMeTAD/Au 

1000 0.91 32.47 65.82 19.51 [30] 

FTO/TiO2/FASnI3/Spiro-

OMETAD/Au 

2000 1.81 31.20 33.72 19.08 [31] 

FTO/TiO2/СH3NH3SnI3/Spiro-

OMETAD/Au 

1100 0.96 34.99 85.22 28.64 This 

work 

 

In general, by optimizing the parameters it is possible to achieve a PCE value of  28%, which is an 

increased PCE value compared to previous works. The simulation results of this work provide the best 

indicators of the main characteristics of the PCE, which can then be used to predict the efficiency of PSC 

devices. 

Conclusion 

In this study, we simulated a lead-free PSC using the structure FTO/TiO2/CH3NH3SnI3/Spiro-

OMETAD/Au by means of the SCAPS-1D simulation kit to investigate the performance limit of the given 

perovskite absorber layer. Particularly, the influence of the active layer thickness on the PCE of the 

photovoltaic cell was analysed, and the device structure was optimised accordingly. We observe a trade-off 

between increasing the short-circuit current by enhancing light absorption for the thicker absorber layer and 

minimizing the loss in the open-circuit voltage and fill factor through carrier recombination for the thinner 

layer. As a result, this trade-off yields the optimised thickness of the "ideal" perovskite layer free of traps and 

defects in the range of 1100-1300 nm. This results in the following maximum output cell parameters: JSC = 

35.17 mA/cm
2
, VOC = 0.96 V, FF = 85.14 %, PCE = 28.64 %. For comparison, the proposed model of a tin-

based PSC with an absorbing layer thickness of 500 nm, which is more standard in terms of fabrication, 

demonstrates a PCE of 27.41 %, a short-circuit current density of 32.60 mA/cm
2
, an open-circuit voltage of 

0.98 V and a FF of 85.92 %. The presented model is intended for further application in the development of 

environmentally-friendly and lead-free PSCs. 
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