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Abstract

In this research, we developed a tin-based eco-friendly CHsNH3Sn(I1-xClx)3 perovskite solar cell to simulate the
architecture FTO/TiOz/CH3NH3Sn(I1xClx)3/Cuz0 by using the SCAPS-1D. We have studied the effect of the performance
of solar cells by varying thickness, band gap energy, doping acceptor density, and total defect density of absorber layer-
CH3NH3Sn(I1xClx)s through the software tool. At first, we simulate the device and find the performance of electrical
properties such as efficiency, based on the parameters that are taken from the previous research paper. Later we vary
only on the absorber layer parameters mentioned above, to get the optimum results of the designed solar cell. The
efficiency for the plugging parameters value and after applying the parameter obtained optimum value jumped from
27.83% to 39.28%. After optimizing all the properties, the efficiency has been enhanced by about 11.45%.
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1. Introduction

These days, the prerequisite for renewable energy has developed quickly over the last decade due to industrialization
and increasing populations. Nonrenewable energy reserves will be depleted in the coming days. Solar energy devices
will be an unobjectionable solution in a global energy crisis [2-3]. In the photovoltaic effect, sunlight directly converts
into electricity. This process involves the absorption of photons by semiconductor material within the solar cell, which
generates electron-hole pairs and thus creates a voltage potential. Key electrical properties of solar cells include
efficiency, voltage, current, and fill factor, which collectively determine the cell’s overall performance and stability for
various applications. The SCAPS-1d software simulation tools have been used to simulate CHsNH3Sn(I1-xClx)3 Perovskite
Solar Cells (PSCs) electrical properties study on performance. PSCs, or perovskite solar cells, have gained massive
attention in recent years due to their touted high efficiency, low-cost fabrication, and versatility. These solar cells are
constructed using materials featuring a perovskite crystal structure, typically comprising organic-inorganic hybrid
compounds. At the heart of the PSC lies the perovskite absorber layer, responsible for absorbing sunlight and generating
charge carriers. Traditionally, lead-based perovskite materials have been utilized for high performance. However,
research is ongoing to explore lead-free alternatives due to concerns regarding lead toxicity and stability. We know that
double-halide gives us more thermal stability than single-halide so in this work we used (11-xClx)3 double-halide material
for long-term stability [1]. PSCs performance has increased tremendously recently. It has shown that photovoltaic
power conversion efficiency has jumped from 3.8% in 2009 [3] to 29.8% in 2023 [4-5]. Lead-based perovskite materials
showed a high power conversion efficiency value but are not eco-friendly, which is harmful to humans and the
environment [6].
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2. Material and simulation model

In this study, a numerical simulation of a planar heterojunction tin-based CH3NH3Sn(I1-xClx)3 PSCs has been performed
using SCAPS. We have discussed the structure comprising FTO/TiO2/CH3NH3Sn(I1xClx)3 /Cu20 is shown in Figure 1. In
which fluorine-doped tin oxide (FTO) is used as a front contact material, TiO2 as electron transport material (ETM),
CH3NH3Sn(I1xClx)3 as an absorber layer, and copper-based materials Cuz0 as hole transport layer (HTL) [7-12].
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Figure 1 Structural architecture of FTO/TiO2/CH3sNH3Sn(I1xClx)3 /Cuz20

To show the performance parameters of the device like current density-voltage (J-V) curve, quantum efficiency, Open
circuit voltage, and short circuit current according to change thickness, bandgap, acceptor density, and total defect
density of the absorber layer at temperature 300K.

Table 1 SCAPS Simulation parameters value for each layer

Parameter Cuz0 CH3NHsSn(I1xClx)3 | TiO2 FTO
Thickness (um) 0.25 0.700 0.04 0.05
Band Gap (eV) 2.17 1.30 3.2 3.50
Electron Affinity (eV) 3.2 4.17 3.9 4.0
Dielectric Permittivity (relative) 7.11 6.5 9.0 9.0
Conduction band effective density of states (cm-3) | 2.02 x 1017 | 1 x 1018 1x1021 | 2.20x 1018
Valance band effective density of states (cm-3) 1.1 x 101 | 1x10%° 1x10% | 1.8x 1018
Electron thermal velocity (cm/s) 1 x 107 1x 107 1x107 |1x107
Hole thermal velocity (cm/s) 1 x 107 1 x 107 1x107 |1x107
Electron Mobility (cm?/Vs) 2 x10? 1.6 20 20

Hole Mobility (cm?/Vs) 8 x 101 1.6 1x10t | 1x10?
Shallow uniform donor density ND (1/cm3) 0 0 1x1019 | 1x 101
Shallow uniform acceptor density NA (1/cm3) 1x 1018 3.2x 1015 1 0

Total Defect density, Nt (1/cm3) 1x 1014 1x 1014 1x 1014 | 1x 1015

Designed device material Thickness (um), Band Gap (eV), Electron Affinity (eV), Dielectric Permittivity (relative),
Conduction band effective density of states (cm3), Valence band effective density of states (cm=3), Electron thermal
velocity (cm/s), Hole thermal velocity (cm/s), Electron Mobility (cm?/Vs), Hole Mobility (cm?/Vs), Shallow uniform
donor density ND (1/cm3), Shallow uniform acceptor density NA (1/cm3), Total Defect density Nt (1/cm3) values are
taken from theories, experiments and literature are shown in Tables 1 [5-6] [13-16].
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3. Results and discussion

3.1. Current- Voltage analysis

The designed structure of PSCs, electrical characteristic voltage vs current density is represented in Figure 2, based on
the parameters from Table 1. The resulting J-V curve is obtained under the temperature at 300K. The device has shown
open circuit voltage (Voc) of 0.9801V, short circuit current density (Jsc) of 33.999 mA/cm?, fill factor (FF) of 83.51%, and
power conversion efficiency (PCE) of 27.83%.
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Figure 2 J-V curve of the structured solar cell using SCAPS-1D

In these sections, by considering the final results, the effect of some essential layer parameters on the device
performance has been studied. In addition to the photovoltaic parameters of the studied cell, we considered the results
for selecting the appropriate parameter for the absorber layer.

3.2. Effect of absorber layer thickness

The CH3NH3Sn(11xClx)3 absorber layers play a massive role in electrical performance due to the change of thickness. The
thickness value has changed from 0.3 pm to 1.5 pm. The performance parameters such as efficiency (eta), FF, Voc, Jsc,
V_mpp, and [_mpp of the solar cells with varying thicknesses are shown in Figure 3. The thickness is varied from 0.3 pm
to 1.5um to find the optimal value of thickness for best performance. From the thickness vs efficiency curve, due to
increases in the absorber layer thickness, the efficiency increases. The curve gives a maximum efficiency of 28.08%, fill
factor of 83.68%, open circuit voltage of 0.96V, and short circuit current of 34.8 mA/cm-2 at 1 um thickness. Analyzing
the data, we observed that changing thickness between this range effect on parameters is very low.
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Figure 3 Effect of thickness on Electrical properties of Solar cell

According to the results, as the thickness increases, the Fill Factor (FF) is sparely changed. Other performance
parameters Voc and V_mpp decline with an increase in thickness, and Jsc and ]_mpp increase observed from the curve.
Figure 4, shows current density vs efficiency and wavelength vs quantum efficiency. The effect of thickness on the J-V
curve performance changes with an increase in thickness. 100% quantum efficiency is showing approximately 370 nm
to 600 nm wavelength in 0.7 um thickness. QE varies quickly after varying thickness.
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Figure 4 Effect of thickness on I-V curve and quantum efficiency(QE)

3.3. Effect of Bandgap on Electrical Properties of Solar Cells
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Figure 5 Demonstrates the relation between bandgap and device performance
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The results represent a clear relation between bandgap energy and device performance shown in Figure 5. In this
portion, the band gap varies between 0.3eV to 2eV, Efficiency increases with the increase of bandgap initially (0.3eV to
1.3eV), and later efficiency declines faster. Here the 1.3eV bandgap gives the optimum reading. The fill factor decreases
after 1.5eV and the maximum fill factor we get is 84% in 1.4eV. Voc increases with band gap as a ramp function, V_mpp
exponentially increases at a point 1.6eV, and Jsc, ] mpp decreases with increased bandgap. Maximum efficiency has been
reported in 1.3eV and the maximum fill factor has been reported in 1.4eV. Regarding the better performance, it is clear
that the bandgap of 1.3eV with a PCE of 28% can be the optimum choice for the CH3NH3Sn(I1-xClx)3 layer. Demonstrate
the changes in the doping band gap affect the performance of the semiconductor device CH3NH3Sn(I1-xClx)3 absorber
layer.

3.4. Effect of absorber layer doping density

The doping density is an essential property of solar cells’ various layers that change in doping density to affect the solar
cell's performance. Here, the absorber acceptor density NA has been studied in the 1 x 102 cm™3 to 2 X 1021 cm3, with
the optimized thickness and bandgap, and the performance graph was obtained. At the same time, donor density ND
(1/cm3) has taken zero. Figures 6 represent PCE and other electrical properties as a function of the acceptor doping
density of the absorber layer. PCE gets a maximum of 35.65% at 1 x 102° 1/cm3 which is the best performance of the
device.
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Figure 6 Effect of absorber layer doping density on electrical performance
At optimized doping concentration, the FF of 88.26, Voc 1.21V, and Jsc of 33.38mA/cm2, is obtained. From Figure 6 we

noticed that the FF, Voc, V_mpp is increased and Jsc, ]_mpp decreases according to the increase in the absorber layer
acceptor doping density.
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Figure 7 1-V curve for Effect of acceptor density NA

3.5. Effect of defect density

In this study, the defect density has been varied from 1019 cm=3 to 1018 cm~3 and picturized its variation on photovoltaic
properties in PSC, as shown in Figure 8.
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Figure 8 Solar cell response as a function of defect density
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It is noticed that the performance of the device declined from 27.83% to 3.32% with the increase in defect density. The
absorber layer’s initial defect density was set to be 1x1014 cm-3 (as per Table 1) [17]. When the defect density is 1013
per cm-3, the cell performance is significantly improved, attaining the Voc of 1.1 V, Jsc of 34.01 mA/cm?2, FF of 82.14%,
and PCE of 30.62%. Now, further decrease of total detect density-Nt, from 1x1013 to 1x1012 cm-3, minor variation is
observed in FF (82.94.78%) and Jsc (34.02mA/cm?) but considerable changes occurred in Voc (1.21 V) and PCE
(34.27%).

3.6. Optimized result and I-V curve

We have observed the effect of thickness, bandgap, acceptor density, and defect density on the absorber layer, and the
optimum value obtained from the resulting value in Table 2.

Table 2 Optimal and selected values for absorber layer

Type Thickness Band Gap | Acceptor density NA | Total Defect density, Nt
(um) (eV) (1/cm3) (1/cm3)

Previous value | 0.7 1.3 3.2 x 1015 1x 1014

Optimum 0.9 1.3 1x 1020 1x 1013

value

After setting the optimum data as device parameters and simulating data to achieve the performance of the solar cell
which is shown much better efficiency than the selected value, the final J-V curve was obtained and represented in
Figure 9.
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Figure 9 J-V curve of the perovskite solar cell at optimum values

Table 3 Comparative analysis of Figure 2 and 9 diagrams

Step1 Voc (V) | Jsc (mA/cm?) | FF% | PCE%
Primary value | 0.98 33.39 83.51 | 27.83
Optimum value | 1.26 34.61 89.87 | 39.28

It is noticed that the efficiency of the solar cell has jumped from 27.83% to 39.28%.
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4. Conclusion

In this study, a numerical simulation of a planar heterojunction tin-based CH3NH3Sn(I1-xClx)3 PSCs has been performed
using SCAPS-1D. It has been observed that the PSCs efficiency may improve by selecting the optimum value thickness
and doping acceptor density NA absorber layer. The optimum value of thickness is .09um and the optimized doping
concentration is 102° cm-3. We achieved an efficiency of 39.28%, Voc of 1.26V, FF of 89.87%, and Jsc of 34.61 mA/cmz.
The effect of defect density and doping concentration plays a major role in improving the Fill factor and efficiency.
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