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ABSTRACT

The photovoltaic devices based on perovskite have witnessed a rapid increase in performance
and are moving towards commercialization due to their low-cost electricity production. In this
simulation work, we studied the photovoltaic performance of solar cells based on
methylammonium tin iodide (MASnI3) perovskite materials using the numerical simulation
tool SCAPS-1D. The main objective is to improve the performance of this solar cell by
determining the optimum properties for its operation. The influence of different key
parameters, such as the thickness of the absorber layer and the doping acceptor density in the
same layer, is thoroughly analyzed through SCAPS-1D. The optimized absorber layer with a
thickness of 700 nm shows the highest power conversion efficiency of 26.21%. An increase in
the doping density in the perovskite layer roughly increases the efficiency performance of the
device to 30.21%. Based on our simulation results, it can be concluded that the
TiO,/MASNI,/Spiro-OMeTAD structure for PSC is a potential alternative to the third
generation of solar cells. It has the potential to be efficient and inexpensive in future research.

1. Introduction

With the relentless efforts of researchers in photovoltaics,
several developing photovoltaic technologies have shown a
growing interest in high optical and electrical performance,
low-cost processes, and flexibility. Among these
technologies, perovskite solar cells (PSCs) have recently
emerged as one of the possible ways to achieve a low-cost
and highly efficient solar cell, which has caught the
attention of the renewable energy community. Perovskite,
used as an absorber layer, has many advantages for solar
cell devices, including a direct band gap, small exciton
energy, long electron-hole diffusion, high light absorption,
high tolerance to defects, and excellent bipolar carrier
transport [1-4]. As a result of these properties, its power
conversion efficiency (PCE) has increased from 3.2% [5]
to 25.2% [6]. The perovskite material compounds have a
crystal structure. The chemical formula of perovskite is
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ABX3, where A represents an inorganic or organic cation,
B represents an inorganic cation, and "X" is a halogen
anion [7]. Despite the good performance of perovskite
solar cells, there are some drawbacks that limit their
applications and performance, such as the instability of the
perovskite layer in high humidity conditions.

The most common absorber material used for PSCs is
methylammonium  (MA: CH3NH;) lead trihalide
(MAPDbX3). The bandgap of MAPbX; usually falls within
the range of 1.5-2.3 eV. Methylammonium lead iodide
(MAPDI;) is a direct bandgap material with approximately
1.55 eV, while methylammonium lead bromide (MAPbBr3)
has a comparatively wider bandgap of 2.3 eV for an 800
nm absorption onset. Formamidinium lead iodide (FAPDI ;)
exhibits a narrower bandgap of 1.48 eV, indicating larger
current but lower stability. Lead (Pb)-based perovskites
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have been extensively studied and have shown promising
results in various applications, particularly in solar cells.
However, the presence of lead raises concerns due to its
toxicity, which has prompted researchers to explore
alternative materials. One such alternative is tin (Sn)-based
perovskites, which have gained attention as potential
replacements for lead-based perovskites. Sn-based
perovskites have similar structural and electronic properties
to Pb-based perovskites, making them attractive
candidates. They offer the advantage of being
environmentally friendly and less toxic than lead-based
counterparts. In comparison to MAPbDI;, the perovskite
layer of methylammonium tin iodide (MASnI3) has not
been explored as extensively. Both perovskite compounds
have a tetragonal structure, even with different temperature
processing, leading to different optical properties.
Experimental data indicate that MASNI; serves as an
excellent hole transporter with an absorption onset of 1.1
eV [8]. However, it is true that Sn-based perovskites have
faced challenges in terms of stability compared to Pb-based
perovskites. Sn-based perovskites tend to be more prone to
degradation and have lower long-term stability, especially
under exposure to heat, humidity, and light. This instability
can lead to performance degradation and limit their
practical applications [9]. Researchers are actively working
to overcome these stability issues associated with Sn-based
perovskites. Various strategies, such as compositional
engineering, interface engineering, and encapsulation
techniques, are being explored to enhance their stability
and improve their performance [10-12].

A typical PSC structure generally consists of an electron
transport layer (ETL) covered with a perovskite layer as
the absorber (active layer), followed by a hole transport
layer (HTL). The morphology of the ETL and HTL
influences the stability and efficiency of the PSCs. The
photo-generated carriers pass through these layers before
being collected. The typical device configuration is
glass/transparent-conductive-oxide(TCO)/ETL/perovskite/-
HTL/metal electrode.

Most research on PSCs focuses on perovskite deposition
parameters. However, interpreting the results has not been
easy. The main reason is the lack of established theoretical
models and available data on layer parameters. Therefore,
it is essential to utilize simulation software and numerical
models to achieve better performance of solar cells by
understanding the underlying mechanisms that hinder the
optimum performance of PSC devices [13].

In this paper, we conducted numerical modeling and
simulation of lead-free PSCs using perovskite-CH3NH;Snl;
(MASnNI3) to develop a non-toxic, highly efficient, and
stable PSC. We employed as the hole transport layer (HTL)

2,2',7,7-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene (Spiro-OMeTAD) and Titanium dioxide
(TiO,) as the electron transport layer (ETL). For simulation
purposes, we utilized SCAPS-1D (Solar Cell Capacitance
Simulator), a one-dimensional simulation software
developed by the University of Gent, Belgium. SCAPS-1D
allows us to simulate the electrical characteristics of
various types of solar cells, such as CZTS, CdTe, CIGS, by
solving the basic semiconductor device equations under
steady-state conditions. The software is based on the
resolution of the continuous Poisson's differential equation
[14]. By using the SCAPS-1D simulator, we confirmed that
the lead-free, Sn-based perovskite solar cell exhibits high
performance under both dark and illuminated conditions.
The results demonstrate that our lead-free PSC, simulated
with Sn-based perovskite instead of Pb-based perovskite,
achieves a theoretical efficiency as high as 30.21%.

2. Materials and Methods

To simulate the performance of PSCs using different
thicknesses and band gap energies of the tin-based
perovskite layer, we utilized SCAPS-1D software version
3.3.08 (ELIS, University of Gent, Belgium) [15]. The
simulation was conducted at a working temperature of 300
K under AM 1.5 G 1 sun illumination. The proposed
structure of the PSC is depicted in Fig. 1.
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Fig 1. Perovskite solar cell structural design.

Our study employed a planar structure composed of five
layers:  FTO/TiO,/MASNI5/Spiro-OMeTAD/Au.  FTO
serves as the transparent conductive oxide (TCO) with a
bandgap of 4.4 eV, while Au functions as the counter
electrode. The absorber layer's parameters were adjusted in
order to optimize the performance of the solar cell and
achieve maximum photovoltaic efficiency. In all device
configurations, MASNI; was positioned as an intermediate
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layer between the electron extractor (TiO,) and the hole
extractor (Spiro-OMeTAD). The cell structure is illustrated
in Fig. 1. All the physical parameters required for the

simulation were gathered from reported research papers
and experimental data, and their respective values are
presented in Table 1.

Table 1. The semiconductor parameters of the PSC’s components used in the simulation.

Term Parameter TCO[16,17] TiO,[18,19] MASnI;[20] Spiro-OMeTAD [21-23]
Thickness d (nm) 500 100 300 100

Band gap Ey (V) 35 3.2 1.3 3.17
Affinity x (eV) 4 4.26 4.2 2.2
Permittivity & 9 9 8.2 3
Effective density of states at CB Nc (cm™) 2.20x10% 2.00x10® 1.00x10%® 2.50x10®
Effective density of states at VB Ny (cm™) 1.80x101° 1.80x101° 1.00x10'® 1.80x10"°
Electron thermal velocity (cm/s) 1.00x10’ 1.00x10’ 1.00x10’ 1.00x10’
hole thermal velocity (cmis) 1.00x107 1.00x107 1.00x107 1.00x107
Mobility of electrons up Cm?Vs) 20 20 1.6 2.00x107*
Mobility of holes wp (cm’V.s) 10 10 16 2.00x107*
Density of n-type doping (donor) Np (cm) 2.00x10%° 6.00x10° / /
dD;;iS}:;y(ch:;%?) N, (cm™) / 1.00x10% 2.00x10°
Density of defects N, (cm™®) 1.00x10" 1.00x10% 2.50x10" 1.00x10"

The interface parameters are provided in Table 2. The
simulation parameters were initially set to establish a base
configuration. Subsequently, various properties of the
perovskite solar cell were modified to investigate their
effects on the device performance and achieve an
optimized outcome. For achieving a high-power
conversion efficiency (PCE), an initial thickness of 100 nm
was assigned to the Spiro-OMeTAD and TiO, layers, while

Table 2. Defect density values inside the layers.

a thickness of 300 nm was designated for the MASnHI;
layer, as indicated in Table 1.

By utilizing the SCAPS-1D software, we are able to
incorporate defect layers at the interfaces. Table 2
summarizes the defect density introduced at each of the
TiOx/MASNI; and MASNhI5/Spiro-OMeTAD interfaces.

Parameters \ Interface

TiO,/MASNI; [24]

MASNI4/Spiro-OMeTAD [24]

Defect Type Neutral Neutral
Capture cross section for electrons a,, (cm?) 1.00x107Y 1.00x1078
Capture cross section for hole @, (cm?) 1.00x1078 1.00x107*°
Energetic distribution Single Single
Energy level with respect to Ev (eV) 0.6 0.6
Characteristic energy (eV) 0.1 0.1

Total density N, (cm™) 1.00x10° 1.00x10°

3. Results and discussion

The simulation was conducted at a working temperature of
300 K under AM 1.5 G 1 sun illumination. The energy
band diagram, as depicted in Fig. 2a, was obtained from
SCAPS-1D to analyze the optical properties of the PSC.
The band gap of the Spiro-MeOTAD buffer layer was

adjusted in conjunction with the MASnI; absorber and
TiO, window layers. To maximize light absorption, the
absorber layer should have a band gap equal to or greater
than 1.3 eV, which aligns with the band gap of our
absorber layer.
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Fig 2. (a) Energy Band Diagram and (b) J-V Curve under dark
and sun illumination

Fig. 2b represents the I-V curve of the PSC under both dark
and sunlight conditions. We obtained an open circuit
voltage (7oc) 0f 0.99 V, a short circuit current density (Jsc)
of 28.74 mA/cm?, a fill factor of 82.99%, and an efficiency
of 23.82%. To examine the impact of layer thickness (ETL,
HTL, and perovskite) on the PSC performance, we initially
varied the thicknesses of the Spiro-OMeTAD and TiO,
layers from 50 nm to 350 nm with a fixed step of 50 nm.
Interestingly, the performance parameters of all the device
configurations exhibited similar results when the hole
transport material (HTM) was varied, with only marginal
changes observed in the fill factor (FF) and open circuit
voltage (Voc). Additionally, slight variations were observed
in the graph curves of current density and the energy band
diagram. Consequently, the changes in ETL and HTL
thicknesses did not significantly affect the parameters of
all-PSCs and can be disregarded. Therefore, we maintained
the ETL and HTL thickness at 100 nm, as it did not result
in any substantial changes in the performance parameters.

To examine the impact of the thickness of the perovskite
absorber layer on the solar cell's performance, the thickness

was varied from 0.3 pm to 2.5 pm. As the thickness
increased, the J-V characteristics curve shifted away from
the origin, as we can see by the changing in values from
Table 3. The effect of thickness on the P-V characteristics
curves is also evident in Fig. 2b. It is noteworthy that
increasing the thickness of the absorber layer improves the
power density of the cell. This is because a greater
thickness of the absorber layer increases the likelihood of
capturing photons, resulting in a higher conversion of solar
power into electrical power density.

The thickness of the absorber layer was varied from 0.3 um
to 2.0 um, and it was observed that the J-V characteristics
curve shifted away from the origin, as depicted in Fig. 2a.
The PSC parameters corresponding to the increase in
absorber layer thickness are presented in Table 3. It is
known that a thin absorber layer results in low
photogenerated current, as evidenced by the case when 300
nm thickness was used. However, the charge extraction is
high, as indicated by the high Voc, which suggests reduced
recombination.

Table 3. Performance parameters of PSC device with various
thicknesses of the absorber layer.

Thickness (nm)  Voc (V) Joc (MA/cm®)  FF% PCE %
300 0.998 28.74 82.99 23.82
400 0.986 31.06 82.50 25.28
500 0.976 32.43 81.93 25.95
600 0.968 33.28 81.31 26.19
700 0.960 33.83 80.64 26.21
800 0.954 34.20 79.96 26.09
900 0.948 34.45 79.25 25.89
1000 0.943 34.63 78.53 25.64
1100 0.938 34.75 77.80 25.37
1200 0.933 34.84 77.07 25.08
1300 0.929 34.91 76.34 24.78
1400 0.926 34.96 75.59 24.48
1500 0.923 34.99 74.83 24.17
1600 0.920 35.02 74.06 23.86
1700 0.917 35.04 73.29 23.55
1800 0.914 35.047 72.51 23.23
1900 0.911 35.053 71.70 22.91
2000 0.909 35.057 70.88 22.59

The impact of thickness on the P-V characteristics curves
is evident from Table 3. As indicated in the table, Jsc
increases with thickness, resulting in improved light
absorption. Specifically, it increases from 28.74 to
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34.63 mA/cm? as the thickness is increased from 300 nm to
1000 nm. Beyond this thickness, Jsc continues to increase
but with a lower rate until it saturates at around
35mA/cm?. It is worth noting that at a thickness of
300 nm, JSC is comparatively lower than the other values
due to the reduced absorption of long-wavelength photons
[25].

By increasing the thickness of the absorber layer, the
effective band gap decreases, allowing for the absorption
of long wavelength photons [26]. This increase in thickness
results in a higher number of photons being captured,
thereby converting more solar power into electrical power
density. Based on our findings, an absorber thickness of
600-700 nm is considered optimal. At a thickness of 700
nm, the power efficiency reached the highest value among
the different thicknesses at 26.21%. We observe an
efficiency improvement of approximately 2.4% when
increasing the thickness from 300 nm to 700 nm.

Beyond 700 nm, the cell efficiency continues to decrease
due to the maximum absorption of light, as indicated by the
nearly constant Jsc Vvalues. Additionally, when the
thickness of the absorber layer exceeds the diffusion
length, the charge carriers generated near the center of the
layer will recombine. Our study demonstrates that
adjusting the perovskite absorber thickness to 600-700 nm
can achieve high efficiency in PSCs.

Fig. 3 and Table 4 present the PSC parameters obtained for
different acceptor doping densities in the perovskite layer,
ranging from 1.00 x 10 cm™ to 1 x 10" cm > [27].

Table 4. Performance parameters of PSC device with various
doping concentration of the absorber layer.

Doping density Voc Jsc FF PCE
(cm®) V) (mA/cm?) % %
1.00E+14 0.960 33.83 80.64 26.21
5.00E+14 0.961 33.84 8145 26.49
1.00E+15 0.962 33.85 82.32 26.82
5.00E+15 0.978 33.82 83.90 27.75
1.00E+16 0.991 33.67 84.10 28.06
5.00E+16 1.028 32.93 84.76  28.69
1.00E+17 1.045 32.53 85.22  28.98
5.00E+17 1.086 31.73 86.39 29.79
1.00E+18 1.107 31.49 86.63 30.21

The effect of doping density concentration on PSC

performance was studied and is illustrated in Fig. 3. It is
observed that a high doping value increases Auger
recombination.  Therefore, the maximum doping
concentration was fixed at 10" cm>. By doping the
absorber layer, impurities are introduced to create electron
deficiencies or "holes" in the semiconductor material,
which act as majority charge carriers. As the doping
concentration increases, the number of available holes also
increases, resulting in an enhanced mobility of charge
carriers. Based on our results, we observed that the short-
circuit current density increases with an increase in doping
concentration. As the doping concentration increases from
10", the built-in electric field across the device also
increases, enhancing the separation of the photogenerated
carriers and resulting in higher Voc and cell efficiency [28].
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Fig 3. Influence of MASNI; thickness, (a) Jsc and Vo, (b) Fill
factor and efficiency.

Our study's results have been compared to those of other
relevant studies, and the findings are presented in Table 5.
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Table 5. Comparison between our results and those of others

Perovskite structure Voc (V) Jsc (MA/ecm?) FF % PCE %
Our results FTO/TiOy/MASNI,/Spiro-OMeTAD/Au 1.11 31.49 86.63 30.21
Mandadapu et al., [29] TiO,/ZnO:Al/MASNI,/Cul/Au 1.04 31.77 78.18 25.91
Husainat et al., [15] FTO/TiO,/MAPbDI3/Spiro-OMeTAD/Au 147 22.65 91.00 20.34
Azrietal., [30] ITO/ZnO/MAPbI,/ CuSCN /Au 127 21.89 83.70 23.30
Abdelaziz et al., [31] FTO/ZnO/FASNI,/Spiro-OMeTAD/Au 0.92 22.65 76.74 14.03
Yasin et al., [32] FTO/MASNCI;/MAShI;/MASNI;/Au 1.00 28.11 87.69 24.81
Belarbi et al., [33] FTO/ZnO /MAPbI,/PEDOT: PSS/ITO 0.84 25.60 94.68 20.25
Ganet al., [34] FTO/ZnO/CsPbI3/FAPbI3/CuSCN/Au 131 26.11 83.78 28.75

Our research has yielded remarkable results, showcasing
the exceptional efficiency of our structure and parameters
compared to other. Through rigorous experimentation and
analysis, we have consistently demonstrated a high
performance. These findings confirm the efficacy of our
approach and underscore its potential to revolutionize the
field for real application.

4. Conclusion

In this work, planar type perovskite solar cell was
simulated by using SCAPS-1D simulation program.
Thickness and doping density of perovskite layer were
varied to study their effects PSC properties. It was
observed that device with when the absorber thickness is
between 300 and 700 nm, cell efficiency improved from
about 23% to 26.21%. Beyond 700 nm, JSC and cell
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