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The present risk of the depletion of the non-renewable sources of energy at an alarming rate has

NOISIAI

encouraged man to look for new ways to produce power and move towards "Renewable Energy

Resources". One major source of energy is the heat and intensity from the Sunlight using the
Perovskite Solar Cells. This technology has captured extensive attention wotldwide in the previous few
years due to its high efficiency, fast development, low cost, and easy manufacturing process. In this
research, the thickness variation of different types of perovskite layers and their impacts on the
functioning of the perovskite solar cells have been explored using SCAPS software. The absorption
coefficient of semiconducting material is exponentially related to the thickness, so if the absorption
coefficient is high, the lesser thickness can absorb more light. But to avoid excessive resistance and to
lessen the production cost, the thickness should be in the range of the depletion region width. Much
smaller thickness yields weak static electric fields in the depletion region. The designs of different
perovskite solar cell structures will be simulated and their effects will be critically analyzed in order to
have a detailed study.
Keywords: Solar Cells, Perovskite, Energy, Irradiation, SCAPS
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Introduction:

Optoelectronic devices operate based on the principle of converting optical enetgy into
electrical energy [1]. A solar cell is a common example of such a device. Semiconducting materials are
used to manufacture optoelectronic devices because of a number of advantages such as stable device
performance, variety of semiconducting materials, light detection from a broad spectrum (ultraviolet
to infrared) owing to the huge variety of different band gaps and compatibility with lithography process
helps in device miniaturization and integration.

There has been a surge of attention in organic and inorganic metallic halide-based perovskites
in the past few years due to their remarkable properties. These metal halide perovskite materials show
great potential for use in excellent-performing optoelectronic devices, thanks to their outstanding
electrical and optical characteristics. Electrical and optical qualities include exceptional optical
absorption, high carrier mobility, great efficiency in converting solar energy, impressive luminescence
efficiency, and long carrier diffusion length. As a result, these materials have become a prime area of
research and development, with scientists and engineers working tirelessly to unlock even more
exciting possibilities for their future applications [2][3][4][5][6].

Perovskite materials offer vast opportunities for next-generation high-performance solar cells,
photodetectors, and LEDs across a wide range of applications including energy conservation and
communication. With their attractive compositional tunability and unique physical properties, these
materials have unlocked a plethora of possibilities for researchers and developers alike. Best of all, they
allow for the creation of novel materials with distinct characteristics, paving the way for even more
exciting discoveries in the future.

Over the years, numerous photovoltaic (PV) materials have been discovered and utilized in
solar cell fabrication. Figure 1 provides an overview of these materials, highlighting the periods during
which they reached their peak energy conversion efficiencies. Efficiency timeline can be visualized
from Figure 1 which indicates that perovskite materials have shown remarkable increment in their

efficiency in a very short time.
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Figure 1. Improvement in photo-electric conversion efficiency of various photovoltaic
technologies (NREL) [7]

Hybrid organic-inorganic perovskites absorb light in a manner comparable to silicon-based
devices. However, devices based on rigid semiconducting materials require expensive fabrication
processes and complex handling techniques. Perovskite devices are flexible, easy to manufacture, and
cheaper in price as they are formulated from inexpensive abundant materials. Contrary to this, Si-based
devices include expensive fabrication i.e. silicon cutting, high purification, and crystal growth control.
Perovskite materials exhibit the dual property of simple & stress-free processing and very high light
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conversion efficiency. What makes perovskites particularly appealing is their unique combination of
simple processing and exceptional light conversion efficiency. From the day of their discovery, they
have been successfully incorporated into applications like solar cells, light-emitting diodes (LEDs),
lasers, photodetectors, and transistors. A summary of their applications is provided in Figure 2.
Perovskite sensitizer ABX;3 (A: CH;NHs, B: Pb, Sn, and X: Cl, Br, I) has a number of advantages which
include low-cost fabrication and earth abundance along with exciting optical properties mentioned
earlier.
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Figure 2. Various applications of perovskite materials as per existing literature

Figure 3 shows the basic perovskite crystal structure schematic for ABX3 in the idealized cubic
stage. In a single cubic unit cell, a compound type A is usually present at the corner positions while the
type B (metal) atom position is in the center. Type X (halide) components are present at the face centers
of the unit cell. This crystal structure stability requirements are very rigid and can be distorted easily.
A minor distortion or buckling can lead to less symmetric distorted versions (orthorhombic, tetragonal,
etc.). In a less symmetric version, the resting position of A, B, and X and interspacing distance vary.

Figure 3. The schematic of the perovskite crystal structure

Therefore, this structure has high tunability as a number of combinations can be made on the
same structure and the ones with the better performance can be utilized. Apart from studying behaviors
of different perovskite structures, the impact of physical changes on the performance of the whole
PSC has also been an area of interest for scientists [8][9]. In this paper, the impact of the physical
change in the solar cell i.e. the change in the thickness of the perovskite is observed. It gives the details
of the solar cell parameters. It describes the importance and results of Lead halide-based perovskite
solar cells and also describes the prominence of Tin halide-based perovskite solar cells.

Obijectives:

The main objective of this study is to reach an optimal perovskite layer thickness which
provides the best solar cell performance. For this purpose, a novel approach is to compare lead-based
and tin-based perovskites. Parameters like efficiency, short circuit current (Jsc), open circuit voltage
(Voc), and Fill Factor (FF) are measured for different thickness levels.

May 2025 | Vol 07 | Issue 02 Page | 1122


http://www.solarchoice.net.au/blog/wp-content/uploads/Perovskite-crystal.png

OPEN ACCESS . . . .
a International Journal of Innovations in Science & Technology

Methodology:

Figure 4 describes the methodology flow of this study. In this section, first of all, some of the
input parameters like materials, thickness range, band gap, electron affinity, and permittivity were
selected. After that, a simulation environment was created to test the performance parameters of
perovskite layers. In the last step, the results were compared with previous studies in order to suggest
the suitable thickness of perovskite layers. The perovskite solar cell used in this study consisted of five
distinct layers, as illustrated in Figure 5.

S(electi[\gl Inﬁ_ut Parameters Simulation setup of SCAPS
materials, thickness range, .
band gap, electron affinity, under c:_r;am test
permittivity) conditions
) l
Testing the performance
Comparison of results with parameters like short circuit
literature current, open circuit voltage,
Fill Factor and efficiency

:

[ Optimal thickness

evaluation and comparison
of lead and tin perovskites

Figure 4. Flow diagram of a methodology
The top contact layer was made of gold (Au), followed by the Hole Transport Layer (HTL)
which consisted of Spiro-OMeTAD. The absorber layer was comprised of CH3NH3;PbX3 or
CH3NH;8nX5, which served as the core component of the device and was the material of interest in
this study. The Electron Transport Layer (ETL), made of TiO, was located next to the absorber layer,
and the FTO layer was positioned at the bottom.

Figure 5. Schematic structure of the perovskite solar cell
Photovoltaic characteristics utilized for device modeling:

To analyze the characteristics of the Perovskite solar cell, the SCAPS-1D simulator was
employed. The simulations were carried out under Standard Test Conditions (STC), which were AM
1.5G, 1000 W/m?, and the temperature of T=300 K. Hole Transport Layer (Spito-OMe-TAD) was a
p-type material. On
On the other hand, the perovskite layer, Electron Transport Layer (TiO»), and FTO all were n-type
materials in the simulations. The parameters utilized in the simulation ate outlined in the subsequent
section.

Parameters for simulation:

The simulations for all the perovskite materials were done by varying the value of thickness
from 0.1 pm to 1 um. All other parameters were kept constant in each case. The presents the
parameters used for simulation [10][11][12][13][14]. Following are some performance parameters
mathematical expressions whose trends are discussed in the subsequent section:
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The most critical parameters of the solar cell material are its diffusion length and surface
passivation. When the surface is perfectly passivized and photon generation is uniform, the equation
for the short-circuit current density can be approximated as:

Jsc =qG(Ln+ Lp) 1
Here G is the generation rate, while Ln and Lp are the diffusion lengths of the electron and hole
respectively.

Jsc «cG(Ln+ Lp) 2

Table 1. Parameters of the various layers of the solar cell

Parameters Thickness | Bandgap Electron Dielectric
Materials (nm) (eV) Affinity (eV) | permittivity

Spiro-OMeTAD

(HTL) 0.5 2.9 2.2 3
MAPbDI; 0.1-1.0 1.5 3.93 30
MAPDbBI1; 0.1-1.0 2.33 3.7 7.5
MAPDBCI; 0.1-1.0 2.9 3.293 6.5
MASnNI; 0.1-1.0 1.24 4.2 6.5
MASnhBf«; 0.1-1.0 1.3 4.1 10
TiO, (ETL) 0.05 3.26 4.2 10
FTO 0.3 3.5 4 9

Voc is given as here 11 and o represent photo-generated current and saturation current
respectively & T'is temperature.

Voc = nkI ln(£+ 1) 3
q 10
Voc o ln(%) 4

The Fill Factor (FF) in solar cell technology is defined as the maximum power output divided

by the product of open circuit voltage (Voc) and short circuit current (Isc) as shown below.
_ Pmax _ Impp*Vmpp

. ) ) - Isc*ch IscxVoc
Solar cell efficiency is the ratio of maximum power output produced by the solar cell to the

input power it receives, given as:
__ Pout _ Impp+xVmpp __ IscxVoc*FF 6
n= Pin Pin o Pin
Organic Lead Halide Based Perovskites:

Lead halide perovskites have emerged as excellent materials for use in photovoltaic and light-
emission applications due to their remarkable optoelectronic properties. [7][15][160]. The general
formula for lead halides is APbXj3, where A can be an inorganic (Cst) or organic (CH(NH2)2*,
CH3NH;5") cation, while X is a halide (I, Br-, or Cl"). The main reason for the extensive use of lead
halides as photovoltaic materials is their exceptional power conversion efficiency (PCE) which is above
22% [17][18]. In addition to their impressive PCE, these semiconducting materials possess many
remarkable properties, such as intense photoluminescence, low cost and easy synthesis, high dielectric
constants, low excitation binding energies, high absorption coefficients, and long excitation diffusion
lengths [19][20].

Furthermore, the perovskite structure offers a high degree of tunability owing to the wide
range of available cations (A), central elements, and anions (X). As a result, a multitude of "hybrid"
structures can be created and applied in various contexts, offering optical tunability across the whole
visible spectrum. This feature has contributed to the growing interest in perovskite materials and their
usage potential over an extensive range of applications, from solar cells to light-emitting diodes and
beyond [21]

Experimental Setup:

For this study, the cation CH3NH;3"™ and the Metal Pb part were kept constant in the perovskite
structure and the performance analysis was done by changing the halide part only. Three halides (I, Br,
Cl) were employed for the simulation and the comparison between their performances was done. All
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the remaining parameters were kept constant. The perovskite layer thickness was increased gradually
from 0.1-1 pm. The thickness of all the other layers including the HTL, ETL, and FTO was kept
constant. The energy band diagrams of these configurations are shown in Figure 6.
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Figure 6. Energy Band diagram using MAPbI3, MAPbBr3 and MAPbCI3 as perovskite
layer
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Organic Tin Halide based perovskites:

The general formula of Tin halide perovskites is ASnX3, here A can be an inorganic (Cs*) or
organic (CH3NH;3*) cation, while X is halide (I, Br—, or CI). This perovskite structure is tunable to a
great extent because of the option of choosing between various organic or inorganic cations (A) and
anions (X), which allows for the formation of different "hybrid" structures. Consequently, tin halide
perovskites demonstrate excellent versatility, allowing their integration into a wide range of
applications. Organic tin halide-based perovskites have dominated as a competent material to
be utilized in solar cells. These materials have several advantages, including high stability, low
toxicity, and tunable bandgaps that can be modified to match the solar spectrum. In addition,
they have high absorption coefficients and long carrier lifetimes, leading to high photovoltaic
performance. The unique optical and electronic properties of organic tin halide perovskites make
them a capable alternative to traditional silicon-based solar cells.

Harmful effects of Lead:

Lead has been proven harmful to the human body as well as the environment in several ways
as elaborated below:

. Pb-containing compounds can take various routes to enter the bloodstream such as ingestion,
inhalation, and dermal contact

. Pb can disrupt the activity of enzymes and receptors upon entering the body, as it mimics the
presence of crucial elements like Ca, Zn, and Fe.

. Pb toxicity primarily affects the Central Nervous System (CNS) since it resembles Ca and can
easily cross the blood-brain barrier and accumulate in the brain, causing oxidative damage similar to
Hg, Cd, and As.

. Lead may accumulate in bones in the form of lead phosphate, whose half-life is 20-30 years,
leading to a slow elimination process.

. Chronic exposure to lead can cause neurological disorders, such as cognitive impairment,
motor dysfunction, and behavioral issues like depression, anxiety, and aggression.

. When perovskite solar cells degrade in an open environment, they can produce Pbl,, which
subsequently breaks down into Pb(OH), and HI. The acidic reaction of Hydrogen iodide has more
harmful effects than the consumption of Pb(OH)2 [22].

Performance comparison of Tin and Lead in solar cells:

Undoubtedly, lead has proven to be a highly effective element in solar cell absorber layers.
Photovoltaic cells utilizing lead halide perovskite absorbers have achieved impressive efficiencies while
exhibiting relatively minimal stability concerns. On the other hand, tin-based perovskite PV cells have
shown efficiencies of almost 12% so far [23]. Choosing the best material here is actually finding an
optimal result having better efficiency, stability as well as user and environment safety.
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Experimental setup:

For this study, the metal part Pb was replaced with Sn. The cation CH3NH;* and the Metal
Sn part were again kept constant in the perovskite structure and the performance analysis was done by
changing the halide part only. The halides that were used for the simulation are I and Br. Cl was
excluded from this comparison because of its poor results, especially the worse efficiency obtained. A
comparison between the performances was made. All the remaining parameters were kept constant.
The perovskite layer thickness was increased gradually from 0.1-1 um. The thickness of all the other
layers including the HTL, ETL, and FTO is kept constant. The energy band diagrams of these
configurations are shown in Figure 7.

Figure 7Figure 7. Energy Band diagram using MASnI3 and MASnB«r3 as perovskite layer
Results:

The purpose of the simulation was to examine the influence of perovskite layer thickness
variation on four key factors of the solar cell, including the Jsc, Voc, Fill factor (FF), and overall
Efficiency.

Results of MAPbX3 perovskite:

Jsc vs Thickness and Voc vs Thickness trends are shown in Figure 8. It was observed that as
the thickness was increased the Jsc grew exponentially. The maximum Jsc obtained for MAPbI; is 25.31
mA/cm? at Tum thickness of the perovskite layer. For MAPbBr3, Jsc is 6.92 mA/cm?2at 1pum thickness.
And for MAPbCls, Jsc is 1.29 mA/cm?at Tum thickness of the perovskite layer. On the other hand, as
the thickness was increased the open circuit voltage (Voc) decreased exponentially. The maximum Voc
for MAPDbI; was 2.1 V achieved at 0.1um thickness of the perovskite layer. For MAPbBr3;, VOC was
1.51 V at 0.1pum thickness. For MAPbCl3, VOC was 1.10 V at 0.1um thickness.
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Figure 8. JSC vs Thickness and Voc vs Thickness graph for MAPbX3

FF vs. thickness and Efficiency vs. thickness for MAPbX3 trends are shown in Figure 9. As
the thickness was increased FF showed a decreasing trend. The maximum FF for MAPbI; was 78.72%
at 0.1um thickness of the perovskite layer. For MAPbB13, the FF was 59.67% at 0.1pum thickness. And
for MAPbCl;, the FF was 42.57% at 0.1um thickness. Finally, for the efficiency, the maximum for
MAPbDI; was 15.61% at 0.5um thickness of the perovskite layer. The maximum efficiency for MAPbBr3
was 4.62% at 0.7um thickness and the maximum efficiency for MAPbCl; was 0.83% at 0.9um

Thickness (um)

thickness.
nl e 1872 —a— MAPbI3 o]
—a— MAPbB3
\,\ —a— MAPbCI3 14 1561%
o . _ —e—MAPbDI3
) e B —a—MAPbBr3
IS 59.67% _ —s—MAPBCI3
_ed Yo 21014
= T B
g s S g s
“ s T s 0
—— 2 ] o 462%
ol e, 4_ P /}/;f—** 2 Tﬁi‘
k 42 57%M el o8 Y
. / 24 &
30 T - T T T W
00 02 04 06 08 10 0 T T T T T T T T

Thickness(um) 02 04 06 08 10

Thickness(um)

May 2025 | Vol 07 | Issue 02 Page | 1126



OPEN CCESS

International Journal of Innovations in Science & Technology

Figure 9. FIF Vs Thickness and Efficiency Vs Thickness graph for MAPbX3
Results of MASnX3 perovskite:

Jsc vs Thickness and Voc vs Thickness for MASnX3 trends are shown in Figure 10. As the
thickness increased, the short-circuit current density (JSC) showed an exponential rise. The maximum
Jsc for MASnI3 was 34.65 mA/cm? obtained at 1um thickness of perovskite layer, while for MASnBrs3,
Jsc was 32.22 mA/cm? at Tum thickness. For Voc, as the thickness was increased the open circuit
voltage (Voc) decreased exponentially. The maximum Voc for MASnl; was 0.86 V obtained at 0.1um
thickness of the perovskite layer, while for MASnBr3, Voc was 0.88 V at 0.1um thickness.

T T T T T T T T T T
aa a2z a4 o0& s 14 a.a 0.2 o4 & o8 10

Thickness{um) Thickness{um)

Figure 10. JSC vs Thickness and VOC vs Thickness graph for MASnX3
FF vs Thickness and Efficiency vs Thickness for MASnX3 trends are shown in Figure
11. As the thickness increased, the Fill Factor (FF) exhibited a decreasing trend. The maximum FF for
MASnI3 was 80.19 % at 0.1um thickness of the perovskite layer, while for MASnBr3, the FF was 79.83
% at 0.1pm thickness. Lastly, for efficiency, the maximum for MASnl; is 18.93 % at 0.5um thickness

of the perovskite layer. On the other hand, the maximum efficiency for MASnBr3 is 19.00 % at 0.5um
thickness.
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Figure 11. FF vs Thickness and Efficiency vs Thickness graph for MASnX3
Combined results at maximum Efficiency:

The relation of the current density with the voltage at maximum efficiency for both cases is
shown in Figure 12.

The results indicate that the highest performance in both cases was achieved when iodide was
used as the halide component. The methyl ammonium lead iodide perovskite solar cell showed a
maximum efficiency of 15.6% while the methyl ammonium tin iodide perovskite solar cell showed a
maximum efficiency of 19%. The performance of tin halide-based perovskite solar cells was found
better than lead halide-based perovskite solar cells.
Results Validation:

This study focuses on four key performance parameters of the solar cell: short-circuit current
density (JSC), open-circuit voltage (VOC), fill factor (FF), and overall efficiency. It presents a
comprehensive mathematical analysis of the trends observed in the simulations for each of these
parameters.
According to [24], the JSC of a solar cell is influenced by several factors, including
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Solar cell area
The power and spectrum of the incident light
Optical properties of the cell
Minority-carrier collection probability

From Equation 1 and Equation 2, the short-circuit current of a solar cell is directly influenced
by the generation rate and the diffusion length, which represents the average distance traveled by an
excited carrier before recombining. When the absorber layer thickness is increased, it leads to a higher
rate of electron-hole pair generation, which results in a greater current density. However, this increase
in current density also leads to a higher concentration of charge carriers in the path. Consequently, this
causes an increase in resistance, leading to a decrease in the diffusion length beyond a certain point.
Resultantly the short circuit current density begins to decrease. According to [25], the Voc can be
defined as the highest potential difference across the external circuit when there is no current flow.
The mathematical expression of Voc is given by Equation 3 and Equation 4. When the perovskite layer
thickness is increased, it leads to the abundance of free charges, which subsequently leads to a higher
recombination rate of charge carriers. As a result, fewer charges end up reaching the hole or electron
transport layers at greater thickness. This causes an amplified of the reverse saturation current and
subsequently decreases the open circuit voltage. The mathematical expression for the fill factor is given
by Equation 5. Increasing the perovskite layer thickness of a solar cell leads to an increase in the series
internal resistance of the cell. This increase in resistance results in a rise in power dissipation within the
cell and a subsequent reduction in current flow through it. Additionally, as the perovskite layer
thickness increases, the voltage across the cell decreases, resulting in the decrement of the fill factor.

The trends of the Jsc, Voc, and fill factor (FF) concerning the increasing thickness of the
perovskite layer in a solar cell have been discussed. The solar cell efficiency formula is given by
Equation 6. Solar cell efficiency increased at the start due to an increased electron-hole pair generation.
However, after a certain thickness, the electric field within the cell decreased, while internal power
dissipation and charge carrier recombination rates increased, ultimately causing the Jsc to saturate and
Voc and fill factor to decrease. As a result, the overall efficiency of the solar cell also decreased.
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Figure 12. -V graph of MAPbX3 and MASnX3 at maximum efficiency
Discussion:

Table 1 shows the comparison of both lead-based and tin-based perovskite solar cells Power
Conversion Efficiency (PCE) obtained in this proposed work with the previous studies. Lead-based
perovskites PCE shows comparable results to previous studies or improved in most cases. However,
the tin-based perovskite outperformed previous results and got a huge boost in its PCE making it a
strong competitor of lead-based perovskite layers.

Previous research [5] has reported a value as low as 3.9%, whereas this study shows a 15.61%
PCE for lead-based MAPDI;. Likewise, this work's simulated MAPbBr3 efficiency was 4.62%, which
is in line with the author[7] at 3.8% for that material. Although lead-based perovskites have developed
in efficiency, toxicity, and environmental degradation continue to be urgent concerns.

Tin-based perovskite solar cells provide an environment-friendly option to go with. Our
simulation of MASnl3 showed a PCE of 18.93%, which is much greater than many experimentally
obtained values. The most striking finding of this work was the simulated MASnBr3 performance with
a PCE of 19.00%. This is well above the experimental efficiencies reported earlier. Overall, the findings
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confirm the feasibility of tin-based perovskite photovoltaics as future non-toxic photovoltaic
candidates. The simulated high efficiencies prove their hidden potential and merit extensive

experimental study to close the gap between theoretical and actual performance.
Table 1. Performance compatison with previous studies

Material | Power Conversion Efficiency (%) Source
MAPbI; | 15.61 Proposed work
3.9 [5]

MAPbBr; | 4.62 Proposed work
3.8 [7]

MASnI5 18.93 Proposed work
10.76 (FASnls) [23]
11.22 (FASnl3) [26]
14.16 [27]

MASnBr; | 19.00 Proposed work
5.73 [28]

Conclusion:

After the simulation and comparing the results, it is observed that when the thickness of the
absorber layer (perovskite layer) in a solar cell increases, it results in the absorption of more photons.
This results in the generation of additional electron-hole pairs. This increased absorption leads to an
increase in the Jsc of the solar cell because more current is generated due to the higher number of
charge carriers. However, after a certain thickness, the Jsc saturates and then decreases due to the
amplified recombination rate of charge carriers and other factors such as reduced electric field and
increased series resistance.

The open circuit voltage (Voc) of the solar cell declined with increasing the thickness of the
perovskite layer. The reason is the increased recombination of charge cartiers, which reduces the
number of carriers available for generating voltage. Additionally, as the thickness increases, the reverse
saturation current also increases, leading to a further reduction in the open circuit voltage.

The fill factor (FF) decreased when the thickness of the perovskite layer in the solar cell
increased. The increment of the perovskite layer thickness leads to an upsurge in the internal resistance
of the solar cell, which eventually increases power dissipation in the cell and reduces the current flow
in the cell. Additionally, the voltage also decreases on increasing the perovskite layer thickness, further
contributing to a decrement in the fill factor. This ultimately resulted in a reduction in the overall
efficiency of the solar cell.

The effect of perovskite layer thickness on the efficiency of a solar cell is initially positive, with
an increase in efficiency up to a certain point. This is because an increased perovskite layer thickness
results in an increased electron-hole pair generation, which leads to an increase in the Jsc and therefore
an increase in efficiency. However, after a certain thickness, the internal resistance of the solar cell
increases, leading to the decrement of fill factor (FF) and an increase in power dissipation, which
ultimately causes a drop in efficiency. The decline in efficiency is also due to the increase in charge
carrier recombination rates, which causes a reduction in the Voc. Therefore, the primary determinants
of the performance of the solar cell in this investigation are the absorption efficiency of the active layer
and the rate of movement of the charge carrier towards the appropriate electrode which directly
depends on the thickness of the absorber layer.
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