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1. INTRODUCTION

The modern world has already begun to experience an energy crisis due to its overreliance on fossil
fuel energy, putting the future in grave peril. Researchers are looking towards sustainable, unrenewable, and
environmentally benign alternative energy sources to address this looming threat. Solar energy is one of the
most plentiful possibilities among all available energy sources. Solar cells use this energy and are considered
clean and sustainable sources. Researchers are investigating several material compositions to create
affordable and moderately efficient devices [1], [2]. Conventional silicon-based (C-Si) solar cells now
dominate the photovoltaic market with a more than 90% share. This is due to silicon's ability to efficiently
convert light into electricity power conversion efficiency (PCE) and its stability [3]. Theoretically, a C-Si-
based solar cell exhibits a conversion efficiency of 26.7% under ideal room temperature conditions [4]. The
production technique is costly relative to the performance improvement in real-world applications, and it has
an indirect electronic band gap, making it a poor choice for long-wavelength sunlight.

All-inorganic perovskite has recently received much attention due to its superior thermal stability to
organic cousins. The well-known formula for hybrid perovskite materials is ABXs, where X is a halogen
monovalent anion (I, Br,, or CI), and B is a metal divalent cation (such as Pb?*, Sn?", or Ge?*), a is an
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organic monovalent cation (such as CHsNHs*or CHs (NH2)?*). The inorganic CsBX3 compounds that are most
frequently observed are CsPbls, CsPbBrs3, CsSnls, and CsSnBrs. CsBXs is a promising material because of its
higher absorption coefficients, high carrier mobilities, longer diffusion lengths, lower exciton-binding
energy, excellent defect tolerance, and elastic energy gap. All of these characteristics contribute to a longer
diffusion length [5]-[10]. Due to these characteristics, it is one of the materials that can be utilized for multi-
junction or tandem solar cells. Additionally, due to the lead-free, non-toxic, all-inorganic perovskite PV
technology's toxicity and moisture instability concerns, researchers have been moving away from lead-halide
organic perovskite [11], [12]. Because of Sn's longer oxidation state, suitable absorption coefficient
(>105 cmY), ideal forbidden-gap (1.2-1.62 eV), and improved air stability, it is discovered that replacing lead
(Pb) with Sn (tin) seems to be a good idea [13]-[17]. In particular, its derivative, CH3sNH3Snls, acts as a
favorable candidate for bulk-scale production. CHsNH3Snlz has also been researched as a hole-carrying
element in dye-photosensitized PV cells, achieving good conversion efficiency. The most excellent efficiency
of lead-free perovskite-based solar cells (PVVSCs) has been attained for a tine-based structure at 13.24% [18].
Although all-inorganic PVSCs have grown significantly in recent years, they still trail behind their organic-
inorganic counterparts, primarily because of considerable energy losses, flaws, and environmental instability.
The absorber layer and its interface must be collectively optimized to improve the performance of all-
inorganic PVSCs [19].

TiOz is the electron-transport layer (ETL) used most frequently and widely, even though it must be
annealed at a high temperature. Ti possesses several desirable qualities, such as an affordable price, high
electron mobility, low ecotoxicity, and stability. PCBM, on the other hand, is most frequently utilized in
heterojunction cells (more precisely, for p-i-n structures). At the same time, Z,0 and S, provide good
electron mobility, particularly for low-dimensional facilities. In this investigation, a CH3NHsSnls-based
perovskite PV cell with the following format (FTO/TiO2./CHsNHsSnls/Cu,0) was developed and then
optimized with the use of the solar cell capacitance simulator (SCAPS) 1D simulator by altering the layer
thickness, defect densities, and doping profiles. There have also been inquiries into how much of an effect
temperature have at the point of operation. llluminating the proposed cell structure is the TCO layer,
composed of fluorine-doped tin oxide (SnO:F). This layer also functions as the window layer. After that, an
n-type electron transport layer made of Ti is applied, which begins to pull electrons from the absorber below
it. Because of the distinctive qualities above, we have chosen the p-type perovskite (CH3NHsSnls) as the
primary absorber layer. Finally, Cu.O as a hole-transport layer (HTL) is added before the back contact due to
its higher hole conductivity and appropriate offsets of valance and conduction band distribution, allowing for
abrupt separation of the hole from the absorber. We chose Cu,O for our device because it has the potential
for more efficiency than the pricey, commonly used spiro-OMeTAD [20]. To examine the impact of the
device interface on carrier dynamics and overall performance, a collective optimization of the device is also
carried out by altering the materials for the ETL and HTL. Based on our simulations, the best structure has a
PCE of 41%, an open-circuit voltage (Vo) of 1.32 V, a short-circuit current (Js) density of 34.31 mA/cm?,
and a fill factor (FF) of 90%.

2. METHOD

The perovskite layer is placed between the HTL and ETL in a conventional planar device. The ETL
and HTL must pick up the exactions made by light from the photo-excited perovskite absorber at the
matching layer interfaces and send them to the outer circuit using the suitable bands. Our suggested planer
solar cell has the TCO/ETL/absorber layer/HTL structure. TCO layer, fluorine doped tin oxide (Snz0: F), is
the window layer in this cell construction. We used TiO; as an electron transport material (ETM) to extract
electrons from the absorber since choosing the right ETL is crucial. The material for the absorber is
perovskite (CH3NHsSnls), a p-type material with excellent electron/hole mobility and significant air stability.
Finally, HTL, used before metal contact, was used to separate the hole from the absorber effectively.
Moreover, as a hole transport material (HTM), we have used CuzO.

The SCAPS-1D simulation program/software was used to conduct the modeling and simulation in
this work. N3e-dimensional simulator SCAPS (version 3307) uses position and continuity equations to model
and simulate various solar designs. It allows for the input of seven semiconductor layers. The energy bands,
concentrations and currents, J-V characteristics, ac characteristics (C and G) as functions of V and f), and
spectral response (QE) may all be estimated using this simulator. Also calculable is the spectrum response.
The simulation findings are more accurate than the experimental results, and this solar cell simulator has
been frequently used to model CIGS and CdTe solar cells [21], [22]. Due to its user-friendly feature,
simulations of perovskite solar cells using SCAPS software have recently begun to gain popularity. The
structure of optimized solar cells is depicted in Figure 1, which shows that the thickness of each layer is
optimized.
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Figure 1. Schematic depiction of proposed PVSC cell at optimized thickness of all layers

This paper aimed to make the suggested structure work better to achieve the highest PCE at 1.5 AM
solar insolation. This was done by adjusting the thicknesses, defect densities, series/shunt resistances,
temperatures, and doping profiles of the window, absorber, TCO, and transport layers. This was done to
achieve the best possible PCE. Our system's best HTL is Cu20, and the best ETL is TiO. This was found
through a process called synergistic optimization. We found that the best consistency for our proposed
optimized cell is 1um of p-type perovskite as the absorber and 30 nm of Cu,O as the high-temperature layer.
Together, these two layers make up the optimal thickness of the cell. Light first enters the cell through the
TCO, a window layer. It then travels across the electron transport layer (n-type TiO2), also serving as a buffer
layer. After that, light enters the absorber layer and eventually reaches the whole transport material.

The properties of all of the main design parameters that are utilized to define how the photo-
generated carriers travel and how well the optimized structure functions are displayed in Table 1. This data
was compiled with the help of trustworthy information sources. The electron affinity (e) affects how the
bands are offset at the device interfaces. The relative permittivity (r) is shown here. Nc and Ny are the
standard effective densities of states for the conduction band and the valence band, respectively. Although Np
and Na stand for the donor and acceptor densities, conventional n and p refer to the mobility of electrons and
holes, respectively. Np and Na are abbreviations. It is essential to remember that the thermal velocity of the
electrons and holes is always held at 1x107 cm. The defect charge density throughout the entire area is
consistent, and the defects have no discernible pattern. The gaussian energy distribution of the defect level is
set to 1, as is the capture cross section for both electrons and holes. According to the literature [23]-[30] N,
the total defect density, is chosen.

Table 1. The parameters table of different layer of proposed solar cell

Parameter FTO TiO; (n) CH3NH;Snl; (p) Cu,0 (p)
Thickness (um) 0.03 0.03 Varied 0.03
E;(eV) 35 3.260 1.3 2.1
x (eV) 4.00 4.200 4.1 32
e 9.00 10.000 6.5 6.6
Ne(em™) 2.200E+18 2.20E+18 1.000E+18 2.500E+20
N, (cm™) 1.800E+18 1.8E+18 1.000E+19 2.500E+20
1, (cm?/Vs) 2.000E+1 2.000E+1 1.6 80
1, (cm?Vs) 1.00E+1 1.000E+1 1.6 80
Np (em™®) 1.0E+19 1.00E+17 0 0
Na(cm?) 0 0 1.000E+22 3.600E+18

3. RESULTS AND DISCUSSION
In this part, the research findings are discussed while also providing an in-depth analysis. Results
can be shown in tables, graphs, and figures in the following sections.

3.1. Variation of doping concentration in the absorber layers
This subsection summarizes the changes in performance parameters brought on by variations in
doping densities in the absorbing layers. Doping is a crucial factor that determines the performance spectrum
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of any solar cell design. The material properties might benefit or negatively affect the device as a whole,
depending on the kind [31]. It is essential to optimize the doping concentration in the absorbent layers to
increase efficiency. Studies have shown that unfavorable or excessive doping attention might impact the total
carrier density and produce unreliable flaws, restricting the carriers' transit. As a result, the device's stability
is altered, and the overall PCE is decreased. We changed the concentration from 1x10%° cm to 1x10% cm
to observe the effects of both high and low doping densities to have a clear view of the effects of doping on
cell performance. Figure 2 shows that as the acceptor doping density goes up, the V., the FF (%), and the
efficiency (%) all go up by a lot, significantly above 1x10'° cm= acceptor doping density. As the doping
density goes up, so do the charges. This makes the Vo. go up by a lot. At 1x10%? c¢cm= acceptor doping
density, the efficiency increases by 39%, and the FF increases by 90%.

3.2. Effect of defect density variation of the perovskite layer

As the generation, recombination, and transportation processes all take place inside the absorber
layer, the quality of the absorber, such as the humber of defects, is one of the critical factors affecting the
performance of solar cells [32]. These layers were the starting point for most photovoltaic processes,
including forming electron-hole pairs, recombination, and carrier movement. It is now well acknowledged
that these activities are fundamental components of the absorber layer that makes up the structure of a solar
cell. The overall quality, molecular chemistry, and fabrication technique of an absorber layer have all been
demonstrated to impact a device's performance significantly. This is accomplished by reducing the lifespan
of the device and the diffusion length for carriers [33]-[35]. Therefore, to optimize the device's overall
performance, it is necessary to adjust the defect density to an optimum value. This is because the defect
density can play a significant role in effectively influencing the performance characteristics of a structure.

Due to the simplicity of the calculation process, the defect concentrations in the absorber layer may
frequently be ignored during the simulation step. However, fabrication mistakes can be made that alter
performance variables. The absorber material's fault density was altered during the simulation of this solar
cell from 1x10% cm=3 to 1x10% cm? at the cell's ideal thickness. As seen in Figure 3, the characteristic
parameters all fell gradually as the defect density increased to 1x10% cm3. Still, they all abruptly decreased
after that point and reached their lowest value at 1x10%2 cm. The most insufficient numbers are 0.26% for
PCE, 87% for FF, 0.98 for Vo, and 0.30 for Js.. After 1x10% ¢m, the recombination current significantly
increased, causing a sharp decline in the cell's Js.. Therefore, this cell structure may perform rationally with a
crystal defect, but not more than 1x10%°cm,
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Figure 2. The impact of variation of acceptor Figure 3. Effects of defect density of absorber layer on
doping density on Js;, Vo, FF, and efficiency whole cell performance

3.3. Effect of thickness variation of absorber layer on device performance
The absorber layer thickness is the primary factor affecting a solar cell's fundamental parameters.
These properties include Js, Vo, FF, and PCE. With increased absorber layer thickness comes an increased
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capacity to absorb photons with longer wavelengths, which is necessary to produce photo-generated excitons.
The Jsc rises due to the surge of charge carriers, improving efficiency [36], [37]. Maximum efficiency is
possible at the ideal absorber height because it efficiently absorbs and separates the photo-generated carrier
[38]. Conversely, experimentation has demonstrated that a thicker absorber has trouble extracting charge
carriers due to a decreasing electric field, which lowers cell PCE [39]. Due to a rise in the likelihood of
recombination and series resistance in the absorber layer, the Vo, and FF decrease with thickness. In this
case, the batch calculation mode in SCAPS 1D was used to figure out how well the proposed cell would work
while at the same time changing the thickness of the absorber layer, as shown in Figure 4. By maintaining the
acceptor doping concentration constant at the optimized level of 1x10% cm™3 (optimization of the doping
profile is discussed in subsection, 3.1, we aimed to comprehend the performance and identify the ideal
thickness of it). Figure 4 demonstrates that this solar cell begins to operate at a thickness of 0.005 m, the
lowest thickness needed to capture photons and produce electron-hole pairs. Figure 5 shows that with
increasing the temperature, the V. decreased linearly from 1.2 V to 1.1 V. The improvement in Js. and
efficiency is significant when absorber thickness increases from 0.1 m to 1 m. When the thickness of the
absorber was increased from 0.1 m to 1 m, a substantial improvement in Jsc and efficiency was observed. The
Jsc goes from 19 mA/cm? to 34 mA/cm?, whereas the PCE goes from 23% to 41%.
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Figure 4. The impact of variation of absorber layer Figure 5. Effects of temperature on whole cell
thicknes on Js, Voc, FF, and efficiency performances

3.4. Variation of operating temperature for the proposed cell

The operating temperature of a PSC is typically one of the most significant factors that can
determine whether or not it can work as planned. Any distortion between the layers, whether due to the
materials' purity or an error that happens unintentionally during the fabrication process, can cause an increase
in temperature. Nevertheless, any of these factors, including the potential for an increase in temperature
within the cell's structure, could significantly impact the stability of the apparatus while it is in use. This drop
in Vo, reduced efficiency from 36% to 32.3%, and the FF decreased from 90% to 86%. However, a minor
raise in Js is seen here because of released free charge carriers owing to the loosening of atomic bonds with
elevated temperature.

3.5. Variation of series and shunt resistance of our proposed structure

A solar cell device's performance is also greatly influenced by series resistance, notably the FF and
Jsc density. The value of the FF also begins to decrease, which is a consequence of the reduction in the short-
circuit current that occurs when the series resistance is increased. On the other hand, this results in a
reduction in the overall efficiency of the solar cell. The shunt resistance (Rsn) of a solar cell can result in yet
another considerable loss of power. The shunt resistance is often produced due to manufacturing faults during
fabrication rather than a flawed solar design. Because of this, the parameter is a crucial aspect to consider for
the purpose of making a realistic estimate of the solar system's performance in real life. Lower levels of shunt
resistance can provide the carriers with an alternative channel down which they can tunnel. This can result in

Bulletin of Electr Eng & Inf, Vol. 13, No. 4, August 2024:; 2242-2250



Bulletin of Electr Eng & Inf ISSN: 2302-9285 a 2247

a considerable loss of power, affecting performance metrics. Because lower carriers would initially be
generated while concurrently recombining internally, the repercussions can become significantly more severe
in settings with less light.

Here we examined series resistance from 100 mOhm.cm? to 1000 mOhm.cm?, and shunt resistance
varied from 100 Ohm.cm? to 1000 Ohm.cm? to understand the impact of parasitic resistance. As shown in
Figure 6, the bulk resistance of the absorber material increased, as did the resistance along the carrier
transportation path. As a result, the short-circuit current density decreased as the series resistance grew,
resulting in a decline in the system's efficiency. V., then produces with increasing Rsh to 0.947 V, shown in
Figure 7. The mechanism for this occurs because conductive routes through p-n junctions or on cell borders
become more resistant when Rs, increases, which reduces the number of leakage carriers. Beyond Rsn of
1000 Ohm.cm?, this charge leakage becomes negligible.
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Figure 6. The effects of variation of series resistance Figure 7. Impacts of shunt resistance on whole cell
on Js., Voc, FF, and efficiency performance

3.6. The optimized performance investigation

In this study, we simulate the performance features of our proposed solar cell architecture by
adjusting various parameters one at a time while maintaining the other factors constant. This procedure is
reflected in the study. After that, the performance criteria, which include Jsc, Voc, PEC, and FF, determine the
highest possible quantity for that category. The study gives an overview of how to improve different types of
absorbers, such as their thickness, the effect of doping, the number of flaws, the results of series shunt
resistance, and the change in operating temperature. At the end of the process, we were able to finalize a solar
cell structure as FTO/TiO2/CH3sNH3Snls/Cu,O. For the final simulation, we got a Js; value of 34.31 mA/cm?,
a Voc value of 1.32 V, a PCE value of 41%, and an FF value of 90%. You can see these numbers in Figure 8,
which shows the J-V curve of our finished device.

Figure 9 depicts the quantum efficiency (QE) curve and the relationship between photon energy and
wavelength. The graph reveals that the convection efficiency of the device increases with an increase in the
wavelength of the light, reaching its highest point when the wavelength of the light is increased. Light with a
wavelength of more than 850 nm contains nearly enough power to absorb a material bandgap; nevertheless,
the energy of a photon gradually decreases as the wavelength of light increases. This leads to an exponential
decline in the efficiency of QE. Because the energy of this photon is lower than the bandgap of absorbers,
light with a wavelength of more than 960 nanometers cannot generate electrons. This results in a significant
increase in the recombination current of the solar cell that has been proposed, as can be seen in Figure 8.
Therefore, the absorbance range for this device is 300-960 nm3, which is a statement we can confidently
make. The planned work is also compared to works published in the past, as shown in Table 2. Compared to
the designs that came before it, the performance of the design that has been proposed is significantly
superior.
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Table 2. Comparison of the proposed work with various previously published works

Ref. Model Efficiency (%)

[40] NiO/CH;3;NH;Snl;/PCBM 22.95

[41] FTO/TiO,/CH;NH;Snly/Ni 26.33

[42] FTO/TiO,/CH;NH;Snl/Cu,O 28.39

[43] TCO/Ti0,/CH;NH;Snl;/Cu 32.13
This work  FTO/TiO,/CH3NH;Snl;/Cu,O 41

CONCLUSION
This work has constructed and simulated a skinny (1 m) organic Cs,Snls-based perovskite PV cell

with an FTO/TiO2/CH3NH3Snls/Cu20 structure. This was accomplished by optimizing the layer thickness at
1.09 um, defect densities at 1x1015 cm3, doping densities at 1x1022 cm-3, 1000 Ohm/cm? shunt resistance,
and 100 mOhm. When the p-type HTL layer is Cu20, and the suitable n-type ETL is TiO, isolating the
photo-generated carrier well, the PCE can be as high as 41%. The simulation results indicate that they
significantly achieved such high-PCE. The results of our simulations reveal that the proposed cell structure
generated a Vo of 1.32 volts, a short-circuit current density of 34.31 mA/cm? and an FF of 90% at an
operating temperature of 300 K under 1.5 ampere-hours of solar irradiation.
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