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ARTICLE INFO ABSTRACT

Keywords: Solar energy has emerged as a viable and competitive renewable resource due to its abundance
Optqe?e_ctronic and cost-effectiveness. To meet the global energy demands, there is a growing need for efficient
MOb‘ImET devices with unique compositions. In this study, we designed and analyzed a perovskite solar cell
E:::‘Z;it: (PSC) incorporating methylammonium tin iodide (CH3NH3Snl3) as the active optical absorber

material, tin iodide (SnOy) as the electron transport layer (ETL), and copper thiocyanate (CuSCN)
as the hole transport layer (HTL) using SCAPS-1D software for numerical investigations. Subse-
quently, the optimized outcomes were implemented in the PVSyst software package to derive the
characteristics of a solar module based on the proposed novel solar cell composition. The
objective of our research was to enhance the stability of solar cell for use in solar module. This
was achieved by optimizing the thicknesses of the compositional layers which resulted in the
enhancement of excess electron and hole mobilities and a reduction in defect densities, thereby
leading to an improvement in the device performance. The optimization of excess electron and
hole mobilities, as well as defect densities, was conducted to improve the device performance.
SCAPS calculations indicated that the perovskite absorber layer (CHsNH3Snl3) may achieve the
best possible performance with a maximum optimized thickness of 3.2 pm. The optimized
thickness value for CuSCN-HTL and SnO»-ETL were found to be 0.07 pm and 0.05 pm respectively
resulting in a maximum power conversion efficiency (PCE) of 23.57%. Variations in open circuit
voltage (Vo), short circuit current (Jgo), fill factor (FF %), and quantum efficiency (QE) associated
with the optimized thickness values of all layers in the ITO/SnO2/CH3NH3Snl3/CuSCN/Mo
composition were critically analyzed. The use of these input parameters resulted in power cre-
ation of 557.4 W for a module consisting of 72 cells with an annual performance ratio of 80.3%.
These recent investigations are expected to be effective in the design and fabrication of eco-
friendly and high-performance solar cells in terms of efficiency.
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1. Introduction

The utilization of energy resources in our day-to-day lives has significantly increased in line with the growth of modern civiliza-
tions. To keep pace with the demands of modern development, the need for efficient and sustainable energy sources has become even
more pressing. Among the emerging photovoltaic technologies, perovskite absorber material-based organic and inorganic solar cells
have made significant strides in recent times. By analyzing the progress chart of different classifications of solar cells over time, we can
observe the remarkable advancement of perovskite absorber material-based solar cells [1-3]. Perovskite-based photovoltaic tech-
nology has emerged as a promising alternative to conventional solar cell technologies in the last decade. This is due to its ability to
attain high values of critical parameters such as short-circuit current density (Js.), open-circuit voltage (V,c), quantum efficiency (QE)
and power conversion efficiency (PCE).

The unique crystal structure of perovskite materials allows for high charge carrier mobility and a wide range of tunable optical and
electronic properties. These characteristics have contributed to the impressive performance of perovskite solar cells (PSCs) in recent
years, with PCEs exceeding 25%. One of the most significant advantages of PSCs is their ability to be manufactured through low-cost
and scalable solution-based methods. This makes them an attractive option for large-scale deployment in the future. Overall, the
emergence of perovskite-based photovoltaic technology has ushered in a new era of innovation in the field of solar energy. With
continued research and development, PSCs have the potential to play a crucial role in meeting the world’s growing energy needs
sustainably [4,5]. Numerous researchers have employed a variety of simulation software, including SCAPS, to explore the physical,
mechanical, optical, and electrical properties of perovskite compounds as absorber layers in photovoltaic technology, owing to their
exceptional performance in these areas [6,7]. The utilization of perovskite material in both organic and inorganic halide-based solar
cells signifies its role as an active optical absorber layer, the properties of which are pivotal for overall performance [8,9]. Instability
and a reduction in the lifespan of perovskite material, along with the hazardous effects associated with lead (Pb), raise substantial
concerns regarding its future use, despite its desirable efficiency [10-12]. Inorganic halide perovskites like tin, silver, and copper, with
energy band gaps exceeding 2 eV, are deemed less favorable for modern photovoltaic technology. Additionally, the low open-circuit
voltage values associated with antimony (Sb) and Sn?* cations, as well as the poor charge transport capability of bismuth (Bi), make
them less attractive due to their instability. Nevertheless, a comparison with silicon-based solar cells reveals that perovskite-based
solar cells have demonstrated a remarkable increase in power conversion efficiency (PCE) over the past twelve years, soaring from
3% to over 20%. This progress serves as compelling evidence of the potential of perovskite solar cells compared to other classifications
[13-15]. However, the limited availability of certain hole transport materials, such as Spiro-OMETAD, has hindered the use of
perovskite absorber material in the global market, leading to reduced durability and increased overall device cost [16,17]. Researchers
have made significant progress in the use of perovskite solar cells by achieving the desired values of current density, electron and hole
mobility, absorption coefficient, and tunable bandgap of perovskite compounds. Despite these achievements, perovskite solar cells face
serious challenges due to the toxic nature of lead, overall performance instability with hysteresis, and high cost. Therefore, it is
imperative to optimize all associated parameters of perovskite solar cells to attain desirable performance at a reasonable cost. This
endeavor will contribute to the development of more efficient and cost-effective perovskite solar cells, potentially making a substantial
impact on the renewable energy sector.

A range of organo-halide perovskite compounds, such as CH3NH3YZ3 (Y=Sn, Pb, Ge) (Z = Cl, Br, I), are available for optimizing
various associated parameters while reducing toxicity levels and enhancing overall device stability [18]. Hui-Jing Du et al. conducted a
study on tin-based perovskite solar cells, specifically CH3NH3Snl3, using simulations. The results revealed an open-circuit voltage of
0.92V, a short-circuit current density of 31.59 mA/cm?, a fill factor of 79.9%, and a power conversion efficiency of 23.36%. The study
found that Sn-based perovskite solar cells are more efficient compared to Pb-based ones, as Sn is free from toxicity, and Sn*2 cations are
highly stable. Overall, this research highlights the potential of Sn-based perovskite solar cells as a promising alternative to Pb-based
ones, due to their improved stability and efficiency, while also addressing concerns over the toxicity of lead [19-21].

In our current research, we have conducted a study on perovskite solar cells based on CH3NH;3Snl3 as the active absorber, under
varying applied conditions. We have optimized the thicknesses, metal work functions, defects and interface defect densities of the
absorber layer, HTL, and ETL while also considering temperature variations. Our study has focused on understanding the impact of
defect density, interface defects, charge carrier generation, and recombination, as well as the energy band gaps on the overall per-
formance of the device. The obtained parameters were inserted into the well-established PVSyst software to acquire solar module
characteristics in terms of achieved power and annual performance ratio. In this research, our main focus was on optimizing all
associated parameters to achieve a high power conversion efficiency (PCE) of a single solar cell while also keeping the manufacturing
cost low. Our ultimate goal is to extend these optimized parameters to create a solar module that is both efficient and cost-effective on a
commercial scale. By doing so, we hope to contribute to the development of more advanced and economically viable perovskite solar
cells and modules.

2. Numerical simulations and Methodology

The modeling and optimization of perovskite solar cells can be achieved by using SCAPS 1-D software. The software was developed
by the University of Ghent in Belgium and incorporates algorithms based on three versatile partial differential equations (PDEs).
Equation (1) delineates the Poisson’s relation governing electrons and holes. It is seamlessly incorporated in the simulation package in
standard form as represented below;
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Where W corresponds to electrostatic potential, E represents the electric field, &, as relative permittivity (static), q denotes charge, e as
electron, n also stands for electron, N} represents donor’s density, N; denotes acceptor’s density along with Ny, as defect density
associated with donor and acceptor. Equations (2) and (3) together demonstrate the continuity equations for electrons as well as the
holes are represented as below;

%

0x+G7 U,(n,p) =0 2
And
i B

Where J;, corresponds to current density associated with holes, J, represents current density associated with electrons, Uy, (n, P) stands
for recombination rates associated with electrons, Uy, (n, P) signifies recombination rates associated with holes, G denotes generation
rate associated with carrier (electrons and holes). Expressions (4) and (5) portray the current density for both electrons and holes, as
articulated below;
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Where q corresponds to charge, p, represents electron mobility, p, stands for hole mobility, D, signifies the diffusion coefficient
associated with holes, D, represents the diffusion coefficient associated with electrons. The SCAPS 1-D simulation software utilizes
above set of equations and enables the calculation of various parameters of a solar cell, including current density (Js.), efficiency, fill
factor, and open circuit voltage (Voc), across a range of thicknesses and temperatures. This simulation is not restricted to a light
environment but can also be conducted in a dark environment, and can account for diverse temperature conditions [22-24].

The designed model and the composition framework aligned with the simulated perovskite solar cell ITO/SnO,/CH3NH3Snl3/
CuSCN/Mo is manifested in figure-1. In this composition, the work functions of front as well as the back contact layers are 4.62 for ITO
material and 4.95 for Mo.

The thickness of each layer was optimized to achieve maximum performance. The interfacial defect layers SnO2/CH3NH3SnI3-
Perovskite and CH3NH3Snl3-Perovskite/Mo were considered for simulation, along with their associated parameters [25-27]. The input
parameters were obtained from the literature and verified through density functional theory. The optimization process involved
varying the thickness of each layer while keeping the thickness of the corresponding two layers constant. Initially, the thickness of the
SnO; layer was varied from 0.040 nm to 0.060 nm while keeping the thickness of the CH3NH3SnI3-Perovskite and CuSCN layers fixed,
and the maximum power conversion efficiency (PCE) was observed for this layer. Next, the thickness of the CH3NH3SnI3-Perovskite
layer was varied from 2.68 pm to 3.30 pm while keeping the thickness of the SnO, and CuSCN layers constant, and the maximum PCE
was observed for this layer. Similarly, by keeping the thickness of the CH3NH3SnI3-Perovskite and SnO; layers constant, the thickness

ITO (Front Contact Layer)
SnO, (ETM Layer)
CH;NH,;Snl; (Absorber)

(17O (Front Contact Layen)]
| SnO,(ETMLayer) |
| CHyNH,Snl, (Absorher) _
(Mo (Back Contact Layer) |

Fig. 1. Structure of proposed solar cell composition.
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of the CuSCN layer was varied between 0.05 pm and 0.08 pm, and the maximum PCE was observed for this layer [28,29]. Finally, we
simulated the optimized results for the ITO/SnO2/CH3NH3SnlI3/Mo solar cell structure using the optimized values of all layers [30,31].
The steps involved in this procedure were employed for both the optimization of composition and the evaluation of associated pa-
rameters, as illustrated in figure-2.

The results obtained from the optimized single solar cell were then inserted into the PVSyst software package for module analysis
simulations. PVSyst is a software tool used to design, simulate, and analyze the performance of solar photovoltaic systems. The
software utilizes input data such as system configuration, location-specific weather conditions, and module specifications, to create a
model of the solar PV system. With this model, PVSyst can simulate the system’s energy output and provide information such as annual
energy production, system efficiency, and capacity factor. The software also accounts for shading analysis, inverter efficiency, and
other system losses to provide a realistic representation of its performance. Moreover, PVSyst boasts a comprehensive database of
meteorological data for over 30,000 locations worldwide, enabling accurate simulation of solar energy production in various weather
conditions. Additionally, the software provides detailed financial analysis, encompassing costs, payback periods, and return on in-
vestment calculations, which are valuable for assessing the economic feasibility of a solar PV system. In summary, PVSyst is a powerful
tool for optimizing the design and performance of solar PV systems.

3. Results and discussion
3.1. Optimized performance of proposed solar cell composition using SCAPS-1D

The energy band alignment of a solar cell, comprising multiple layers that collaborate to convert sunlight into electrical energy is
shown in the figure-3. The front contact layer is made of indium tin oxide (ITO) with a work function of 4.62 eV. Following this layer is
the electron transport layer, composed of tin oxide (SnO2) with an optimized thickness of 0.05 pm. This layer is responsible for
transporting electrons from the absorber layer to the front contact layer. The absorber layer is fabricated from a hybrid organic-
inorganic perovskite material, CH3NH3Snl3, with a thickness of 3.2 pm. This layer absorbs the sunlight and converts it into elec-
trons and holes, which are subsequently separated and collected by the electron and hole transport layers respectively. The hole
transport layer is made of copper thiocyanate (CuSCN) with an optimized thickness of 0.07 pm, gathers the holes generated in the
absorber layer and transports them to the back contact layer. The back contact layer is made of molybdenum (Mo) with a work function
of 4.95 eV. This layer collects the electrons, thus completing the circuit and enabling the utilization of the generated electrical energy.

The energy band alignment of the solar cell shows that the absorption of photons by the perovskite material leads to the creation of
an electron-hole pairs, which are separated by the built-in potential of the absorber layer. The electrons are transported to the front
contact layer through the electron transport layer, while the holes are transported to the back contact layer through the hole transport
layer. The energy difference between the top of the valence band of the absorber layer and the work function of the back contact layer
determines the open circuit voltage of the solar cell. Overall, the optimized layer thicknesses and work functions of the different layers
contribute to the high power conversion efficiency of the solar cell.

By making minor adjustments to the optimized values of the integrated layers, the overall efficiency of the device can be reduced,
which is an undesirable outcome. Figure-4 illustrates the optimized band diagram of the associated energy for the CH3NH3SnI3-based
solar cell appliance, representing the most favorable layout for maximum output. Through the fine-tuning of the band gap values for
CuSCN, CH3NH3Snl3, and SnO,, we have successfully attained the optimal band gap values of 3.4 eV for CuSCN, 1.35eV for
CH3NH3SnlI3, and 3.6eV for SnO,. The mobility of charge carriers has a significant impact on the overall performance of the device.
Increasing the mobilities of electrons and holes enhances the power conversion efficiency (PCE) of the CH3NH3SnlI3 perovskite
absorber. However, an increase in mobility corresponds to an increase in the value of J. and a reduction in V,, resulting in a decrease

Give input parameters
Set working conditions

Specify actions to be measured

Fig. 2. Stepwise simulation process in SCAPS-1D.
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Fig. 4. Optimized energy band diagram of the CH3NHj3SnI3-based solar cell.

in PCE. Additionally, the Fermi energy of the n-type material, SnOo, should be lower than that of the p-type material, CuSCN.

Quantum efficiency (QE) versus wavelength plot for a solar cell is an important tool for evaluating its performance. The QE plot
shows the percentage of photons that are absorbed by the solar cell as a function of wavelength. It provides information about the
ability of the solar cell to convert different wavelengths of light into electrical energy. Typically, the QE plot exhibits a peak at a certain
wavelength, corresponding to the maximum absorption of light by the solar cell. This peak is associated with the band gap of the
semiconductor material used in the solar cell. The bandgap determines the minimum energy required for a photon to be absorbed and
create an electron-hole pair, which can be collected as electrical current. In general, a high QE value signifies a more efficient solar cell,
indicating that a higher percentage of incident photons are being absorbed and converted into electrical energy. A QE plot serves as a
valuable tool for comparing the performance of diverse solar cell materials and designs, as well as for pinpointing areas where solar cell
efficiency can be enhanced. Figure-5 displays the effect of wavelength on quantum efficiency. The quantum efficiency (QE) trend is
observable across three wavelength regions: ultraviolet (UV), visible, and infrared (IR), spanning from 300 nm to over 900 nm.
Comparatively small absorption is noted in the ultraviolet region. However, maximum absorption occurs in the visible region, spe-
cifically within the range of 400-700 nm. The near-infrared region also exhibits favorable absorption. The maximum value of quantum
efficiency (QE) corresponds to the efficient absorption of sunlight. In contrast, the quantum efficiency descends abruptly in the far-
infrared region, beyond which the overall device performance diminishes in accordance with the equation.

Additionally, as wavelength ()) increases, energy (E) decreases, resulting in the perovskite-based solar cell’s inability to absorb
light.

The J-V characteristics of a solar cell can be used to determine the cell’s efficiency, quantifying how effectively the cell transforms
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Fig. 5. Quantum Efficiency (QE) in relation with the wavelength () of incident sunlight.

sunlight into electrical energy. The J-V (current-voltage) characteristics of a solar cell represent the relationship between the cell’s
output current and voltage under varying conditions of illumination and load resistance. The J-V curve is a graphical representation of
the electrical behavior of the solar cell, and it is an important tool for evaluating the performance of the cell. The J-V characteristic
curve of the CH3NH3SnI3-perovskite based solar cell is presented in figure-6. The measurements were taken for the optimized
thicknesses of the SnO5/CH3NH;3SnI3/CuSCN layers of the cell, revealing several associated parameters, including an open-circuit
voltage (Vo) of 0.92061 V, a short-circuit current density (Js.) of 34.38459 mA/cm?, a Fill Factor (FF) of 74.4616%, and a power
conversion efficiency of 23.570%.

It is important to note that negative values of the total current density (Jso) indicate that the current is flowing from the device to the
system, with the amount of current added to the system equal to the amount of current removed from the device. The observed values
of Jse, Voo, FF, and efficiency demonstrate the favorable performance of the CH3NH3SnI3-perovskite based solar cell. The optimized
thicknesses of the integrated layers play a pivotal role in achieving these positive results. Negative values of current density (Jsc) on the
vertical axis of the J-V characteristic curve of a solar cell indicate that the current is flowing from the device to the system. This means
that the amount of current added to the system equals the amount of current removed from the device.

The J-V characteristic curves, as depicted in Figure-7, provide valuable insights into the influence of temperature variations on the
total current density of the ITO/SnOy/CH3NH3SnI3/CuSCN/Mo perovskite-based solar cell. It is noteworthy that these curves represent
arange of temperatures. Interestingly, the results indicate that as the temperature increases from 300 K to 340 K, there is no significant
change in the current density (Jg.) for voltage values ranging from 0.0 V to 0.6 V. This observation suggests that the performance of the
perovskite-based solar cell is relatively stable within the given temperature range. One plausible explanation is that the temperature

Optimized solar cell
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Fig. 6. J-V Characteristic curve for optimized CH3NH3Snl3-incorporated solar cell.
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Fig. 7. Temperature dependent J-V Characteristic of proposed solar cell.

increase enhances carrier mobility, consequently resulting in a higher open-circuit voltage. Additionally, an increase in temperature
can also lead to a reduction in the recombination rate of charge carriers, further contributing to an increase in open circuit voltage.

The process of carrier generation is a critical step in the operation of a solar cell. When photons from the sun are absorbed by the
material in the solar cell, they transfer their energy to the electrons in the material, leading to the creation of charge carriers. These
charge carriers are then used to produce an electrical current that can be harnessed for practical purposes. Consequently, the efficiency
of a solar cell is directly dependent on the rate at which it can generate charge carriers. It is, therefore, imperative to comprehend and
optimize the rate at which carriers are generated within a solar cell. By improving the generation rate of carriers, we can increase the
overall efficiency of the solar cell, which is critical for the widespread adoption of solar energy. The carrier generation rate in a solar
cell is primarily determined by the absorption coefficient of the semiconductor material and the intensity of incident light. When light
shines on a semiconductor material, photons with energy greater than or equal to the bandgap energy of the material are absorbed,
creating electron-hole pairs (charge carriers). The absorption coefficient describes the likelihood of this absorption phenomenon, and
is a function of the material properties and the wavelength of the incident light. Figure-8 displays the variation in the generation rate of
charge carriers with depth within the composition. The diffusion length of the device, which includes the HTL, absorber, and ETL, is
also shown in the plot. Notably, the data reveals that initially, up to a thickness value of 2.7 pm, no generation of charge carriers is
observed when light enters the surface. However, from 2.7 pm to 3.3 pm, there is a significant increase in carrier generation. The peak
generation rate (Geh) of 1.40 x 1022 cm-3.s is observed at a depth of 3.35 pm.

In any solar cell, recombination is a significant factor that limits device performance. Recombination occurs when the photo
generated electrons and holes (carriers) recombine before they can reach the respective electrodes, resulting in a loss of energy and a
decrease in the overall efficiency of the solar cell. There are several types of recombination mechanisms that can occur in a perovskite
solar cell, including radiative recombination, non-radiative recombination, trap-assisted recombination, surface recombination, and
bulk recombination. To improve the performance of perovskite solar cell, reducing the recombination rate is critical. Strategies to
reduce recombination include passivation of the surfaces and defects in the perovskite material, optimizing the thickness of the
perovskite layer, and improving the quality of the interfaces between the different layers of the solar cell. Figure-9 shows the variation
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Fig. 8. Generation rates versus thickness of optimized solar cell.
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of charge carrier recombination with depth within the composition of the perovskite solar cell. As the light enters the surface, zero
recombination of charge carriers is observed up to a depth value of 3.27 pm. A significant increase in carrier recombination is then
observed from 3.27 pm to 3.33 pum. Interestingly, it is noted that the trap assisted recombination and total recombination remain
relatively constant throughout the diffusion length, peaking at 8.00 x 10'®> em™3 s at 3.35 pum. This observation highlights the
importance of understanding recombination mechanisms in the design and optimization of perovskite solar cells.

3.2. Effects of variation of SnOy electron transport layer thickness

The electron transport layer (ETL) holds a pivotal role in perovskite solar cells. It is responsible for collecting and transporting the
electrons generated by the perovskite absorber layer to the external circuit. Additionally, the ETL helps to block holes from the hole
transport layer (HTL) and prevent recombination of the electrons and holes. Moreover, the ETL optimize the energy level alignment
between the perovskite absorber and the electrode, which is crucial for achieving high open-circuit voltage (V,.) and power conversion
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efficiency (PCE). The choice of ETL material, its thickness, and surface properties can significantly impact the device performance.
SCAPS-1D was employed to investigate the impact of the depth of the electron transport layer (SnO5) on the electrical parameters of the
perovskite solar cell, including V., Jsc, FF, and PCE. The thickness of the SnO5 layer was systematically varied from 0.040 nm to 0.060
nm while keeping the thickness of the CuSCN and CH3NH3SnlI3 perovskite layer constant. The results showed that the highest PCE was
obtained at an optimized SnOs layer thickness of 0.05 nm. At this thickness, the peak values of V,, Js, FF, and PCE were 0.92 'V, 34.38
mA/cm?, 74.46 %, and 23.57 %, respectively, indicating a significant improvement in the device output. Interestingly, the electrical
parameters were found to remain unaffected by changes in the electron transport layer (ETL) thickness. This can be attributed to the
fact that the generation of charge carriers is primarily assisted by the CH3NH3SnI3 perovskite absorber layer, while the ETL only serves
to transport the charges. The electrical parameters corresponding to possible variations in the SnO; (ETL) thickness are presented in
figure-10.

3.3. Effects of variation of CHsNH3Snl3 absorber materials thickness

The CH3NH3Snl5 (methylammonium tin iodide) absorber layer is a key component of perovskite solar cells, playing a critical role in
optimizing their performance. When light enters the cell, the perovskite absorber layer absorbs it, generating charge carriers (electrons
and holes). These carriers are then transported through the cell and collected at the respective electrodes to produce an electrical
current. The unique properties of CH3NH3SnI3 make it an excellent absorber material for solar cells. It possesses a high absorption
coefficient, efficiently absorbing light across a broad range of the solar spectrum. Furthermore, it has high carrier mobility, allowing
charge carriers to move quickly and easily through the material. This is crucial for minimizing losses due to recombination of the
carriers within the device. Moreover, the CH3NH3Snl3 perovskite material is easily synthesized through low-temperature solution
processing techniques, enabling low-cost and scalable fabrication of solar cells.

In summary, the CH3NH;3Snl3 absorber layer is critical to the performance of perovskite solar cells, as it efficiently absorbs light,
generates charge carriers, and facilitates charge carrier transport. SCAPS-1D was utilized to investigate the impact of the thickness of
the absorber layer (CHsNH3Snl3) on the key electrical parameters, namely V., Jsc, FF, and PCE, in a perovskite solar cell. The thickness
of the CH3NH3Snl3 layer was varied from 2.70 pm to 3.30 pm, while keeping the thicknesses of the CuSCN and SnO, layers constant.
The optimized thickness for the absorber layer was found to be 3.2 pm, which resulted in the highest power conversion efficiency. The
peak values of V., Js, FF, and PCE were 0.92 V, 34.39 mA/cm?, 74.46%, and 23.57%, respectively, at this optimized thickness. The
increase in current density with an increase in the thickness of the CHsNH3SnlI3 light harvesting layer leads to an overall increase in
device efficiency. Additionally, exposing the absorber layer to sunlight results in a greater number of electrons and holes being
generated, enhancing electron mobility. However, the reduction in fill factor (FF) is observed due to recombination and a reduction in
the lifetime of charge carriers within the absorber layer. Figure-11 shows the electrical parameters corresponding to variations in the
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thickness of the absorber layer (CH3NH3Snl3).
3.4. Effects of variation of CuSCN-HTL thickness

In a solar cell, the role of HTL is to transport the holes generated by the absorption of light in the active layer to the electrode. The
HTL is typically located between the active layer and the top electrode. The HTL is important for achieving high efficiency in the solar
cell because it needs to efficiently transport holes while blocking the transport of electrons. This mechanism aids in preventing charge
recombination and enhancing the overall efficiency of the device. The performance of the HTL can be optimized by varying its
thickness, composition, and morphology. The thickness of the HTL can influence device performance by changing series resistance and
increasing the recombination rate. Moreover, the choice of HTL material can have a significant impact on device performance, as
certain materials offer superior conductivity and stability compared to others. Using SCAPS-1D, the impact of the thickness of the HTL
CuSCN (copper thiocyanate) on the electrical parameters (Vqc, Jsc, FF, and PCE) was analyzed. The CuSCN layer was varied from 0.05
pm to 0.08 pm, while keeping the thickness of the CH3NH3SnI3 and SnO; layers constant. The highest PCE was observed for an
optimized CuSCN layer thickness of 0.07 pm. At this thickness, the peak values of V., Js, FF, and PCE were found to be 0.92 V, 34.38
mA/cm?, 74.45%, and 23.56%, respectively, as illustrated in figure-12.

3.5. Effects of variation in temperature on optimized solar cell

Temperature plays a crucial role in optimizing the performance of a solar cell. The efficiency of a solar cell is affected by the amount
of energy that can be extracted from the incident light, and the temperature of the solar cell affects the ability to extract this energy.

At low temperatures, the efficiency of a solar cell is limited due to a lack of energy to produce charge carriers. As the temperature
increases, the generation of charge carriers also increases, leading to an increase in the overall efficiency of the solar cell. However, if
the temperature becomes excessively high, the performance of the solar cell can be constrained due to an increase in the number of
recombination events that occur within the device, subsequently decreasing the overall efficiency. Temperature plays a significant role
in analyzing the output of the device due to its dependence on the electrical parameters, as illustrated in figure-13. As the temperature
rises, the short circuit current density (Js) corresponding to the augmentation increases, reaching a maximum of 34.39 mA/cm? at
340 K. This is attributed to an increase in the creation of charge carriers. However, initially, from 300 K to 305 K, the abrupt creation of
charge carriers leads to collisions and phonon movements, resulting in a decrease in the value of the Fill Factor (FF). The increasing
trend of Jg is caused by a greater number of lattice expansions and attenuation occurring among atoms within bonds.
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Fig. 12. Electrical parameters (Vo, Js., FF, PCE) versus thickness for CuSCN-HTL.
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3.6. Optimized performance of proposed solar module using PVSyst

The IV characteristics of a solar module composed of 72 solar cells (SnO,-/CH3NH3SnI3/CuSCN) were simulated using input pa-
rameters obtained from SCAPS 1D and entered into PVSyst simulation software. The calculations were conducted at a fixed tem-
perature of 45 C° for five distinct irradiation intensities intervals in 200-1000 W/m?. The results, depicted in figure-14, indicate that an
increase in irradiation intensity corresponds to a rise in the current generated by the solar module. This increase can be attributed to
the increase in the number of photons absorbed by the solar cells, which leads to a higher number of electron-hole pairs being
generated. The increase in current was observed in all five curves, with the highest current observed at the highest irradiation intensity
of 1000 W per square meter. In addition to the increase in current, the IV curves show a slight rise in voltage with increasing irradiation
intensity. This is because the resistance of the solar cells decreases at higher irradiation intensities. The simulated IV characteristics
provide valuable information for optimizing the performance of the solar module under various operating conditions. This information
can be utilized to optimize the design and configuration of the solar module and forecast its energy output under diverse operating
conditions. In summary, the IV characteristics of the solar module indicate that it is capable of generating higher currents at higher
irradiation intensities, which is crucial for enhancing the performance of solar modules in real-world applications.

The IV characteristics of a solar module, consisting of 72 solar cells based on SnO2-/CH3NH3SnI3/CuSCN composition of solar cells,
were simulated using PVSyst simulation software. The simulations were conducted at a fixed irradiation intensity of 1000 W/m? and at
different temperatures ranging from 10 to 70 °C. The results revealed that with an increase in temperature, there was a corresponding
decrease in the maximum power obtained from the solar module. The maximum power obtained was 557.4 W at 10 °C, 546.1 W at
25 °C, 534.6 W at 40 °C, 522.9 W at 55 °C, and 510.9 W at 70 C°. These values are plotted in figure-15, with detailed power output
information provided in the inset. The decline in the maximum power output can be attributed to the decrease in the efficiency of the
solar cells as temperature increases. At higher temperatures, the mobility of charge carriers decreases, which leads to a decrease in the
current generated by the solar cells. Additionally, there is an increase in the recombination rate of electron-hole pairs at higher
temperatures, further contributing to the decrease in the maximum power output. The IV curves also exhibited that the voltage and
current output decreased with increasing temperature. This decrease is due to the increase in the resistance of the solar cells at higher
temperatures, which reduces the amount of power that can be extracted from the solar module. Consequently, the IV characteristics of
the SnO,-/CH3NH3SnI3/CuSCN-based solar module demonstrated that the maximum power output decreased with increasing tem-
perature. This information can be used to optimize the performance of the solar module under different operating conditions, including
temperature, and forecast the energy output of the solar module under diverse operating conditions.

The PV characteristics of a solar module, comprising 72 solar cells (SnO2/CH3NH3SnI3/CuSCN), were studied using PVSyst
simulation software as given in figure-16. Input parameters were obtained from SCAPS 1D and utilized for the simulations. The module
was exposed to five different irradiation intensities ranging from 200 to 1000 W per square meter, while maintaining a constant
temperature of 45 °C. The results demonstrated a direct correlation between the incident irradiation intensity and the power output of
the solar module. As the irradiation intensity increased, the power output also increased. The five curves obtained at the different
irradiation intensities demonstrated a rise in the power output, with values of 108.3 W, 218.4 W, 325.6 W, 429.8 W, and 530.7 W

11



M.S. Hanif et al. Heliyon 10 (2024) e25703

-2 Cells Temperature=45 °C
12 = incident Irrad= 1000 Wm

2
Incident lrrad= 800 Wm

o e gy .
-

—_ 8 incident Irad- 600 Wi
< .

= Incident Irrad= 400 Wm
= .

(&)

4 L B E R B
-

Lincidentirma= 200 wm®

Voltage (V)
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Fig. 15. IV Characteristics of solar module based on (SnO5/CH3NH;3SnlI3/CuSCN) solar cell at different temperatures.

obtained at 200, 400, 600, 800, and 1000 W per square meter irradiation intensities, respectively. The study reveals that there is a
positive relationship between the incident irradiation intensity and the power output of the SnO5/CH3NH3SnI3/CuSCN-based solar
module. These findings can be utilized to optimize the performance of the solar module and predict its energy output under various
operating conditions.

The PV characteristics of a solar module, comprising of 72 solar cells based on SnO5/CH3NH3SnI3/CuSCN, were simulated using
PVSyst simulation software. The simulations were carried out at a fixed incident irradiation of 1000 W per square meter and at
temperatures ranging from 10 to 70 °C, generating five curves for each temperature as shown in figure-17. The results reveal that with
an increase in temperature, there is a corresponding decrease in the maximum power output of the solar module. The maximum power
obtained was 557.4 W at 10 °C, 546.1 W at 25 °C, 534.6 W at 40 °C, 522.9 W at 55 °C, and 510.9 W at 70 °C. This decrease in maximum
power output can be attributed to the decrease in the efficiency of the solar cells at higher temperatures. The decrease in efficiency is
due to many factors. Firstly, as the temperature increases, the mobility of charge carriers decreases, resulting in a reduction in the
current generated by the solar cells. Additionally, at higher temperatures, there is an increase in the recombination rate of electron-
hole pairs, further contributing to the decrease in the maximum power output. The PV curves also showed that both the voltage and
current output decreased with increasing temperature. This decrease is due to the increase in the resistance of the solar cells at higher
temperatures, reducing the amount of power that can be extracted from the solar module. In summary, The PV characteristics of SnOy/
CH3NH;3SnI3/CuSCN -based solar module demonstrated a reduction in maximum power output with increasing temperature. This
information can be useful for optimizing the performance of the solar module under different operating conditions and predicting its
energy output under varying environmental conditions.
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Fig. 17. IV Characteristics of solar module based on (SnO5/CH3NH3SnlI3/CuSCN) solar cell at different temperatures.

The performance ratio (PR) of a solar energy system for each month of the year is shown in figure-18. The performance ratio is
defined as the ratio of the actual energy output of the system to the expected energy output based on the available solar radiation. The
PR values for each month are as follows: Jan 0.8255, Feb 0.8224, Mar 0.8324, Apr 0.7499, May 0.826, Jun 0.7639, Jul 0.8206, Aug
0.8204, Sep 0.8268, Oct 0.7409, Nov 0.8269, and Dec 0.8181. From the results, it may be observed that the PR values fluctuate
throughout the year, reaching the highest value in March and the lowest value in April. This suggests that the solar energy system is
most efficient in March when the available solar radiation is at its peak and least efficient in April when the solar radiation is lower. The
PR values also show some variation during the summer, with the lowest value in June and the highest value in September. This
variation could be attributed to fluctuations in weather conditions or other factors impacting the performance of the solar energy
system. The PR values for the solar energy system remain relatively stable throughout the year, with only minor fluctuations. This
indicates that the system operates consistently and reliably, performing well in various weather conditions and seasonal variations.

The data provided in the table-1 illustrates the monthly and annual energy output of a PV system along with some environmental
parameters [32]. The data also indicates that the PR of the system was highest in March and September, implying that the system was
most efficient during these months. The calculated data can be useful in optimizing the design and performance of PV systems to
enhance their efficiency and reduce the cost of solar energy production.

The horizon profile diagram presented in figure-19 is a tool utilized in PVsyst software to assess shading of a PV array caused by
objects in the surrounding environment, such as buildings, trees, or hills. The diagram displays the silhouette of these objects on a
vertical plane, providing a visual representation of the potential shading impact on the PV system. In the horizon profile diagram, the
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Fig. 18. Annual performance ration of solar module based on (SnO,/CH3NH3SnI3/CuSCN) perovskite solar cell.

Table-1
Months GlobHor DiffHor T_Amb Globlnc GlobEff EArray E_Grid PR
kWh/m? kWh/m? °C kWh/m? kWh/m? kwh kWh ratio
January 82.8 33.98 9.88 105.4 97.8 52569 51136 0.825
February 83.4 51.03 13.13 97.6 91 48505 47193 0.822
March 140.6 65.32 18.86 172.6 162.6 86647 84471 0.832
April 165.5 78.51 23.94 201.3 190.7 100978 88753 0.75
May 204 86.18 29.8 250.7 238.6 124977 121764 0.826
June 195.9 99.25 31.01 231.5 219.6 114482 103985 0.764
July 183.3 96.82 30.25 216.1 204.9 106985 104263 0.821
August 168.3 95.66 28.98 197.1 186.2 97488 95052 0.82
September 163.6 64.93 26.71 205.2 194.1 102310 99738 0.827
October 144 47.15 22.46 185 174.3 92411 80577 0.741
November 108.2 30.57 15.65 142 132.2 70745 69018 0.827
December 79.2 32.03 11.39 100.8 93.1 49845 48463 0.818
Year 1718.9 781.42 21.88 2105.1 1985 1047942 994414 0.803
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Fig. 19. Horizon profile for (SnO,/CH3NH;3SnlI3/CuSCN) based solar module.
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horizontal axis represents the azimuth angle in degrees, while the vertical axis represents the altitude angle in degrees. The altitude
angle measures the elevation of the sun above the horizon, while the azimuth angle measures the angle between the sun’s position and
true north. The silhouette of the surrounding objects is plotted on the horizon profile diagram, with the highest point of the object
located at the altitude angle corresponding to its height above the PV system. Moreover, the diagram also illustrates the sun’s path
throughout the day, with each point on the path representing the sun’s position at a specific time. Analyzing the horizon profile di-
agram enables the identification of potential shading sources and evaluation of the shading’s impact on the PV system. The shading
analysis can be used to optimize the placement and orientation of the PV array, as well as to design appropriate shading mitigation
strategies. The horizon profile diagram is an important tool for assessing shading in a PV system and optimizing its performance,
particularly in areas with complex terrain or urban environments where shading can significantly impact energy production.

4. Conclusions

In our research, we critically optimized and analyzed the ITO/SnO,/CH3NH3Snl3/CuSCN/Mo perovskite-based solar cell
composition. Our objective was to achieve an enhanced power conversion efficiency (PCE) and short circuit current density (Js.) using
solar capacitance simulator. We observed that variations in the layer thickness of the CH3NH3Snl3 (Perovskite Absorber Layer), SnO5
(ETL), and CuSCN (HTL) have a significant impact on the corresponding electrical parameters. Optimized values of 0.05 nm for SnOs,
0.07 pm for CuSCN, and 3.2 pm for CHsNH3SnlI3 produced an encouraging PCE of 23.57%, Jg. of 34.38 mA/cm?, open circuit voltage
(Voe) 0f 0.9260V, and Fill Factor (FF) of 74.46%, respectively. The PCE associated with the CH3NH3SnIs-absorber is strongly influenced
by the enhancement of hole and electron mobilities. However, it is more important to consider low electron carrier recombination,
especially in relation to high electron carrier mobility. The tuning of the band-gap associated with each incorporated layer, maximizing
device output, signifies an enhancement in the PCE with associated band-gap values of 3.4eV for CuSCN, 1.35eV for CH3NH3SnlI3-light
harvester, and 3.6eV for SnO». This effect may be attributed to stronger recombination of charge carriers, particularly at interfaces. An
increase in surface depth raised the recombination rate of associated charge carriers, thus reducing the overall performance. Notably,
the device exhibited optimal efficiency at temperatures between 335K and 340K. Based on the simulated results in SCAPS-1D, the input
parameters incorporated in PVSyst software package demonstrated an impressive output, resulting in a power creation of 557.4 W for a
module consisting of 72 cells with annual performance ratio of 80.3 %. There is a significant need to emphasize the search for more
suitable compositions like the proposed one, to explore even more efficient results in terms of PCE, with reduced recombination rates
and cost-effectiveness.
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