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ABSTRACT

In this work, the factors affecting the photovoltaic performance of methylammonium iodide (MAPbI3) were optimized at different values. The factors
investigated Absorber layer thickness, electron transport material (ETM) thickness, hole transport material (HTM) thickness, the electron affinity (EA) of ETM,
the EA of HTM, and the band gap of the absorber layer. The results shows that the open circuit voltage (VOC), short circuit current density (JSC) and power
conversion efficiency (PCE) increases with the increase in the absorber layer thickness, while the fill factor (FF) decreases with an increase in the absorber layer
thickness. Only the VOC increases with the increase in the ETM thickness, while the values of the JSC, FF and PCE decreases with increase in the ETM thickness.
The VOC, JSC and PCE were observed to increase with an increase the HTM thickness, while the FF decreases with the increase in the HTM thickness from 0.010
μm – 0.400 μm and then increases with HTM thickness of 0.500 μm 1.000 μm.

The photovoltaic performance varies with increasing values of the EA of the ETM, the VOC, JSC, FF, and PCE increases at some values of the ETM EA, while
their values decreases at some other values of the, ETM EA. The VOC and PCE decreases at some values of the EA of the HTM, while increases at some other
values of the EA of the HTM. The JSC and FF increases with increase in the EA of the HTM.

The VOC, FF and PCE were observed to decrease at some values of the absorber layer band gap and increase at some other values of the band. The JSCwas found
to decrease with an increase in the absorber layer band gap.

The simulation with the optimized parameters yielded an improved performance in the PCE with the VOC of 0.69 V, JSC of 43.03 Ma/cm2, FF of 77.79 % and PCE
of 23.07. this study revealed the importance of optimization in the improvement of the photovoltaic performance of the photovoltaic performance of MAPbI3
perovskite solar cells.

Keywords: Thickness, band gap, electron affinity, open circuit voltage, short circuit current density, fill factor and power conversion efficiency.

1 Introduction

The most popular renewable energy source is solar energy has become due to its natural abundant and less harmful environment and living beings. It
the means of converting solar radiation into electricity directly through photovoltaic (PV) technology, which has received tremendous acceptance as
one of the most leading potentials for sustainable and environmental friendly energy-producing technologies [21]. The major hindrances preventing the
generation of power from photovoltaic-based technologies are the low PCE and the high cost of materials [12]. Therefore, researchers in photovoltaic
field are coming up with various new concepts of solar-cell architecture and formation that are environmental friendly, cost, stability, and large quantity
production. Some of the materials which have potential prospects for PV-based electricity generation includes silicon, copper-indium-gallium-selenide
(CIGS) and cadmium telluride [11, 13]. Silicon-based PVs have been mostly controlling the present marketplace (almost 90%) is applicable for
industrial applications due to long-term stability and high-power conversion efficiency (PCE) compare to others [23]. High melting point temperature
(1400 °C) and needing for expensive instruments for the fabrication of Si solar cells and stagnated power conversion efficiency are the biggest
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challenge for the production of low-cost solar cells [10, 19]. Apart from Si, CIGS-based solar cells have also attracted a lot of attention from the
scientific community because to their superior characteristics and lower cost compared to typical silicon-based solar cells. Despite the high
performance of CIGS solar cells, the PCE of single-junction CIGS solar cells has limited applications as a result of its inability to capture a wider range
of the solar insolation.

PSCs have emerge as potential contenders for achieving high performance with minimal fabrication cost due to their suitable optoelectronic properties
which includes high absorption coefficient in the visible band [4]. Solar cells have thus far attained an outstanding efficiency of 25.7% [5]. In
particularly, the low-price environmental friendly and abundant organic-inorganic halide perovskite photovoltaics started to flourish in 2009 as a result
of the rapid increase in its PCE [16, 1]. Different deposition techniques are used for perovskite layer which ranges from spin-coating, deep coating,
doctor blade, sequential deposition, vacuum deposition, and spray pyrolysis. Generally, perovskite solar cells are made up of five layers which are the
transparent conducting oxide, electron transporting layer, absorber layer, hole transporting layer and the back contact electrode. The function
demonstrated by each layer in PSC should be understood in order to enhance the performance of the device [18]. TiO2 is considered the mostly used
ETM for PSCs device due to its high performance in solar cells as a result of its proper band gap, high transmittance, suitable energy level for electron
injection, high electron mobility, good stability and environmental friendliness [27]. However, obtaining good quality film of either compact or
mesoporous TiO2 requires high annealing temperature, which limits its application in solar devices and results to increase in the production cost.
Consequently, the electron mobility of perovskite materials is ~7.5 cm2V-1s-1 and that of TiO2 ranged between 0.1– 4.0 cm2V-1s-1. These lower values of
electron mobility in TiO2 may result to shortfall in performance of solar cells [14]. The ETM is used to compensate and balance the difference of hole
and electron diffusion lengths [27, 5]. In addition, the ETM is a blocking layer that prevents holes from reaching the fluorine-doped tin oxide or Indium
doped tin oxide (FTO or ITO) electrode. For high performance solar cells, ETMs should be selected in such a manner that it possesses good optical
transmittance in the visible range to reduce the optical energy loss, a good energy levels matching with that of perovskite materials to improve the
electron extraction efficiency and block holes and good electron mobility. As a result, the design and materials properties of the ETM are crucial for
solar cell performance [27, 15].

Methyl ammonium lead iodide (CH3NH3PbI3) with a band gap of 1.50 eV that covers absorption within wide range of visible spectrum was reported by
various experimental and

theoretical studies[15, 22]. Lead based perovskites materials are considered as promising candidates for future-generation photovoltaics owing to their
unique optoelectronic properties and very low fabrication cost.[7].

The most commonly used hole transport material is Spiro- OMeTAD which is organic in nature [25].

2 Device Structure and Simulation Methodology

2.1 Device Structure and Modeling

In this research, a one-dimensional planar n-i-p perovskite device (FTO/ZnO2/MAPbI3/CuO/Au) (Figure 1a) was simulated using the Solar Cell
Capacitance Simulator (SCAPS-1D) software.

The simulation, which is based on a classical drift-diffusion model, is carried out at 300-K under one sun (AM1.5G, 100 mW cm−2) irradiation [15].
MAPbI3 (1.50eV) was used as the absorber layer, which is sandwiched between Zinc oxide ETL and Cupper oxide HTL. Figure 1b shows the energy
band diagram depicting the flow of charge carriers in the device constituting MAPbI3 perovskites along with the ETL, HTL and contacts.

a) (b)

Figure 1: (a) Schematic structure of the simulated PSCs, (b) Energy Band Alignment of the used materials.
FTOZnO2MAPbI3CuO
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2.2 Simulation Methodology

Device simulation is a strong tool to understand device physics and optimum design for efficiency improvement. In particular, Solar Cell Capacitance
Simulator 1-dimensional (SCAPS-1D) is a simulation program that calculates energy bands, concentrations and currents, J–V characteristics and
spectral response among other device parameters by solving the three basic semiconductor equations under the constraint of boundary conditions.
SCAPS-1D simulations are mainly based on three basic equations namely the Poisson’s equation, electron continuity equation and hole continuity
equation respectively. It is a one dimensional solar cell simulation program that was developed at the department of Electronics and Information
Systems (ELIS) of the University of Gent, Belgium [3]. The software is designed to perform up to a maximum of seven semiconductor layers and along
with this, it provides the flexibility of grading and tuning different properties such as bandgap, electron affinity, defects, doping, interfacial properties
etc. for each of the layers. The spectral condition under which the simulation was performed is AM 1.5G 1 sun spectrum. The properties of each of ETL,
HTL and the absorber layer of Methylammonium Lead Iodide (MAPbI3) perovskite layers were varied in the optimisation. The thickness, band gap and
doping concentration were varied within a feasible range in order to study the effects changing values on the current-voltage characteristics of the
device. The following equations play significant roles in the simulation. Poisson’s Equation for a semiconductor is represented in equation 1. [24].
d2ψ(x)

dx2
= q

ε
(� − � + �A – �D) (1)

Where, ε is the permittivity of the semiconductor, NA represents the acceptor concentration,

ND is the donor concentration and ψ resembles the electrostatic potential.

Now, the electron and hole continuity equations for a semiconductor are given by:

Electron continuity equation is presented in equation 2. [24].
∂Jn(x)

∂x
− q ∂n

∂t
= + �� (2)

Hole continuity equation is presented in equation 3. [24].
∂Jp(x)

∂x
+ q ∂p

∂t
= − �� (3)

In the above equations (2) and (3), Jn is the current density for electrons, JP is symbolic of the

current density for holes and R represents the rate of carrier recombination.

Another very important set of equations is the Drift-Diffusion current relations that are given

by the continuity equations shown in (4) and (5). Current is conductor in a semiconductor in two ways through diffusion current and the drift current
that is build up due to the drift of minority charge carriers under the influence of electric field.

�� = ����� + ��� ∂n
∂x

(4)

�� = ����� – ��� ∂p
∂x

(5)

Where, Dp is the diffusion coefficient for holes and Dn is the electrons diffusion coefficient.

E represents the electric field, q is the quantity of charge, n and p represents the number of electrons and holes. �� and �� represents the mobility of
electron and holes. Other relations that govern the performance parameters are as follows: For open circuit voltage:

��� =
nkT

q
= ln ( JSC

JS
+ 1) (6)

Where, JSC is the short circuit current density (or, light generated current), JS is the reverse

saturation current.

For short circuit current density:

JSC = − �� (7)

Fill factor and efficiency is given by the relation:

�� = Pmax
JSC VOC

(8)

ɳ (���) = Pmax
Pin

= FF×JSC ×VOC
Pin

(9)

For better device performance, the electron transport layer, light absorbing layer of solar cell and the hole transport layer plays significant roles. In this
simulation the thickness and band gap of the electron transport layer, absorber layer and hole transport layer of MAPbI3 perovskite materials was
optimize to achieve higher performances. The layer parameters that were used for this simulation process are presented in Table 1. Some values were
derived from existing literatures, while the others were been optimized.

Table1: physical properties for various layers of MAPbI3 perovskite device used for the simulation.
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The most useful cell parameters required for the simulation were shown in Table 1. These values were chosen on the basis of theoretical considerations,
experimental data and existing literature or in some cases, reasonable estimates. The parameters were estimated, the most important parameters
(bandgap (Eg), electron mobility (μn), hole mobility (μn) etc.) for the simulation were obtained from review of literature. The work function of the
cathode electrode (Au) is 5.1 eV which serves as back metal contact.

Table 1: Simulation parameters

Characteristics FTO ZnO2 MAPbI3 CuO

Thickness (μm) 0.050 0.030 0.500 0.300

Bandgap (eV) 3.500 3.200[26] 1.50 1.3[2]

Electron affinity (eV) 4.200 4.2[Wei, 2018] 4.500 4.500

Dielectric permittivity(relative) 10.000 10.000 10.000 10.000

CB effective density of state (1/cm^3) 1.000E+19 1.000E+19 1.000E+19 1.000E+19

VB effective density of state (1/cm^3) 1.000E+19 1.000E+19 1.000E+19 1.000E+19

Electron thermal velocity (cm/s) 1.000E+7 1.000E+7 1.000E+7 1.000E+7

Hole thermal velocity (cm/s) 1.000E+7 1.000E+7 1.000E+7 1.000E+7

Electron mobility (cm/s) 5.000E+1 5.000E+1 5.000E+1 5.000E+1

Hole mobility (cm/s) 5.000E+1 5.000E+1 5.000E+1 5.000E+1

Effective mass of electron 1.000E+0 1.000E+0 1.000E+0 1.000E+0

Effective mass of hole 1.000E+0 1.000E+0 1.000E+0 1.000E+0

Shallow uniform donor density ND (1/cm3) 1.000E+17 1.000E+15 0 0

Shallow uniform acceptor density NA (1/cm3) 0 0 1.000E+13 1.000E+15

Defect type Neutral Neutral Neutral Neutral

Gold back contact with 5.1 eV workfuction

Figure 2: Perovskite Simulation Structure

The J-V characteristic curve obtained by simulating with the data in Table 1 is shown in Figure 3 with the output cell parameters VOC = 0.7510V, JSC =
30.739246 mA/ cm2, FF = 46.26%, and PCE = 10.68% under AM1.5 simulated sunlight of 1000W/ cm2 at 300K.
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Figure 3: J–V curve of PSC with initial parameters

3 Resuls and Discussions

3.1 Effect of Absorber Thickness on Device Performance

The values of the device performance were presented in Table 2. The influence of thickness of absorber with variation of performance parameters is
shown in the Figure 4.The impact of the absorber layer was study by varying the layer thickness from 0.010 – 1.000 μm. It was found that there is a
steady increase in the open circuit voltage (VOC), short circuit current (JSC) and power conversion efficiency (PCE) with increase in the absorber layer
thickness (Figure 4a, b and d) [20, 9]. The fill factor (FF) decreases with an increase in the absorber layer thickness, but it increases at certain values of
the thickness (Figure 4c). The increase in JSC is associated with the increase in carrier generation and dissociation, the PCE increase with increase in
layer thickness due to the production of new charge carriers [6].

(a) (b)
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(c) (d)

Figure 4: Photovoltaic Performance vs Absorber Layer Thickness. (a) VOC (V) against Thickness (μm), (b) JSC (mA/cm2) against Thickness (μm), (c)
FF (%) against Thickness (μm) and (d) PCE (%) against Thickness (μm).

Table 2: Values of VOC (V), JSC (mA/cm2), FF (%) and PCE (%) deduced from the simulation results at various values of Absorber Layer Thickness.

Thickness (μm) VOC (V) JSC (mA/cm2) FF (%) PCE (%)

0.010 0.6284 28.748642 80.24 14.50

0.020 0.6299 28.891325 80.21 14.60

0.030 0.6313 29.026495 80.16 14.69

0.040 0.6328 29.154520 80.11 14.78

0.050 0.6343 29.275819 80.04 14.86

0.060 0.6357 29.390887 79.97 14.94

0.070 0.6372 29.500080 79.89 15.02

0.080 0.6386 29.603513 79.80 15.09

0.090 0.6400 29.701723 79.71 15.15

0.100 0.6413 29.794987 79.71 15.23

0.200 0.6522 30.509151 79.70 15.86

0.300 0.6610 30.947398 79.33 16.23

0.400 0.6671 31.221591 79.39 16.54

0.500 0.6721 31.392650 79.41 16.75

0.600 0.6763 31.496761 79.31 16.89

0.700 0.6802 31.555687 79.15 16.99

0.800 0.6833 31.583067 79.00 17.05

0.900 0.6862 31.589720 78.98 17.12

1.000 0.6891 31.581629 78.97 17.19

3.2 Effect of Electron Transport Material (ETM) Thickness on Device Performance

The plot of solar cell parameters; VOC, JSC, FF and PCE versus thickness of the ETM is shown in Figure 5. It was revealed that the Voc increases with
increase in the ETM thickness, The Jsc and FF and PCE decrease slightly with the increase in the thickness of ETM (Figure 5a, b, c and d). The
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decrease in the photovoltaic properties is due to fractional absorption of incident light by the ETM and the surface recombination at the interface which
result to lesser electron and hole pairs extraction [6, 8]. The decrease in FF shown in Table 3 is connected to the increase in series resistance [6].

(a) (b)

(c) (d)

Figure 5: Photovoltaic Performance vs ELT Thickness. (a) VOC (V) against Thickness (μm), (b) JSC (mA/cm2) against Thickness (μm), (c) FF (%)
against Thickness (μm) and (d) PCE (%) against Thickness (μm).

Table 3: Values of VOC (V), JSC (mA/cm2), FF (%) and PCE (%) deduced from the simulation results at various values of ETL Thickness.

Thickness(μm) VOC (V) JSC (mA/cm2) FF (%) PCE (%)

0.001 0.6709 31.414544 79.54 16.76

0.010 0.6713 31.407701 79.50 16.76

0.020 0.6717 31.400328 79.45 16.76

0.030 0.6721 31.392650 79.41 16.75

0.040 0.6725 31.384967 79.36 16.75

0.050 0.6728 31.377292 79.32 16.75

0.060 0.6732 31.369638 79.27 16.74
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0.070 0.6736 31.362017 79.22 16.74

0.080 0.6739 31.354785 79.18 16.73

0.090 0.6743 31.347288 79.13 16.73

0.100 0.6746 31.339823 79.09 16.72

3.3 Effect of Hole Transport Material (HTM) Thickness on Device Performance

The thickness of the hole transport material was varied from 0.010 - 1.000 μm to study its effects on the photovoltaic parameters of the simulated
perovskite solar cell. The thickness of the HTM has a significant impact on the device performance as presented in Table 4. It was observed that the
Voc, Jsc, and PCE increase steadily with the increase in the thickness of HTM (Figure 6a, b and d). The FF decreases with increase in HTM Thickness
from 0.010 - 0.200 μm and increases when the thickness of the HTM was increased from 0.300 - 1.000 μm (Figure 6c).

(a) (b)

(c) (d)

Figure 6: Photovoltaic Performance vs HTM Thickness. (a) VOC (V) against Thickness (μm), (b) JSC (mA/cm2) against Thickness (μm), (c) FF (%)
against Thickness (μm) and (d) PCE (%) against Thickness (μm).



International Journal of Research Publication and Reviews, Vol 6, Issue 6, pp 12729-12743 June 2025 12737

Table 4: Values of VOC (V), JSC (mA/cm2), FF (%) and PCE (%) deduced from the simulation results at various values of HTM Thickness.

Thickness(μm) VOC (V) JSC (mA/cm2) FF (%) PCE (%)

0.010 0.6356 25.551454 80.81 13.12

0.100 0.6457 28.012873 79.63 14.40

0.200 0.6597 30.020319 79.27 15.70

0.300 0.6721 31.392650 79.41 16.75

0.400 0.6827 32.343574 79.30 17.51

0.500 0.6905 33.006127 79.79 18.19

0.600 0.6971 33.467994 79.99 18.66

0.700 0.7024 33.793977 80.28 19.06

0.800 0.7065 34.032503 80.77 19.42

0.900 0.7102 34.215820 81.10 19.71

1.000 0.7134 34.361507 81.33 19.94

3.6 Influence of electron affinity of ETM

The effect of electron affinity (EA) on the performance of perovskite solar cell is examined by varying the values of EA in the range of 4.100 eV to
4.600 eV. Figure 7 shows the plot of the variation of VOC, JSC, FF and PCE with EA. It was observed that the VOC decreases from 0.6714 V - 0.6710 V
and increases continually with increase in EA (Figure 7a), the JSC increases as the EA increases from 4.100 eV - 4.300 eV and decreases above 4.400
eV (Figure 7b). The FF and increases with increase in EA but decrease with the EA above 4.300 eV (Figure 7c), while the PCE increases with increase
in EA and decrease when the EA is higher than 4.400 eV (Figure 7d). The optimum value of PCE was obtained at EA value of 4.500 eV as shown in
Table 5. It is now clear that ETM with good EA can reduce quenching losses in PSCs [6].

(a) (b)
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(c) (d)

Figure 7: Photovoltaic Performance vs EA (eV) of the ETM. (a) VOC (V) against EA (eV), (b) JSC (mA/cm2) against EA (eV), (c) FF (%) against EA
(eV and (d) PCE (%) against EA (eV).

Table 5: Values of VOC (V), JSC (mA/cm2), FF (%) and PCE (%) deduced from the simulation results at various values of electron affinity (EA) (eV) of
the ETM.

EA(eV) VOC (V) JSC (mA/cm2) FF (%) PCE (%)

4.100 0.6714 31.362302 71.42 15.04

4.200 0.6710 31.406555 79.44 16.74

4.300 0.6710 31.407076 79.55 16.76

4.400 0.6712 31.405984 79.53 16.76

4.500 0.6721 31.392650 79.41 16.75

4.600 0.6766 31.336357 78.03 16.54

3.7 Influence of electron affinity (EA) of HTM.

Figure 8 shows the variation of photovoltaic performance with the EA of the HTM. The VOC decreases continuually with increase in EA (Figure 8a).
The JSC and FFwere observed to increase continually with increase in EA (Figure 8b and c). The PCE decreases with EA from 4.000 eV - 4.200 eV and
increases as the EA increases upto 4.500 eV, it value decrease when the EA was increased to 4.600 eV (Figure 8d). This shows that proper selection of
HTM with suitable electron affinity can prevent quenching of carriers and enhanced the performance of PSCs [20, 17]. The values of the photovoltaic
performance with respect to increasing HTM EA are presented in Table 6.
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(a) (b)

(c) (d)

Figure 8: Photovoltaic Performance vs EA (eV) of the HTL. (a)VOC (V) against EA (eV), (b) JSC (mA/cm2) against EA (eV), (c) FF (%) against EA (eV
and (d) PCE (%) against EA (eV).

Table 6: Values of VOC (V), JSC (mA/cm2), FF (%) and PCE (%) deduced from the simulation results at various values of electron affinity (EA) (eV) of
the HTM.

EA(eV) VOC (V) JSC (mA/cm2) FF (%) PCE (%)

4.000 0.7941 30.646882 68.53 16.68

4.100 0.7508 30.917987 71.30 16.55

4.200 0.7194 31.107442 74.32 16.63

4.300 0.6961 31.241079 77.06 16.76

4.400 0.6809 31.336421 78.63 16.78

4.500 0.6710 31.406555 79.44 16.74

4.600 0.6800 31.458459 75.53 16.16

3.8 Effect of band gap of absorber layer on the photovoltaic performance

The photovoltaic performance of the simulated PSC varies with the increase in the band gap of the absorber layer. The values photovoltaic parameters
obtained with increasing band gap of the absorber layer is presented in Table 7. The VOC increases with increasing band gap from 1.0 eV – 1.3 eV and
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decreases as the band gap increases from 1.4 eV – 2.0 eV (Figure 9a). The values of JSC, FF and PCE were observed to be high at lower band gap and
decreases continually as the band gap of the absorber layer was increased from 1.1 eV – 2.0 eV as shown in Figure 9b, c and d.

(a) (b)

(c) (d)

Figure 9: Photovoltaic Performance vs Band gap (eV) of the Absorber Layer. (a)VOC (V) against Band gap (eV), (b) JSC (mA/cm2) against Band gap
(eV), (c) FF (%) against Band gap (eV) and (d) PCE (%) against Band gap (eV).

Table 7: Values of VOC (V), JSC (mA/cm2), FF (%) and PCE (%) deduced from the simulation results at various values of the band gap of the Absorber
layer.

Band gap (eV) VOC (V) JSC (mA/cm2) FF (%) PCE (%)

1.000 0.6100 45.117956 45.12 12.64

1.100 0.6493 41.239046 74.97 20.07

1.200 0.6657 37.014504 76.44 18.83

1.300 0.6755 34.267149 75.78 17.54

1.400 0.6750 32.674728 75.00 16.54

1.500 0.6730 31.351880 74.03 15.62

1.600 0.6713 30.471104 73.05 14.94

1.700 0.6699 29.836712 72.14 14.42

1.800 0.6686 29.297607 71.20 13.95

1.900 0.6676 28.946614 70.45 13.61

2.000 0.6666 28.634763 69.70 13.30
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The simulation with the optimized parameters in Table 8 yielded VOC of 0.69 V, JSC of 43.03 mA/cm2, FF of 77.79 % and PCE of 23.07 (Figure 10).
The high value of PCE is attributed to the increase in the VOC and JSC [20, 6].

Figure 10: J-V Curve for the optimized paramenters

Table 8: Optimised Simulation parameters

Characteristics FTO ZnO2 MAPbI3 CuO

Thickness (μm) - 0.020 1.000 1.000

Bandgap (eV) - - 1.100 -

Electron affinity (eV) - 4.500 4.300 4.400

Conclusion

The factors affecting the photovoltaic performance of a perovskite solar cell were optimized in this work. The photovoltaic performance of the
simulated device with various MAPbI3 thicknesses, ETM thicknesses, HTM, ETM electron affinity, HTM electron affinity and the band gap of MAPbI3
were analyzed. It was observed from the results obtained that the parameters affect the performance of the solar cell. The overall VOC, JSC, , FF, and
PCE of 0.6891 V, 43.025994 mA/cm2, 23. 77.79 %, and 23.07 % respectively were obtained from simulation using the optimised parameters. These
results were in agreement with the investigation carried out by 20, and 6.
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