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Abstract

Perovskite solar cells (PSCs) research is substantially drawing attention because of the fast improvement
in their power conversion efficiency (PCE), cheapness, possibility to tune the bandgap, low recombination
rate, high open circuit voltage, excellent ambipolar charge carrier transport and strong and broad optical
absorption. In this research, Zinc oxide as electron transport material (ETM) and copper iodide as hole
transport material (HTM) have been optimized using SCAPS-1D simulation software. The thickness,
bandgap, of ZnO (ETM) and Cul (HTM) was investigated. Results shows that the thickness and bandgap
were found to strongly influence the PCE of perovskite solar cell. ZnO/Cul was found to be a better
replacement to TiO2/Cu20 for stability and low degradation rate. It was observed that the maximum
efficiency is 22.04%, Voc of 0.84V, JSC of 32.83mA/cm2 and FF of 79.79% was obtained when the
thickness of ETM and HTM layer of (CH3NH3PbI3) PSCs which was found to be optimum at 0.2um for the
final optimization.

Keywords: Perovskite solar cells (PSCs), ZnO, ETM, Cul, HTM, SCAPS-1D

Introduction

Various promising solar cell concepts, ranging from single-crystal silicon to thin-film materials to
solely organic cells, have been widely developed and demonstrated over the last few decades. In
view of the current state of the art of large-scale solar cell fabrication, expense, efficiency,
durability and potential must be taken into account. A recent and exciting approach for cost-
effective, durable and scalable PV technology is the use of solution-processed earth-rich
inorganic materials in the manufacture of solar cells. Organic-inorganic hybrid perovskites have
received valuable interest as an absorber layer in thin film solar cells since the invention of
methylammonium lead halide based solar cells (Kojima, 2006). The features displayed by these
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materials are ideal for low-cost photovoltaic (PV) applications, such as high absorption
coefficients, excellent transport properties, tunable bandgap, lack of deep trap states within the
bandgap, low-temperature processing, etc. In a comparatively short time, the photo-conversion
performance of perovskite solar cells has significantly increased from 3.8% to 19.1%. The above-
mentioned lead halide perovskite material characteristics promote it use in the manufacture of
perovskite solar cells and make it a good competing material for the conventional silicon material.
The maximum PCE of these perovskite solar cells based on CH3NH3PbI3 has previously been
3.8 percent (Kojima, 2006 and Lingyan et al., 2019). In due course, the PCE of perovskite solar
cells will be improved by the new fabrication methods and the right selection of device
architecture.

In this research, we propose to optimize theHTM (Cul) andETM (ZnO) of lead base
Perovskite solar cells (PSCs) with fluorine doped tin oxide (FTO) as transparent conducting oxide
(TCO) using solar cell capacitance simulation software — one Dimension (SCAPS -1D).Compared
to their counterparts, it is notable that tin-based perovskite has so far demonstrated poorer system
efficiency and is much more vulnerable to degradation as a result of self-oxidation and high
instability (Noel et al., 2020). Tin cannot be a suitable lead surrogate in order to preserve stability
and high PCE in lead-based perovskite solar cells, but a greater reduction in the toxicity of lead
can be used, such as full encapsulation methods against moisture and oxygen ingress and the
use of low lead-based perovskite (Yifan et al., 2019) Computer simulation is a helpful technique
that can provide useful knowledge for the material screening phase to be experimentally
evaluated, solar cell capacitance simulation software (SCAPS) is affordable, saves time and
resources; it has a range of solar cell-related properties such as concentration of energy bands,
I-V characteristics, C-V, C-F and QE and also has a very intuitive operating window.

llluminated
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Figure 1: J -V characteristics of a p-n junction in the dark and under illumination

Modeling and Simulation of Device
Computational simulation is a process by which the behavior of a real device or theoretical model
is observed and evaluated by mimicking it with a computer application. Simulation is based on a
system-describing mathematical model. Over the years, numerical simulation methodology of
solar cell devices has proved to be a viable instrument for the study and interpretation of solar
cell system properties, such as the structural, electrical and mechanical properties of complex
solar cell devices. It also aims to minimize the cost of processing and time spent on producing
solar cell devices by providing valuable knowledge on how the production parameters can be
varied to enhance the efficiency of the cell. (Minemoto et al., 2014).

The main parameters that are used to characterize the performance of solar cells are the

peak power, B, .., the short-circuit current density, Js-, the open-circuit voltage, V,. and the Fill
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Factor, FF. These parameters are determined from the J -V illuminated characteristic curve as
illustrated in Figure 1. The conversion efficiency, n is determined from these parameters.

The photovoltaic parameters used to describe the performance of a photovoltaic device
are short circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF) and conversion
efficiency (n). SCAPS-1D is one-dimensional simulation software developed by Burgelman et al.
from the University of Gent, Belgium. SCAPS can be determined by variety of properties related
with solar cells such as energy bands, concentrations, currents, |-V characteristics, C-V, C-f, and
QE. The flow chart below shows procedures in running a simulation with SCAPS and its action
panel are shown in figure 2.
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Figure 2: SCAP flow chart and working interface

Shows the working procedures of SCAPS to define the problem starting with the launch
of the program on the computer; here you set layers and the nature of the solar cell you want to
model and set the working conditions of the scanning voltage, temperature, and absorption range.
Then define the parameter to calculate the spectrum from |-V, C-V, and QE, when all these
conditions set its time for the simulation to run and display the simulated outcome for further
analysis.

Fabrication of perovskites solar cell is achieved in two planar sructures p-i-n and n-i-p the
latter are the most commonly used which comprises of TCO/ETL/perovskite/HTL/metal structure,
where TCO, ETL and HTL refer to transparent conducting oxide, electron transport layer, hole
transport layer respectively and the perovskite material (absorber layer) is the independent layer
of the solar cell. The cell model is based on FTO/ZnO/CH3sNH3sSnlz/Cul/Ag and the energy
bandgap used for this simulation is shown in Figure 3.
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Figure 3: Device structure and energy band diagram of ETM, HTM with absorber layer

Figure 3 shows the material layers and the energy band diagram of the device
respectively. Light enters the cell through the transparent conductive oxide layer (FTO), passes
through the compact electron transporting layer (ZnO), the defect layer ZnO/CH3NHsPbl; which
is partly an absorber and enters the absorber which also has an interface defect CHsNHsPbls/Cul
to the hole transport material (Cul) and the energy level of the simulation architecture, the highest
occupied molecular orbital (HUMO) of Cul is above the valence band (VB) of the absorber layer
and the lowest unoccupied molecular orbital is also above the conduction band (CB) of the
absorber layer to prevent electron transport to the back contact electrode gold (Au). The HTM
(Cul) also prevent the infiltration of the gold electrode into the absorber layer.

Figure 4 shows the model of sandwiched simulation structure, the toxicity nature of lead
based absorber, which is water-soluble, makes it more source of concern. This can be mitigate
this simulation structure as copper iodide (Cul) and zinc oxide (ZnO) are both hydrophobic in
nature there by shielding the absorber layer from moisture.

The parameters for different layers in the simulation are chosen on the basis of theoretical
considerations, experimental data and existing literature or in some cases, reasonable estimation
(Lingyan et al, 2019 and Salah et al, 2018) Thermal velocities of the electron and hole are both
set to be equal to 107 cm/s but for the perovskite layer are set to be 106 cm/s. The absorber is a
p-type semiconductor doped with a carrier density of 3-2x1015 cm-3.

The defects in the absorption layer are set to be neutral, Gaussian energetic distribution
with a characteristic energy of 0.1eV, with a defect density of 1016 cm-3 but absorber layer is
1014 cm-3. The work function of FTO and metal back contact for hole transport are considered
to be 4.40eV and 4.74eV (Salah et al., 2018) respectively. All the simulations operate under the
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scanning voltage from 0V to 1.2V. All simulations in this work were performed under ambient
temperature (300 K). The electrical parameters are VOC, JSC, FF and efficiency generated by
SCAPS-1D were then used to determine the optimum thickness, bandgap of the ETM and HTM
layers in the configuration. The current density voltage (J-V) curves of the optimized solar cells
from the simulation were then determined.
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Figure 4: Model of sandwiched simulation structure

Results and Discussions

Effect of ZnO as ETL and Cul as HTL on the J-V Curves of PSC

Figure 5 shows simulated J-V curves for a CH3;NH3sPbls based device in the planar electron-
absorber-hole (n-i-p) configuration with ZnO as ETL and Cul as HTLwith the output cell
parameters Voc = 0.76V, Jsc = 32.85mA/cm?, FF = 71.74%, and PCE(n) = 17.94% under AM1.5
simulated sunlights of 100mW/cm?.
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Figure 5: J-V curve of the photovoltaic structure with initial parameters

Effect of thickness of ETL (ZnO)

The effect of the thickness on zinc oxide (ETL) on the performance parameters of the cell ranging
from 1.60um to 0.80um was obtained in Figure 6. Table 1 shows that when there is an increase
in the thickness of electron transporting material it results in a decrease in Jsc, FF and efficiency
of the device while Voc decreases but remain invariable from 0.84V at the thickness of 1.60um.
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Varying the thickness of ETL signifies that when the material is thicker, it provides a longer
diffusion path for the electron to reach the electrode which limit (the solar cell parameters) the
charge collection efficiency and transmitting of an incident photon decreases with increasing
thickness. High performance was obtained, when the thickness of ETL is 0.20um with Jsc of

32.84mA/cm?, Voc of 0.84V, FF of 79.70% and high PCE of 22.87%.

Tablel: Dependence of solar cell performance on thickness of ZnO (ETL)

ZnO thickness (um)  Jsc(MA/cm?) Voc (V) FF (%) PCE (%)
1.60 32.84 0.84 79.70 21.24
1.40 32.84 0.84 79.70 21.53
1.20 32.84 0.84 79.70 22.74
0.20 32.83 0.84 79.70 22.87
0.40 32.83 0.84 79.70 22.04
0.60 32.83 0.84 79.70 21.84
0.80 32.83 0.84 79.70 22.15
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Figure 6: Variation in performance parameters of PSC with thickness of ZnO (ETL)
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Figure 7: J-V curves of PSC with different values of ZnO (ETL) thickness

Effect of thickness of HTL (Cul)

The variation of the whole transport layer (HTL) It was observed that the increase in thickness of
the HTM improves the performance of the solar cells due to increase in recombination and
resistance of the device.

The effect of the thickness on copper iodide (HTL) on the performance parameters of the
cell ranging from 1.60um to 0.80um was obtained in figure 8. Table 2 shows that when there is an
increase in the thickness of electron transporting material it results in a decrease in Jsc, FF and
efficiency of the device while Voc decreases but remain invariable from 0.84V at the thickness of
1.60um. Varying the thickness of HTM signifies that when the material is thicker, it provides a longer
diffusion path for the hole to reach the cathode which limit (the solar cell parameters) the charge
collection efficiency and transmitting of an incident photon decreases with increasing thickness.
High performance was obtained, when the thickness of HTM is 0.20um with Jsc of 32.84mA/cm?,
Voc of 0.84V, FF of 79.70% and high PCE of 22.04%.
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Figure 8: Variation in performance parameters of PSC with thickness of Cul (HTL)

Table 2: Dependence of solar cell performance on thickness of Cul (HTL)

Cul thickness (um)  Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
1.60 32.84 0.84 79.70 21.64
1.40 32.84 0.84 79.70 21.66
1.20 32.84 0.84 79.70 21.66
0.20 32.83 0.84 79.70 22.04
0.40 32.83 0.84 79.70 22.04
0.60 32.83 0.84 79.70 22.04
0.80 32.83 0.84 79.70 22.04
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Figure 9: J-V curves of PSC with different values of Cul (HTL) thickness.
3.4 Effect of bandgap of ETL (ZnO)

The effect of bang of ETM layer is very important as it depends on the nature and
properties of the material. ZnO has a wide direct bandgap, which makes favorable properties such
as good transparency and relatively high electron mobility.

Table 3: Dependence of solar cell performance on ZnO (ETM) bandgap

ZnO bandgap (eV) Jsc (MA/cm?) Voc (V) FF (%) PCE (%)
2.30 28.32 0.83 79.91 18.99
3.80 32.79 0.84 79.69 22.02
4.20 32.83 0.84 79.69 22.03
4.40 32.83 0.84 79.69 22.04
5.20 32.83 0.84 79.69 22.04
6.40 32.83 0.84 79.69 22.04
6.80 32.83 0.84 79.69 22.04

In table.3, it was observed that when the bandgap was varied from 2.30eV to 6.80eV, it
results to an increase in Jsc of 32.83mA/cm?at 4.20eV and PCE of 22.04%, at the same bandgap.
FF of 79.69% and Voc at 0.84V is stable (invariable) throughout without considering the reduction
of light absorption because the quantity of Exciton generation is increased which in turn increases
the efficiency of the solar cell.
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Figure 10: Variation in performance parameters of PSC with bandgap of ZnO (ETM)
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Effect of bandgap of HTL (Cul)

Table 4 shows how the bandgap affects the open circuit voltage of the device it was found that at
bandgap of 3.20eV and 3.60ev there was discontinuity as a result of the absence in the Voc and
FF and shown in table 4 this was as a result of the bandgap not within the tunable bandgap of the

material.

Table 4: Dependence of solar cell performance on Cul (HTM) bandgap

Cul bandgap (eV) Jsc (MA/cm?) Voc (V) FF (%) PCE (%)
2.00 31.21 0.27 53.74 4.53
2.40 32.22 0.47 64.22 9.80
2.60 32.83 0.84 79.69 22.05
3.10 32.86 0.84 82.61 22.93
3.20 32.88 - - 3.29
3.40 32.88 0.85 86.63 24.18
3.60 32.83 0.38 - 12.04
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Figure 12: Variation in performance parameters of PSC with bandgap of Cul (HTM)
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Figure 13: J-V curves of PSC with different values of Cul (HTM) bandgap

Performance of optimized parameters

The thickness, bandgap, were considered as the following factors by which we obtain Jsc of
32.83mA/cm?, Voc of 0.84V, FF of 79.69% and PCE of 22.04%. The final optimized parameters
of perovskite solar cell in the simulation and optimized J-V curve are shown in Table 5, Figure 14
respectively. The simulated results were compared with the experimental work published by other
researchers and the related data was summarized in Table 6.

Table 5. Optimized parameter of the device

Optimized Parameters ETM HTM
(ZnO) (Cul)
Thickness (um) 0.20 0.20
Bandgap, Eg (eV) 4.40 3.10
Donor density, (cm?®) 10%°
Acceptor density, (cm) 10%°

Figure 14 shows the J-V characteristics curve obtained by simulating with optimized
parameters with output cell parameters Voc = 0.84V, Jsc = 32.83mA/cm2, FF = 79.69% and, PCE
(n) = 22.04%.
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Figure 14: J-V curves analysis for PSC with optimized parameters

These values are similar to the simulation values from literature [34]. as Voc = 1.15V, Jsc
=21.55mA/cm2, FF = 87.51, n = 21.79%. This result confirms our new configuration as equivalent
to the real device structure.

Table 6: Using SCAPS to report the photovoltaic parameters of copper iodide-based perovskite
solar cells, experimental work in the literature and simulated results

Simulation Jsc (MA/cm?) Voc (V) FF (%) PCE (%)
Initial 32.85 0.74 71.74 17.94
Optimized Thickness of ETM 32.83 0.84 79.69 22.87
Optimized Thickness of HTM 32.84 0.84 79.69 22.04
Optimized Bandgap of ETM 32.97 0.84 67.72 22.04
Optimized Bandgap of HTM 32.86 0.84 82.61 22.93
Final Optimization 32.83 0.84 79.69 22.04
Experimental Parameters 18.67 0.68 47.43 6.09
Experimental Parameters 31.59 0.92 79.99 23.36

Conclusion

In conclusion, the purpose of this research study was to use SCAPS-1D to study lead-based
(CH3NHsPbls) perovskite solar cell integration of copper iodide (Cul) as HTL with ZnO as ETL,
and its effect on the electrical performance of the cell. it was discovered that lead-based
perovskite solar cells with zinc oxide (ZnO) and copper iodide (Cul) as an electron transporting
material (ETM) and hole transporting material (HTM) respectively can attain PCE of 22.04% with
an optimum thickness value of 0.20pm for ETM and HTM respectively.In the simulation, the defect
density in the absorber layer is the most critical factor for the high performance of a solar cell. By
choosing the defect density as 1 x 10%° cm. Other solar cell parameters such as bandgap, was
also optimized to achieve the final power conversion efficiency (PCE) of 22.04%. The planar
configuration in this simulation using SCAPS 1-D was found to be in accordance with
experimental work from literature.
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