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Abstract. One of the important factors in organic/inorganic solar cells is to have a large open circuit
voltage for obtaining high power conversion efficiency. To achieve this aim, the effect of
Methylammonium Lead Iodide (MAPDI3) on the parameters of zirconium disulfide (ZrS:) /graphene
oxide (GO) hetero-junction solar cells was examined theoretically using a Solar Cell Capacitance
Simulator (SCAPS-1D). The insertion of the MAPbI; layer between ZrSz and GO layers in the solar
cell has resulted in notable improvements in the open circuit voltage, Voc, from 0.55 V to 0.9 V, the
power conversion efficiency, 1, from 17% to 26% and short circuit current, Ji, from 38.2 mA/cm? to
38.3 mA/cm?, compared to the ZrS»/GO solar cells. These data indicate that GO/MAPbI3/ZrS> solar
cells exhibit longer carrier lifetimes due to the multiple junctions and band-gap variations between
GO/MAPDI; and MAPDI3/ZrS: layers. Meanwhile, GO/ZrS: solar cells lack these additional junctions
and band-gap variations, leading to lower efficiency and open-circuit voltage due to less effective light
absorption and increased carrier recombination with faster carrier dynamics. Additionally, the onset
voltage of capacitance of GO/MAPbI3/ZrS: solar cell was higher than GO/ZrS: solar cell due to the
energy levels of MAPbI; layer that formed between ZrSz and GO leading to an improvement in the
open circuit voltage by around 80%. This latter finding has been confirmed by comparing the
capacitance-frequency characteristics of the two solar cells. This work provides new insights into the
synergistic effects of these materials, demonstrating how bandgap engineering and multiple junctions
can significantly enhance solar cell performance.

Keywords: solar cells, open circuit voltage, multiple junctions, SCAPS-1D simulation.

1. INTRODUCTION

In recent decades, extensive research has focused on finding alternatives to fossil fuels in industrial
development [1, 2], which is driven by environmental issues associated with fossil fuel use, including
greenhouse gas emissions, air pollution, and human contributions to climate change [2—4]. Solar energy
emerges as one of the most promising alternatives since it is friendly to the environment and available
worldwide [5, 6]. Hence, it can be harvested through the use of solar cells to convert energy from sunlight to
electricity and concentrated solar power [7—11].

The technology of solar cells has been extensively studied based on designs, materials used, and time
frames. Solar cells are categorized into four generations based on their effectiveness and durability over time.
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The initial generation featured thin-film cells made from silicon single-crystal or polycrystalline silicon. While
various materials like amorphous silicon (a-Si), copper indium gallium selenide (CIGS), and cadmium telluride
(CdTe) were employed in the next generation. To improve efficiency, new technology and materials such as
organic solar cells, quantum dot solar cells, and dye-sensitized solar cells (DSSCs) have started to come into
use in a bid to increase efficiency and counteract environmental concerns [12—15]. In the development of the
first three generations, a lot of work has yet to be done in terms of efficiency, long life, and expensive
production costs [16, 17].

Currently, the fourth generation of solar cells, perovskite solar cells (PSCs), have generated significant
attention owing to their excellent power conversion efficiency (PCE) and the potential to overcome many of
the shortfalls for previous generations of solar cell technologies [18, 19]. Perovskite solar cells started to get
some attention after Tsutomu Miyasaka and coworkers made a publication in 2009 showing that 3.8% power
conversion would be possible with a perovskite solar cell with mesoporous TiO; scaffold [18, 20]. Since then,
the PCE of PSCs has stepped forward to attain over 25%, leading to providing an alternative solar cell
technology to the Si, CdTe, and copper indium gallium commercial solar cells [13, 21].

Methylammonium lead iodide (MAPbI3) is one of the wide spectrums of perovskite materials that have
been experimented with and used to fabricate high-efficiency solar cells. It is a type of organic-inorganic hybrid
perovskite material consisting of lead (Pb) as the central cation, iodine (I) as the anion, and methylammonium
as the organic component [22, 23]. This specific combination of elements forms a semiconductor material with
excellent light-absorbing properties. According to the National Renewable Energy Laboratory, MAPbI3
Perovskite solar cells have exhibited impressive PCEs exceeding 25% [21], which is higher than some of the
best commercial silicon-based solar cells.

In the last decade, zirconium disulfide (ZrS,) and Graphene oxide (GO) have received significant
attention because they act as electron and hole transport materials, respectively, in perovskite solar cells
[10, 11, 15, 24]. GO material characteristics with excellent transparency, low production cost, good solubility
in many solvents, and high hole mobility, make it preferable in synthesizing solar cells. In 2022, Jeong et al.
studied the effect of the GO and reduced GO intermediate layers on the efficiency of CZTSSe solar cells [25].
On the other hand, ZrS; material has high electron mobility and small suitable band alignment, make it a viable
candidate for improving the efficiency of perovskite solar cells. It can be synthesized as a thin film for
application in solar cell technologies. For instance, it was shown that ZrS; can be utilized as a buffer layer in
CIGS solar cells [15]. Recent studies have demonstrated that ZrS, can be effectively utilized in a heterojunction
configuration with MAPbI;, leading to enhanced charge transport and reduced recombination losses [24].
Abdelfatah ef al., in their simulations, indicate that solar cells employing ZrS, as the ETL can achieve
comparable efficiencies to those using traditional materials such as In,Ss3, with reported efficiencies ranging
from 16.94% to 22.50% [23]. This is particularly significant as the efficiency of PSCs has been a critical factor
in their commercial viability, with MAPbIs-based devices already reaching efficiencies above 20% [26, 27].

In this context, it has been found that the effect of the MAPbI; layer on the performance of ZrS,/GO solar
cells has not been studied in the literature. However, these materials exhibit promising electronic and optical
properties, which align with the goal of enhancing solar cell efficiency. The combination of ZrS., GO, and
MAPDI; into a single heterojunction could offer new insights into the synergistic effects of these materials.
Therefore, in this study, the SCAPS-1D simulation is proposed to study the current density characteristics and
the capacitance response of heterojunction solar cells composed of ZrS,/ GO two layers and ZrS,/ MAPDI3/
GO three layers. The results here indicate that the MAPbI; layer modifies the interface characteristics between
the GO and ZrS; layers, resulting in enhanced efficiency of the GO/ZrS; solar cell, addressing key challenges
such as carrier recombination and light absorption.

2. DEVICE SIMULATION

By far, it was believed that numerical simulation can play a crucial role in understanding the performance
optimization of different structures of solar cells. It has been used for several purposes; firstly, to model the
physical processes occurring within solar cells and secondly, to predict the performance of solar cells under
various conditions, such as different levels of sunlight intensity, temperature, and angles of incidence. SCAPS-
1D is a specialized simulation tool that was mainly developed to simulate and assess the performance of
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semiconductor-based solar cells properties, specifically focusing on their electrical characteristics in
illuminated (light) and non-illuminated (dark) conditions [28]. Indeed, it was initially utilized for simulating
the behavior of solar cells composed of CulnSe; and the CdTe family of materials [29]. The SCAPS-1D
working principle is based on solving the essential semiconductor equations, i.e., the Poisson equation (1), the
continuity equations for electrons and holes (2 and 3), and the drift-diffusion equations of the hole and electron
carrier transport properties (4 and 5) [30]. These equations are essential to understand the behavior and
performance of solar cells.

d2 ¢
dx?
where s is electrostatic potential, € is dielectric constant, g is electron charge, p is free hole density, # is free

electron density, N, represents ionized acceptors, Ny is donor density, and p,, and p,, are the hole and electron
distributions, respectively.
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Jp 1s hole current density, J, is electron current density, G, is carrier generation rate, and and R is the total
recombination rate.
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where D, and D,, are diffusion coefficients of hole and electron, respectively, E is the electric field, and up
and p,, are hole and electron mobilities, respectively.
Fig. 1 shows a schematic diagram of a MAPbI; perovskite solar cell, which is composed of three main
layers: ZrS; as electron transport material (ETL), MAPbI; as absorber materials, and GO layer as hole transport

layer (HTL) fabricated between two electrodes; the back contact metal electrode is gold (Au), and the front
contact electrode is fluorine-doped tin oxide (SnO::F).

Au

Glass/SnO;: F

Fig. 1 — Schematic diagram of Au/ZrS2/MAPbI3/GO /SnOz:F solar cell.

To operate accurate and precise simulations, the SCAPS-1D tool necessitates the input of true physical
parameters pertaining to the various material layers within the fabricated device (as depicted in Fig. 1). These
parameters are summarized and detailed based on the literature in Table 1. Furthermore, SCAPS-1D offers the
option to include information regarding the electrical properties of both the front and back contact electrodes,
as outlined in Table 2 [10, 11, 22, 24].
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Table 1
Simulation parameters of each layer of the proposed solar cell
Material property ZrS, MAPDI; GO
Thickness (um) 1 0.4 0.2
Bandgap (ev) 1.2-1.7 1.55 3.25
Electron affinity (ev) 4.7 3.95 1.9
Dielectric permittivity (relative) 16.4 6.5 3
CB effective density of states (1/cm?) 22E' 3.97 E''8 22E"?!
VB effective density of states (1/cm?) 1.8 E? 3.97 E™8 1.8 E™2!
Electron mobility (cm?/Vs) 300 2 100
Hole mobility (cm?/Vs) 30 2 300
Shallow uniform donor density ND (1/cm?) 1.00 E*P 10.0 E™3 0
Shallow uniform acceptor density NA (1/cm?) 0 0 1.00 E*1
Table 2
Simulation parameters of back and front contacts of the proposed device
Parameter Back contact Front contact
(Au electrode) | (SnOa:F electrode)
Surface recombination velocity of electrons (cm/s) 1.00 E" 1.00 E*S
Surface recombination velocity of holes (cm/s) 1.00 E77 1.00 E*7
Metal work function (ev) 5.1 4.4

3. RESULTS AND DISCUSSION

3.1. Effect of MAPI3 layer on the performance of GO/ZrS2 solar cells

Using SCAPS-1D simulation, the current density-voltage (J-V) characteristics of the Au/GO/MAPDIs/

Z1rS»/SnO;:F and Au/GO/ZrS»/SnO;:F solar cells were studied starting at 0.0 V and incrementing in steps of
0.05 V up to +1.0 V. Fig. 2a shows the J-V characteristics of the Au/GO/MAPDI3/ZrS»/SnOs:F solar cell on a

linear scale. This solar cell produced an open circuit voltage (Vo) of 0.9 V, short circuit current (Js) of 38.3
mA/cm?, and power conversion efficiency, 1, of 26.3%.
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Fig. 2 — J-V characteristics of: (a) Au/GO/MAPbI3/ZrS2/SnO2:F and (b) Au/GO/ZrS2/SnOx:F solar cells under illumination.

Conversely, as appears in Fig. 2b, the Au/GO/ZrS,/SnO,:F solar cell exhibited lower efficiency in comparison
to the MAPDbI; layer solar cell under illumination. It produced a Vo of 0.55V, Ji of 37 mA/cm?, and a power

conversion efficiency of 17% (Fig. 2b).
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The performance differences between the two devices are due to the provision of a better junction
generated from the mediated MAPDI; layer between the ZrS, and GO layers. Introducing this new layer
(MAPbI3) leads to a boost in efficiency and open circuit voltage (Vo) from 17% to 26% and 0.55 Vto 0.9 V,
respectively. We attribute the observed enhancements to the energy gap difference between the used materials,
which could affect the junction properties formed between MAPbI; and ZrS.. According to Table 3, the HOMO
and LUMO of the MAPI; layer are intermediate energy levels of ZrS, and GO, which serve as an absorber
layer of light falling on the solar cells to generate hole and electron charges. The hole moves easily through
the GO layer while the electron transports through the ZrS,.

Table 3
Energy levels of MAPI3, ZrS; and GO
Material | Bandgap (eV) | HOMO (eV) | LUMO (eV) | Reference
MAPI;3 1.5 -5,4 -3.9 [31]
ZrS; 1.2-1.7 -6.1 —4.5 [24]
GO 1.5-3.2 -7.2 -4.0 [32]

The additional energy levels of the MAPDI; layer suppress the energy losses by controlling charge
recombination and minimizing non-radiative pathways, which are responsible for voltage loss. This increases the
potential barrier at the junction, thereby increasing the V.. Similar results were reported by Qingzhi An et al., whom
observed a significant enhancement of the open circuit voltage (Vo) of the device by introducing m-extended
phosphonium fluorene electrolytes (n-PFEs) between phenyl-C61-butyric acid methyl ester (PCBM) and silver
(Ag) in an MAPDI; solar cell [33]. In our previous report, the encapsulation of dye between P3HT and nc-TiO; in
P3HT/dye/nc-TiO; led to an improvement in the solar cells’ maximum electric power to 0.14 mW/cm?, compared
to 0.04 mW/cm? in the case the non-encapsulated solar cells [16]. In this context, it is worth mentioning that our
presented solar cell system exhibits a better performance than other reported ZrS,-based structures of perovskite
solar cells. In 2023, Abdelfatah reported an efficiency of 23% for ZrS,/CuO heterojunction solar cells, which was
lower than that of Au/GO/MAPbDI3/ZrS,/SnOx:F solar cells by a margin of 3% [24].

Electrical capacity is an important dynamic parameter of photovoltaic (PV) systems and should be
investigated because it can provide information about the health status and quality of PV modules. Figure 3
shows the capacitance curves over a wide range of frequencies for our Au/GO/MAPDI3/ZrS,/SnOx:F tested solar
cell system at different voltages. We observed that applying 1.0 V bias (Fig. 3a) boosts the capacitance by nearly
two orders of magnitude as the frequency increases from 1.0 MHz to 10.0 KHz, indicating strong dispersion in
the capacitive behavior. Conversely, this effect decreases to approximately one order of magnitude when the bias
voltage is reduced to 0.5 V (Fig. 3b), covering frequencies from 10 MHz to 100 KHz. Additionally, an
enhancement in the capacitance was observed when the applied voltage increased from 0.0 to 1.0 V, as explained
by the transient response of the solar cell’s capacitance during changes in voltage in Fig. 3.
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Fig. 3 — Characteristics of Au/GO/MAPDI3/ZrS2/SnO2:F solar cells under: (a) 1.0 V and (b) 0.0 and 0.5 V bias conditions.
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In the case of the Au/GO/ZrS,/SnOx:F solar cell system, the capacitance curves over a wide range of
frequencies at different applied voltages are shown in Figs. 4a and 4b.
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Fig. 4 — Characteristics of SnO2:Fn/ZrS2/GO/AU solar cells at: (a) 0.5 and 1.0 V, and (b) 0.0 V voltage bias condition.

At a constant bias voltage of 1V, a significant decrease in capacitance was observed with decreasing
frequency in the range of 100 MHz to 1 GHz. Compared to the Au/GO/MAPDI3/ZrS,/SnO;:F solar cell system.
The capacitance decreased by approximately 3 orders of magnitude. Similarly, a two-fold decrease in capacitance
was observed from 100 MHz to 10 GHz when a bias voltage of 0.5 V was applied (Fig. 4a). Additionally, the
dispersion in the capacitive behavior of two-layer solar cells was observed at higher frequencies than in the
three-layer system.

The capacitance-frequency (C-F) results of SnO,:Fn/ZrS,/GO/AU and SnO,:Fn/ZrS; MAPbI:/GO/AU
solar cells may be interpreted by defining an equivalent circuit (EC) of the two solar cells. Fig. 5 shows the
AC model composed of three RC parts. The symbols in Fig. 5 are as follows:

e Cy1 and Gy represent the capacitance of the bulk region of GO and ZrS,, respectively. C; represents the

capacitance of the interface between GO and ZrS:.

e Ry and Ry represent the resistance of the bulk region of GO and ZrS,, respectively. R; represents the

resistance of the interface between GO and ZrS..

Ch1 Cj Ch2
I 11 | ]
AP LY Ao,
Rb1 Ri Rbz

Fig. 5 —Equivalent circuits of GO/MAPbI3/ZrS2 and GO/ZrSz solar cells.

As shown in Figs. 3 and 4, the high-frequency capacitance of GO/MAPDI3/ZrS, and GO/ZrS; remains
constant as voltage is applied to the device. This capacitance is dominated by the smallest of the series
capacitances, i.e., the bulk capacitances in the circuit of Fig. 5. The total capacitance (Ciuwal) is expressed by

1 1 1 1

=—+4+—+— (6)
Ctotal Cp1 Cp2 G

C; is the capacitance of the junction and arises from the depletion region capacitance and diffusion
capacitance, i.e.,

Cj = Caeple T Caiff (7

The high-frequency capacitance of the two solar cells exhibits mostly minimal variation over a range of
100 GHz to 0.1 GHz, dominated by the geometric capacitance (Cg) of solar cells. Meanwhile, the junction
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capacitance may not contribute to the total capacitance under these conditions [16, 20]. This latter feature can
be attributed to the fact that charge carriers at the junction do not respond quickly to the change in AC signal,
whereas Cg mainly depends only on the thickness and dielectric materials of the composition of solar cells.
Thus, there is a reduction in the material’s ability to store electric charge effectively and a decrease in the
material’s capacitance at high frequencies. Under high forward bias conditions (1.0 V), the initial increase in
capacitance of the two devices was at frequencies of 10° Hz and 10° Hz for GO/MAPbI3/ZrS, and GO/ZrS,
solar cells, respectively. This difference can be attributed to the distinct electronic properties and charge carrier
dynamics of the materials involved, particularly within their interfaces. GO/MAPDbI3/ZrS; solar cells may
exhibit capacitance changes at lower frequencies due to longer carrier lifetimes within the perovskite layer.
Conversely, GO/ZrS; solar cells may demonstrate faster carrier dynamics leading to capacitance changes at
higher frequencies. In fact, it is well known that the charge carrier lifetime is a crucial parameter in solar cells
[34]. Hence, if the charge carriers need more time to reach the collection electrodes before recombining with
each other or defects in the material, the efficiency of the solar cells is minimized. In GO/MAPDbI3/ZrS; solar
cells, there are multiple junctions: one between GO/MAPDbI; and one between MPbIs/ZrS, with varying
material band-gaps. These differences reduce the chances of carriers recombining before contributing to the
photocurrent and capturing a broader spectrum of photons. Thus, there are fewer losses of charge carriers,
resulting in higher open circuit voltage. As we presented previously, the suggested GO/MAPDI3/ZrS; solar cell
system exhibited a 0.9 V open circuit voltage and 26% efficiency. Contrarily, in GO/ZrS, solar cells, without
the additional junctions and band-gap variation provided by the MAPbI; layer, the efficiency may be lower
due to less effective light absorption and increasing charge carrier recombination besides their faster carrier
dynamics [35]. This is accompanied by a low open circuit voltage of 0.5 V and efficiency of 17%. This agrees
with the results of Ding, which suggested dominant charge carrier recombination at the interface and worsened
open-circuit voltage (V) if the conduction band minimum of the electron transport material (ESL) is lower
than that of the perovskite [36].

Moreover, as shown in Figs. 3 and 4, the frequency dependence of capacitance shows a significant
decrease in the range from 10'° Hz to 10® Hz. This behavior indicates junction capacitance, the dominant
mechanism of GO/ZrS; solar cells at these frequencies. The depletion region capacitance mainly contributes
to the junction capacitance, and the influence of the diffusion capacitance is minimal (see Equation 7). This
can be explained by decreasing the barrier potential or width of the depletion region between the GO and ZrS,
and the weakness of the electric field that separates the charge carriers. Consequently, there is a high
probability that the photo charge carriers (electron-hole pair) may recombine before reaching the electrodes,
producing low open circuit voltage. For the GO/MAPDI3/ZrS; solar cell, the measured capacitance increased
when the frequency decreased from 10° Hz to 10° Hz and is dominated by the junction capacitance. This
capacitance is higher than the capacitance of the GO/ZrS; solar because the diffusion capacitance dominates
it, unlike in GO/ZrS, solar cells. We attributed this observation to the presence of the MAPbI; layer, which
minimizes the effect of the depletion region. The MAPbI; layer has a relatively high charge carrier mobility;
thus, the charge carriers can diffuse relatively quickly through this material. Based on our results, increasing
the open circuit voltage to 0.9 V is proof of the reduction of charge carrier recombination. To emphasize the
difference in properties of the two devices, the C-V characteristics of solar cells with and without the MAPbI;
layer were measured as a function of applied bias voltage at 10 kHz. The resulting capacitance-voltage plots
are shown in Fig. 6.

In ZrS2/MAPbI3/GO solar cells, the capacitance exhibits negligible dependence on the applied voltage
under reverse bias conditions (from —1 V to 0 V). However, a significant increase in capacitance is observed
at 0.5 V forward bias. This voltage is called the onset voltage and represents a significant change in the internal
energy status of the device. Similarly, in ZrS,/GO solar cells, the capacitance also remains constant during
reverse bias but shows a rapid increase in capacitance at the onset voltage of 0.25 V. Additionally, the capacitance
of the two devices passes through a maximum and decreases rapidly with a further increase towards the forward
bias, especially in ZrS;/MAPbI:/GO solar cells. We believe that the latter differences are further evidence of
how the presence of MAPbDIs layers changes the properties of the interface, through producing high onset
voltage. The high onset voltage of capacitance indicates a higher built-in voltage or barrier potential within the
solar cell, which contributes to a higher open-circuit voltage [37]. Therefore, ZrS,/GO solar cells produce an
open circuit voltage, V., of 0.5 V, while ZrS,/MAPDI3/GO solar cells produce a V. 0of 0.92 V.
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Fig. 6 — The C-V characteristics of: (a) ZrS2/ MAPbI3/GO and (b) ZrS2/ GO solar cells at +10KHZ.

4. CONCLUSIONS

The results in the present work show the impact of incorporating MAPbI; interlayer on the performance
of ZrS2/GO hetero-junction solar cells using SCAPS-1D simulation. The emergence of the MAPbI; layer
between the ZrS, and GO layers in the solar cell has led to significant improvements in key photovoltaic
parameters. The Vo and m improved from 0.55 to 0.9 V and from 17 to 26%, respectively. In the
GO/MAPDI3/ZrS; solar cells system, these enhancements can be attributed to the formation of multiple
junctions and variations in band gaps between the layers. These variations can enhance light absorption and
prolong the lifetime of charge carriers, which are crucial to enhancing the n of solar cells. The C-F and C-V
analyses validate these observations. GO/MAPbI:/ZrS: solar cell exhibited a larger onset voltage of
capacitance, representing a larger build-in potential and reduced recombination of charge carriers at interfaces.
While, GO/ZrS: solar cell exhibited reduced capacitance and increased carrier dynamics, responsible for
reduced efficiency and V.. Insertion of the MAPbI; layer effectively lessens the depletion region impact, and
charge carriers can diffuse and collect effectively, aided through increased capacitance behavior. The results
confirm the critical role played by interfacial engineering in perovskite solar cells. This work paves a window
for future studies in terms of offering useful information for future perovskite solar cells' development, with a
strong emphasis placed on selecting materials and configuration of layers for overcoming efficiency barriers.
Experimental verification of these observations and device engineering for even improved performance values
can be taken in future work.
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