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Abstract: Pursuing highly stable and efficient renewable energy solutions remains the driving force
for developing perovskite solar cells (PSCs). Central to achieving these cells’ high and optimum
performance is the accurate and intelligent design engineering of the device’s architecture. This
theoretical study employs the simulation platform SCAPS-1D to systematically investigate the crucial
role of the interlayer methylammonium lead iodide (MAPDI3) as an adsorber layer in encouraging the
titanium dioxide (TiO2)/MAPbIs/graphene oxide (GO) heterostructure design. By strategic tuning of
the MAPDI3 absorber layer, we successfully delivered a remarkable 20.8% power conversion
efficiency (PCE) and fill factor (FF) of 80.5% at 300 K, significant improvements over the reference
PCE of 11.6% and FF of 78.5%. Significant improvements were made by optimizing MAPbI3
thickness to 1.2 um and narrowing its bandgap to 1.5 eV, allowing enhanced photon absorption and
charge carrier separation and minimizing interface-mediated recombination losses. Importantly,
changes to the TiO2 and GO layer thickness had a minimal impact on performance, emphasizing the
absorber layer’s dominant role in controlling efficiency. Utilizing low-cost, low-toxicity materials such
as abundant TiO2 and GO improves economic feasibility and scalability, and the optimized structure
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minimizes material consumption, all aligning with sustainable photovoltaic development. These
results advance our understanding of PSC optimization and reflect the enormous potential of MAPbI3
materials for developing highly efficient, green alternatives to conventional solar technology, enabling
future developments in stable, scalable, and environmentally friendly energy solutions.

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

1. Introduction

Further progress in low-cost energy-conversion technologies is of key importance for meeting the
world’s needs for energy and combating climate change [1]. One of the main reasons for the
significance of renewable energy sources is their potential as an alternative to fossil fuels in the face
of climate change and environmental pollution [2]. It has been established that global warming and
climate change are caused by greenhouse gas emissions from burning fossil fuels, and renewable
energy can help reduce such emissions. Solar energy is considered one of the most promising
alternatives because of its environmentally friendly nature and global availability [3,4]. For this reason,
the development and deployment of renewable energy technologies tend to have higher up-front costs
in the short run than non-renewable energy sources do. However, renewable energy is usually cheaper
in the long term because fuel does not have to be regularly bought, and the cost is likely to come down
with technological improvements and the realization of economies of scale [1,5,6]. Out of several
sources of energy available under renewable sources, solar energy happens to be the most promising
one and the most applicable renewable energy technology. It utilizes photovoltaic panels to convert
sunlight into electrical power. Solar energy is clean, widely available, and provides for utilization in
many applications, including the generation of electricity, heating, and lighting, due to its relative ease
of installation and maintenance. There are different types of solar cells, such as traditional inorganic
crystalline silicon cells, organic cells made up of polymers or small molecules, and organic-inorganic
hybrid solar cells [7,8]. Organic-inorganic hybrid perovskites are now one of the hottest topics in
modern material science because of their many excellent properties, applied to various optoelectronic
technologies, including high electron mobility, a considerable length of carriers’ diffusion, a significant
absorption coefficient, a high photoluminescence quantum yield, and low surface recombination
velocity [9]. Among the various emerging applications, it has found radical success in photovoltaic
power generation, particularly in the remarkable record of energy conversion efficiency, now
becoming comparable to silicon and other state-of-the-art thin film technologies [10]. Organic-
inorganic solar cells based on nano-scale materials have recently gained interest as a replacement for
fossil fuels in achieving clean energy from the sun due to their lightweight, flexible, and inexpensive
manufacturing processes [5]. It is well known that the mobility of charge carriers inside
semiconducting materials is a very important parameter ruling the PCE of solar cells. High mobility
of the charges in these materials will ensure efficient transfer of charge and collection at the electrodes,
therefore reducing recombination of the charge carriers. Thus, perovskites, with their high electron
mobility property, are considered excellent candidates for use in solar cell technologies. For example,
due to its wide-spectrum perovskite material, methylammonium lead iodide (MAPbI3) has been
commonly used to fabricate high-efficiency solar cells. This material has lead (Pb) as the central cation,
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iodine (I) as the anion, and methylammonium as the organic component [11]. This specific
combination of organic-inorganic hybrid perovskite material forms a semiconductor material with
excellent light-absorbing properties. These strategies suppress the recombination of photogenerated
charge carriers in diverse ways and are beneficial in enhancing the performance of studies associated
with photovoltaics [12]. On the other hand, the interface problem in the PSCs is one of the primary
key factors in determining efficiency and stability. Because of this, their power conversion
efficiency (PCE) remains a challenge to their use compared to traditional silicon-based solar
cells [5,13]. Recent studies by Ali et al. [14] and Djeradi et al. [15] highlighted optimizing these
materials through advanced interface engineering and machine learning-driven band gap predictions,
achieving efficiencies exceeding 25% and providing critical insights into material stability and
performance under varying conditions. These developments underscore the importance of tailored
material combinations to push PSCs toward commercial viability.

The perovskite solar cell is composed of five components: a cathode based on a hole-transporting
metal, a hole-transport layer (HTL), an absorption layer, an electron transport layer (ETL), and a
transparent conductive oxide (TCO). Transport layers govern the working performance and efficiency
of PSCs. The main function of the HTL is to collect the photo-generated holes from the absorption
layer, transport them to the cathode, and block electrons. Therefore, the highest occupied molecular
orbital (HOMO) of the hole transport layer (HTL) material should be slightly higher than the orbital
of the perovskite absorber layer, like the graphene-based materials NiO, CuO, Cul, and Cu20. On the
other hand, the primary function of an electron transport layer (ETL) is to collect the photogenerated
electrons from the absorber layer and transport those toward the anode, in addition to blocking the
holes. The HOMO and LUMO levels of the ETM material should be higher in energy than those of
the perovskite absorption layer [16,17]. At present, PSCs are under high research interest because of
their high efficiency, broad absorption spectra, intense optoelectronic performance, and fabrication
flexibility with low-cost materials. The PCE of perovskite-based solar cells has already exceeded 25%,
drawing initial interest [7,18].

However, there are several challenges to the sustainable commercialization of PSCs, such as
their long-term stability and the considerable effort required to improve the PCE and scale up [15].
One of the most critical factors limiting PCE in organic/inorganic solar cells is the open-circuit
voltage (Voc) (3R1). A high Voc signifies a larger potential difference across the cell, resulting in
greater power output [19,20]. As a result, research efforts are focused on building new strategies to
improve and enhance Voc to achieve higher overall efficiency. Many strategies have been suggested
to address these issues, such as using interlayers with organic electron or hole transfer materials, the
incorporation of metal oxides with selective charge transport toward the charge-selective contact, and
various combinations of inorganic materials [18,21]. Several hole and electron transport layers (HTL,
ETL) materials with a perovskite absorber layer were employed to improve the performance of PSCs
and their stability and cost-effectiveness [22,23]. For example, Yuhan Wu produced high-efficiency
solar cells wutilizing bromide (KBr) in poly (3,4-ethylene dioxythiophene):polystyrene
sulfonate (PEDOT:PSS) as HTL to improve the cell’s conductivity and interfacial charge transfer.
Mikroyannidis and co-workers fabricated a CH3NH3Pbls perovskite solar cell using 1D PCBM
nanorods as ETL to improve cell performance from 9.5% to 15.3% [23]. However, there are a lot of
disadvantages to using organic materials such as ETL and HTL in PCS, such as lowered efficiency
and reduced stability compared to inorganic alternatives, because of limited absorption range and poor
charge carrier mobility [24]. Therefore, metal oxide materials such as ZnO, TiOz, CeO2, and GO have
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been used to fabricate PCEs [18,25,26]. These materials are well-known as electron acceptors and
transparent layers for applications in solar cells. For example, Bhattarai et al. [22] reported that the
efficiency of poly(3-hexylthiophene) (P3HT)/titanium dioxide (TiO2) nanorods hybrid bulk
heterojunction (BHJ) and nanostructured zinc oxide (ZnO)/P3HT hybrid solar cell is mainly dependent
on the nanomorphology of the polymer/nanocrystal hybrid.

Amongst PSCs, hybrid- and lead (Pb)-based cells are the most investigated due to their
exceptional optical and electrical properties, which lead to generating high efficiencies [20]. Over the
years, PSCs’ strength conversion efficiency has increased from 3.8% in 2009 to over 26% [9]. It is
well-known that the correct choice and order of components in the device architecture of PSCs can
help further enhance the efficiency of the devices [18,27]. Yella et al. [28] found that the
nanocrystalline interface between TiO2 and the perovskite layer demonstrated better efficiency for the
extraction of electrons, which exhibited a PCE of 13.7%.

Stable and efficient PSCs have also been realized through the use of polymers. Polymers assume
significant roles in PSCs as interfacial layers, encapsulation layers, and additives in the Perovskite's
charge transport and active layers. Various polymers are employed and have been studied in terms of
their design, synthesis, and integration into PSCs. Polymers help in enhancing morphology, thermal
stability, suppression of recombination, moisture barrier ability, stability, and flexibility [29,30].

This article investigates the theoretical possibility of incorporating a methylammonium lead
iodide (MAPbDI3) interlayer in the middle of the two layers of HTL and ETL (interfacial layers) to
improve the performance of titanium dioxide (Ti0z)/graphene oxide (GO) perovskite solar cells. As
one of the most promising materials, graphene-based materials have been critically reviewed for
different sections like HTMs, ETMs, and materials for inorganic perovskite modification [31]. Based
on various outstanding properties of graphene and graphene materials, their implementation in PSCs
is also highly promising. In the preceding decade, 2D materials, especially graphene oxide (GO) with
hybridization of promising structures, have drawn considerable attention for novel energy devices such
as solar cells, owing to extraordinary electrochemical, mechanical, and stability attributes besides
predictable charge transport [32,33]. For instance, Yadav et al. [34] showed how reduced graphene
oxide (rGO) performs better as an HTL material in comparison to GO, paired with the lead-free double
perovskite Cs2Snls, to yield a PCE of 19.07% compared to 16.9% using GO. GO has a highly tunable
bandgap that is highly variable with its structural arrangement and oxidation level; values range from
as much as 4.77 eV in its oxidized form to a minimum of 1.1 eV following controlled reduction,
presenting a wide range of electronic attributes for use in various optoelectronic purposes [35,36].

Furthermore, titanium dioxide, as a cheap, non-toxic, transparent, and readily available
semiconductor, is commonly utilized as a photocatalyst [37—40] and electron-transport layer (ETL) in
PSCs because of its ideal valence band position for efficient hole extraction and far higher conduction
band electrons compared to those of other metal oxides, leading to efficient electron transfer to the
ETL [26,41,42]. It also acts as a physical barrier to prevent direct contact between the perovskite
absorber layer and the conducting substrate layer, thereby minimizing charge recombination.
Bulowski et al. [26] emphasized the importance of optimizing the TiO: layer in inorganic CsPbBr3
PSCs. The study indicates that TiO-’s stability and high optical transparency make it a popular choice
for ETLs, primarily in inorganic devices.

The use of MAPbI3 can be considered an essential component in the photovoltaic device’s
architecture, which impacts the charge transfer and collection by/with adjacent components and thus
can greatly enhance cell efficiency [13]. When utilizing MAPbI3 as the perovskite material, devices
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that incorporate TiO2 or SnO2 as ETMs, combined with Spiro-OMETAD as the HTM, demonstrate
impressive efficiencies exceeding 22%. However, the performance varies with different ETMs; for
instance, using ZnO or PCBM in conjunction with Spiro-OMETAD results in lower efficiencies [14].
Furthermore, substituting Spiro-OMETAD with alternative HTMs such as PEDOT:PSS, Cu:0, or
CuSCN while maintaining TiO2 as the ETM leads to notable changes in performance metrics.
Specifically, the open-circuit voltage (Voc) increases with the use of Cu20 and CuSCN. At the same
time, the short-circuit current density (Jsc) and fill factor exhibit variability, ultimately affecting the
overall efficiency of the solar cells. These findings underscore the critical role that the selection of
ETMs and HTMs plays in optimizing the performance of perovskite solar cells [14].

We utilize SCAPS-1D simulation, a well-established tool for simulating solar cell behavior, to
explore the impact of the MAPbI;3 layer on various cell parameters. Our focus lies on understanding
how this modification influences Voc, PCE, and other key characteristics, aiming to elucidate the
underlying mechanisms responsible for the observed efficiency improvements.

2. The simulated device construction and input parameter details

This section provides detailed information about the construction device and the input simulated
parameters that were used to evaluate the performance of the construction cell. The SCAPS-1D
software program was used to study the factors that may limit the solar cell’s performance. This
simulated software is a one-dimensional solar cell simulation program developed by the Department
of Electronics and Information Systems (ELIS) at the University of Gent, Belgium [15].

This software has been regularly used as a simulator in solar cells research since 2002. It
demonstrates accuracy in predicting solar cell performance by comparing experimental results with
theoretical predictions [43]. That makes it a reliable tool for the simulation and optimization of solar
cell structures. In fact, it can be used as a valuable tool in the first stages of research building and
investigation since it is particularly economical and can deal with complex multi-layer structures.
Conversely, the SCAPS-1D model might be time-consuming and typically necessitates material
parameters with complete accuracy, which can be hard to achieve for new or less-researched materials.
In addition, it has limits in simulating some material features, particularly those related to three-
dimensional effects like light trapping and spatial inhomogeneities. The model also requires an ample
background in semiconductor physics, which can be an obstacle for new individuals or
interdisciplinary scientists [44].

The program is based on solving Poisson’s and continuity equations for the free electrons and holes
in the conduction and valence bands, respectively. Figure 1 shows the schematic diagram of the designed
and suggested solar cell, which consists of the front contact electrode (SnO2:F)/ETL (TiOz)/absorber
layer (MAPDI3)/HTL (GO)/back contact electrode (Au).

The suggested device configurations are designed by employing diverse materials with distinct
layer thicknesses. Tables 1, 2, and 3 show the input parameters used in SCAPS simulations for each
layer, which are selected carefully based on the valuable findings in previous literature to evaluate
solar cell performance [45—47]. In the proposed solar cells, TiO2 and GO serve as electron and hole
transport layers, respectively, while MAPbI3 acts as the absorbing material between the ETL and
the HTL.
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Figure 1. Schematic of the GO/MAPbIs/nc-TiOz2 solar cells.

Table 1. Simulation parameters of each layer of the proposed solar cell.

Material characteristics TiO, MAPDI; GO
Thickness of each material (um) 0.10 0.40 0.20
Bandgap of the material (eV) 3.25 1.55 3.25
Material electron affinity (eV) 4.20 3.95 1.90
Dielectric permittivity of the material (relative) 10.00 6.50 3.00
Conduction band effective density of states (1/cm?) 2.00 x 10'3 3.97 x 1013 2.20 x 10?!
Valence band effective density of states (1/cm?) 1.80 x 10" 3.97 x 108 1.80 x 10%!
Electron mobility (cm?/Vs) 20.00 2.00 1.00 x 102
Hole mobility (cm3/Vs) 10.00 2.00 3.00 x 10?
Shallow uniform donor density ND (1/cm?) 1.00 x 10'° 10.00 x 103 0.00
Shallow uniform acceptor density NA (1/cm?) 0.00 0.00 1.00 x 10'°
Defect density Nt (cm™) 1.00 x 10 10.00 x 104 10.00 x 104

With the help of SCAPS-1D software, we aim to understand the influence of various factors that
affect the performance of the designed solar cell device, including the presence of MAPbI3, the
thickness of the MAPbI3 layer, the work function of the back contact, and temperature. Optimizing
these factors leads to significant improvement in the overall outputs of the PSC, which can be assisted
by the outcome PV parameters such as high open-circuit voltage (Voc), short-circuit current

density (Jsc), FF, and PCE.

AIMS Energy

Volume 13, Issue 3, 732-755.
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Table 2. Simulation parameters of the back and front contacts of the proposed device.

Back contact (Au electrode) Front contact (SnO:F
Parameter
electrode)
Surface recombination velocity of electrons (cm/s)  1.00 x 10° 1.00 x 10°
Metal-work function (eV) 5.10 4.40
Table 3. Interface defect input parameters.
Interface Go/MAPbI; MAPbBIL/TiO;
Defect type Neutral Neutral
Energetic distribution Single Single
Capture cross-section for electrons (cm2) 10" 10"
Capture cross-section for holes (cm2) 1 x107" 101
Reference for defect energy level Above the VB maximum Above the VB maximum
Energy concerning reference (eV) 0.6 0.6
Total density (cm™) 1 x10'° 1 x 100
3. Results

3.1. Pre-optimization performance of TiO2/MAPbI3/GO solar cells

It is well known that the performance of solar cells is dependent on a wide variety of factors, all
of which come together to the effective and efficient functioning of a device [48]. It is imperative that
an attempt is made to understand these factors in depth to achieve the best fit for the design of a solar
cell. One critical step in this process is the review of solar cells under some controlled initial conditions
so that a reference point can be used for their further performance assessment and optimization. Hence,
in this study, we established some initial conditions for reviewing the baseline performance of the
device to ensure comparison consistency under different scenarios. We initially used a back-contact
Au electrode with an adjusted operating temperature of the solar cells at 300 K and MAPbI3 bandgap
and thicknesses of 1.6 eV and 0.2 um, respectively.

Figure 2 shows the current density-voltage (J—V) curve simulated for TiO2/MAPbI3/GO solar
cells under such initial conditions of illumination. The J—V curve is of high importance since it gives
us knowledge about the electrical performance of the device and points toward certain possible ways
for improving it in future optimization.

The short-circuit current (Isc), open-circuit voltage (Yoc), and maximum output power (Pmax) are
critical parameters for evaluating the performance of solar cells. PCE is determined by the ratio of the
maximum output power to the power of the incident light (Pin) (see Eq 1). Similarly, the fill
factor (FF) is an important indicator of the quality of the solar cell’s electrical characteristics (see
Eq 2). Based on the findings presented in Figure 2, the TiO2/MAPbIs/GO solar cell exhibited a Voc
of 1V, Jsc of 14.7 mA/cm?, and a maximum output power (Pmax) of 11.63 watts. Utilizing Eqs 1
and 2, the calculated maximum PCE% was 11.6%, with a fill factor of 78.5%. These results were
achieved under the initial conditions and will serve as a reference point for designing solar cells with
enhanced efficiency.

AIMS Energy Volume 13, Issue 3, 732-755.
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Figure 2. Current density-voltage (J-F) plot for the SnO2:F/Ti0O2/MAPbI3/GO/Au under
initial structure conditions.
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Table 4 summarizes the key parameters of the solar cells, presenting the pre-optimized results for
the TiO2/MAPbIs/GO solar cells. These baseline values provide a foundation for further optimization
and performance enhancement efforts.

Table 4. Main parameters of TiO2/MAPbI3/GO solar cells.

Parameter Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
Pre-optimized results 14.7 1 78.5 11.6

Figure 3 presents the preliminary simulation results of the external quantum efficiency (EQE) for
the TiO2/MAPbI:/GO-based photovoltaic cells. The EQE is the percentage of photogenerated electron-
hole pairs in the absorber layer of the PV device with respect to the incident photons that produced
them, collected as electrical current.

AIMS Energy Volume 13, Issue 3, 732-755.
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Figure 3. Quantum efficiency for the SnO2:F/Ti02/MAPbI3/GO/Au under initial structure conditions.

Mathematically, the EQE can be written as the ratio of the number of collected charge carriers to
the number of incident photons, where Ephoton describes the energy of incident photons at a given
wavelength A, and P()) is the incident light power at that particular wavelength, as shown in Eq 3.

__ Ephoton Ise
EQE = e X 5 (3)

Indeed, in Figure 3, we observe a slight drop in EQE at the wavelength range of 300-350 nm.
As it increases in wavelengths from 350 to 750 nm, EQE gently reduces from 85% to 5%.
Beyond 750 nm, EQE remains unscathed and stays almost constant at around 5% up to 900 nm.
Therefore, this wavelength dependence of EQE shows the light absorption properties of the MAPbIs
layer. The main drop in EQE for lower wavelengths of approximately 300—350 nm has to be ascribed
to a reduced absorption or carrier collection in that window. The larger drop from 350 to 750 nm is
due to the intrinsic reduction of the MAPbI; light absorption efficiency with increasing wavelength,
common to materials of well-defined absorption. The flatness of the EQE at long wavelengths means
that absorbed photons >750 nm hardly contribute to electron-hole pair generation, presumably because
MAPDI; has a much lower absorption coefficient in this region. In fact, these results are important
because they present an insight into how the material properties of MAPbIs affect the overall solar cell
performance and guide further optimization efforts that are directed centrally toward improving the
efficiency across the entire spectrum.

3.2. Effect of MAPbI; thickness on performance of TiO2/MAPbI3/GO solar cells
The thickness of layers in solar cells is of high relevance to the mechanisms of separation and
recombination of photogenerated charge carriers: for efficient charge carrier separation and collection,

the diffusion lengths of electrons and holes in materials should be larger than the thickness of the
components of a solar cell [49,50].

AIMS Energy Volume 13, Issue 3, 732-755.
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Figure 4 illustrates the effect of the MAPDbIs layer thickness on the performance of
Ti102/MAPDI3/GO solar cells.
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Figure 4. Effect of variation of increasing absorber layer thickness on efficiency and FF
(a) and Jsc and Voc (b) of TiO2/MAPbI3/GO solar cells.
As shown in Figure 4, increasing the MAPDI3 thickness leads to a gradual improvement in the
Jsc, PCE, and FF of the solar cells up to a thickness of 700 nm. This improvement indicates enhanced
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electron-hole pair generation within the MAPbI3 layer. However, when the MAPDbIs thickness
exceeds 700 nm, the increases in these performance metrics slow down or become saturated. This
saturation occurs because, at greater thickness, the rate of electron-hole recombination begins to
surpass the generation rate within the thicker absorption layer. Figure 4b illustrates the initial increase
in the Voc, which suggests a reduction in charge carrier recombination. However, as the thickness of
the absorber layer increases further, a decrease in Voc is observed. This behavior can be attributed to
the dependence of Voc on both the Jsc and the dark saturation current (Jo). The relationship between
Voc, Jsc, and Jo is described by the Shockley-Queisser equation (Eq 4) [51].

Voo = BT |in( 1 422 — oc | 4)
where Voc is the open circuit voltage, n is the ideality factor, q is the elementary charge, Kz is the
Boltzmann constant, Jo is the reverse current, Ry is the shunt resistance, T is the temperature (absolute),
and q is the electric charge. As the thickness of the MAPbI3 absorber layer increases, the dark saturation
current (Jo) also increases. This leads to a higher probability of charge carrier recombination, ultimately
resulting in a decrease in Voc [52].

3.3. Effect of MAPbI3 band gap on the performance of perovskite solar cells

The bandgap of the perovskite layer is essential for the overall performance of perovskite solar
cells (PSCs). Numerous studies have demonstrated that the efficiency of these cells is greatly
influenced by the band gap, which governs critical processes such as light absorption and charge carrier
generation. A smaller band gap might allow for broader light absorption. However, it often results in
limited absorption of incoming light. This, coupled with an increased likelihood of charge carrier
recombination, significantly reduces the efficiency of solar cells [53].

In our case, the effect of varying the band gap of the MAPDbI3 layer from 1.48 to 1.6 eV is studied
using SCAPS-1D simulation software, as shown in Figure 5. The results reveal a complex relationship
between the band gap and other solar cell parameters. At a band gap of 1.48 eV, the maximum short-
circuit current density (Jsc) reaches 18.7 mA/cm?. However, as the band gap increases, Jsc gradually
decreases (Figure 5a). This decline can be attributed to the reduced generation of electron-hole pairs
as the band gap widens, limiting the photocurrent.

AIMS Energy Volume 13, Issue 3, 732-755.
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Figure 5. Effect of variation of increasing MAPbI3 bandgap on (a) Jsc and Voc and (b)
efficiency and FF of TiO2/MAPDI3/GO solar cells.

Conversely, the Voc shows the opposite trend. It peaks at 1 V with a 1.6 eV band gap and
decreases to 0.9 V at a 1.1 eV band gap. A larger band gap suppresses electron-hole recombination,
leading to an increase in Voc. However, this increase in Voc comes at the cost of a reduced Jsc, as
fewer charge carriers are generated at higher band gaps.
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The balance between the two parameters Jsc and Voc strongly dictates the overall efficiency and
fill factor of the solar cells. While an increase in Voc usually improves the fill factor, the simultaneous
decrease in Jsc can negate these gains, leading to a net reduction in performance. The fill factor, which
reflects the quality of the solar cell, initially benefits from reduced recombination at higher band gaps,
but this improvement is offset by the declining Jsc, which can ultimately diminish overall efficiency.

As shown in Figure 5b, the maximum values of both efficiency and fill factor are produced at the
band gap of 1.5 eV, after which they begin to decline. The highest efficiency of 14.37% is observed at
a band gap of 1.5 eV, suggesting an optimal balance between Jsc and Voc. Notably, we observe a broad
peak in fill factor within a band gap interval from 1.48 to 1.54 eV, suggesting this interval offers the
optimal trade-off between charge carriers generated and recombination losses. Outside this interval,
decreases in efficiency and fill factor show decreasing returns by further raising the band gap. Based
on our data, although increasing the band gap of the MAPDIs layer can improve Voc and suppress
recombination loss, it also decreases Jsc and can have a negative influence on overall efficiency and
fill factor. The band gap optimization plays a key role in realizing optimized performance in perovskite
solar cells, with peak efficiency at 1.5 eV being a key reference point for future designs and
optimization in PSCs.

3.4. Influence of defect and doping densities in MAPbI3 on perovskite solar cell performance

Figure 6 shows the influence of changing defect density (10" to 10'” cm™) and doping density (107
to 10?! cm™) of the MAPbI3 absorber layer PCE of a SnO2:F/TiO2/MAPbI3/GO/Au perovskite solar
cell. The data presented show that PCE remains relatively stable at around 11.7% at defective density
levels up to 10" cm™. Beyond this threshold (Figure 6a), efficiency declines markedly, falling
from 11.74% at 1 x 10" cm™ t0 0.40% at 1 x 10'” cm™. This steep decline is explained by the enhanced
defect-mediated recombination, speeding up the loss of photogenerated charge carriers, thus
decreasing the electrical output of the cell. Likewise, doping concentration (Figure 6b) also shows
minimal influence on PCE up to a concentration of 10*° cm™ with a value close to 11.5% [54].
Similarly, doping density (Figure 6b) has a limited impact on PCE up to 10?° cm?, maintaining values
near 11.5%. However, at 1 x 10?' cm™, PCE decreases to 9.89% from 11.66% at 1 x 10'7 cm™.
Excessive doping likely disrupts the internal electric field within the MAPDI;3 layer, impeding charge
carrier transport and diminishing efficiency [55]. These trends underscore optimizing defect and
doping levels to balance charge recombination and transport properties for high-performance
perovskite solar cells [56].

AIMS Energy Volume 13, Issue 3, 732-755.



745

1E17 1E18 1E19 1E20 1E21
Doping Density / cm™
(a)

{(a)
12-

10 ~

PCE /%
o

1E13 1E14 1E15 1E16 1E17 1E18 1E19
Defect Density / cm™
(b)
Figure 6. The effect of concentration of (a) defect density and (b) doping density in the MAPDI3 layer.
3.5. Effect of temperature on the performance of devices
Improving the thermal stability of perovskite solar cells (PSCs) and mitigating the negative
impact of temperature on their performance has required extensive efforts in developing new materials

and device architectures. According to the literature, Voc in PSCs is the most sensitive and readily
varies with temperature change, thereby directly influencing the overall efficiency of the cells. Every
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temperature dependence is majorly brought about by changes in the band gap, electron and hole
mobilities, and concentrations of charge carriers in various parts of the solar cell [10,57]. Temperature-
induced atomic vibrations in the semiconductor increase interatomic distances, which are quantified
by the material’s linear temperature coefficient.

Table 5 shows the effect of temperature on the performance of TiO2/MAPbI3/GO solar cells when
the thickness of MAPbIz was 1.2 um. As shown in Table 5, a significant reduction in Voc is observed
with increasing temperature, while the short-circuit current (Jsc) remains relatively stable, with a slight
increase at higher temperatures. These trends can be explained by Eq 3, which highlights the inverse
relationship between the reverse saturation current density (Jo) and the open-circuit voltage. With an
increase in temperature, there are more generations of electron-hole pairs, leading to a rise in J, along
with a reduction in Voc. Furthermore, recombining hole-electron pairs within solar cells plays a crucial
role in decreasing Voc as a function of high temperature. Larger interatomic spacing of the material,
for example, in MAPbI3, reduces the band gap and can be considered as one of the factors that provide
ground for the observed decrease of PCE with the rise in temperature. This can be described by
Varshni’s Eq (5):

Egiry = Egoy — (@T?)/(B + T) (5)

where B and a are the material constants, T is the temperature, and Ego) is the bandgap at 0.0 K.
Temperature elevation in TiO2/MAPbI3/GO solar cells increases vibrations between atoms, lattice
dilation, and stronger electron—phonon coupling between their constituents. This lowers the bandgap
and raises intrinsic carrier concentrations, leading to higher recombination rates and a corresponding
reduction in Voc. Concurrently, an increase in Jsc from 22.40 to 22.74 mA/cm? is observed. This is
due to red shifting of the absorption edge resulting from bandgap narrowing, which facilitates the
ability of the cell to capture lower-energy photons, and a small contribution from carriers formed due
to thermal energy [58].

In contrast, the fill factor (FF) exhibits a more complex relationship with temperature. With an
increase in temperature from 300 to 340 K, FF increases due to increased mobility of charge carriers,
which, in turn, allows greater current to pass through the device; beyond 340 K, it falls due to increased
recombination of the charge carriers before they reach the electrodes. This balance between mobility
and recombination determines the unique performance of PSCs at different temperatures. These
findings are in good agreement with previously reported works [10,57], which have illustrated the
crucial role of temperature in dictating both electronic properties and efficiencies of perovskite
materials. The decrease of Voc and FF at elevated temperatures, along with the rather stable Jsc, would
recommend considering thermal management methodologies to stabilize PSCs’ efficiency under
practical operating conditions.
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Table 5. Parameters of TiO2/MAPbI3/GO solar cells as a function of temperature.

Temp. (K) PCE% FF% Jsc (mA/cm?) Voc (Volt)
300 18.10 81.10 22.40 1.10
320 17.70 81.60 22.50 0.96
340 17.10 81.80 22.60 0.90
360 16.20 81.60 22.70 0.87
380 15.22 81.01 22.73 0.82
400 14.10 79.90 22.74 0.77

3.6. Effect of back-contact work function

The characteristics of the interracial layers between the electron transport layer (ETL), hole
transport layer (HTL), and metal contacts (both back and front contacts) influence the stability of
perovskite solar cells and the recombination probability of electrons and holes. To overcome these
problems, selecting appropriate materials with well-aligned energy levels is vital to minimizing the
defects formed at these interfaces. Figure 7 shows the efficiency of our simulated solar cell using six
different metal materials selected as the bottom electrodes for the simulation test of different back
contacts. These metals are aluminum (4.2 eV), tungsten (4.3 eV), copper (4.6 eV), silver (4.7 eV),
iron (4.8 eV), and gold (5.1 eV). We chose these metals because they’re commonly used in PSC
designs, and their work functions align well with the energy levels needed for effective charge
extraction in our device setup, particularly with the GO (HTL) [17,59].
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Figure 7. Effect of metal work function on device performance.

As shown in Figure 7, the PCE of TiO2/MAPbI3/GO solar cells climbs noticeably from 7.9%
to 11.6% as the back-contact work function increases from 4.2 eV (aluminum) to around 4.6 eV (copper).
Beyond 4.6 eV, the efficiency levels off, showing little change up to 5.1 eV (gold). This suggests that
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a work function of about 4.6 eV or higher is ideal for minimizing energy barriers at the GO/electrode
interface, which helps holes move more efficiently and reduces recombination losses [60]. The plateau
in PCE at higher work functions indicates that once the metal’s Fermi level aligns well with the HOMO
of the GO layer, further increases do not add much to performance [57].

3.7. Effect of the thickness of TiO2 and GO layers

In general, thicker or thinner layers in solar cells usually affect the performance of the charge
transport efficiency, optical absorption, and the quality of interfaces created at different junctions
between the HTL and ETL or with electrodes. Figure 8 shows the impact of changing the HTL and
ETL thickness on the performance of the designed solar cells. The TiO2 (ETL) and GO (HTL)
thicknesses have been altered from 0.05 to 1 um to explore the performance of PSCs. The data reveal
that the PCE remains relatively stable across the tested thickness range, with only a slight reduction
observed. This indicates that the electrical performance of the PSC is not thickness-dependent in the
range of interest [45] for the ETL and HTL thickness when the MAPDI3 absorber layer is optimized.
The minimal variation in PCE implies that factors such as charge carrier mobility and interfacial
recombination are not significantly compromised by thicker or thinner layers in this context. This
behavior could be attributed to the optimal intrinsic properties of TiO2 and GO, which maintain
efficient charge extraction and transport even at varying thicknesses. This result is consistent with
previous reports from other research groups, indicating that the absorber layer’s properties primarily
dictate PSC performance when transport layers are sufficiently thin, which ensures efficient charge
extraction [16,52].

To ensure consistency and reproducibility in the device fabrication process, a thickness of 200 nm
was selected as the standard for both the HTL and ETL during subsequent optimizations. This choice
strikes a balance between practical manufacturability and performance stability, while also aligning
with findings from prior studies that identify this range as optimal for minimizing resistive losses and
maximizing interfacial contact quality [45].
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Figure 8. Effect of thickness of charge transport layers on the device performance.
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3.8. Optimized TiO2/MAPDI3/GO solar cells

The optimization of the SnO2:F/Ti02/MAPbI3/GO/Au structure was achieved through fine-tuning
the MAPbI3 (methylammonium lead iodide) layer, leading to a significant improvement in the solar
cell's performance. The initial structure of the MAPbIs layer featured a thickness of 0.2 um and an
energy gap of 1.6 eV. However, in the optimized design, the thickness was increased to 1.2 um, while
the band gap was slightly reduced to 1.5 eV. These adjustments had a profound impact on the overall
efficiency and quantum efficiency of the device, as shown in the J—F and quantum efficiency
characterizations in Figure 9a and b, respectively.

The PCE of the optimized device increased by over 10%, reaching 20.8% compared to the initial
structure’s 13.79%. Moreover, the optimized device demonstrated a roughly 30% increase in quantum
efficiency (Figure 9a), which remained stable across different conditions when compared to non-

optimized solar cells. This consistency in quantum efficiency highlights the robustness of the
optimization strategy.
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Figure 9. Optimized (a) current voltage (J—V') characteristics and (b) quantum efficiency
curve of SnO2:F/Ti02/ MAPbI3/GO solar cells.
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The principal driving factor behind this efficiency boost is the independently increased thickness
and narrowed bandgap of the MAPDI3 layer. The optimized SnO2:F/Ti02/MAPbI3/GO/Au solar cell
reached a peak PCE value of 21% at a thickness of 1.2 um and a band gap of 1.5 eV. This can be
explained by enhanced sunlight absorption, since a thicker MAPbI3 layer can catch more photons,
resulting in increased electron-hole pair generation. The optimized thickness and band gap also
optimize charge separation at interfaces between materials, minimizing losses due to recombination
and charge transport.

The improved electron-hole pair generation and efficient charge separation at interfaces are
thought to be responsible for contributing to the enhanced increases in PCE. The band gap in MAPbI;
decreases from 1.6 to 1.5 eV, enabling more efficient absorption of lower energy photons, while the
increased thickness ensures more sunlight is absorbed by the active layer. The combined effects serve
to optimize solar cells' current generation and overall efficiency. It should be noted that our EQE data
reported here appear comparable to those reported in prior published theoretical and experimental
studies, further validating the veracity of our simulation data [61,62]. This structural optimization,
especially within the MAPbI3 layer, thus signifies a landmark progress in enhancing perovskite solar
cell efficiency and stability.

4. Conclusions

This study demonstrates the significant potential of TiO2/MAPbI3/GO PSCs through systematic
optimization using SCAPS-1D simulations. By fine-tuning the MAPDbI3 interlayer thickness (1.2 um)
and bandgap (1.5 eV), the device achieved a remarkable PCE of 20.8% and an FF of 80.5%,
representing a substantial improvement over the initial configuration (11.6% PCE). These
enhancements stem from optimized charge carrier generation and reduced recombination at the
interfaces, underscoring the critical role of absorbing layer engineering in PSC performance. Beyond
efficiency, this work highlights the economic and environmental advantages of the proposed design.
The use of low-cost, abundant materials (TiO2 and GO) and minimized MAPbI3 consumption aligns
with scalable manufacturing, while the reduced reliance on rare or toxic components supports
sustainable photovoltaic development. However, addressing long-term stability remains essential for
commercial viability, suggesting future research into encapsulation techniques or lead-free alternatives
such as CsSnl3 or double perovskites to reduce toxicity and environmental concerns. Collectively,
these findings position TiO2/MAPbI3/GO PSCs as a promising pathway toward high-performance,
cost-effective, and environmentally conscious solar energy solutions, bridging the gap between
laboratory innovation and real-world application.
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