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Abstract: In this work, we demonstrate an advanced light management strategy for bifacial
perovskite solar cells by incorporating a silica-based anti-dust and anti-reflection (AR) coating. The
silica layer provides dual functionality: enhancing optical efficiency through effective reflection
suppression and protecting the solar cell surface from environmental contaminants, especially dust.
The hydrophobic nature of the silica coating further prevents dust and particulate accumulation,
supporting a self-cleaning mechanism that maintains cell transparency and performance over
extended periods. The simulation results indicate that transitioning from a monofacial to a bifacial
design with a silica layer on top has a considerable impact on PSC performance. The optimized
bifacial structure demonstrates high-performance metrics, achieving a voltage of 1.35 V, a fill factor
of 84.24 %, a current density (Jsc) of 29.10 mA/cm?, and a power conversion efficiency of 31.00 % when
illuminated from the electron transport layer side. When illuminated from the hole transport layer
side, the structure attains a PCE of 22.00 %, with a calculated bifaciality factor (BF) of 72.12 %,
highlighting the potential through bifacial PSC design. Our findings reveal that the addition of the
silica layer leads to a notable improvement in light harvesting efficiency.

Keywords: Bifacial solar cell; perovskite solar cells; SCAPS-1D; silica layer; anti-dust and anti-
reflection coatings

1. Introduction

In recent years, perovskite solar cells (PSCs) have attracted a lot of interest in solar cell research
because of their quick development and potential for efficiency and cost-effectiveness. The first PSC
in 2009 had a moderate efficiency of 3.8% [1,2]. But in just ten years, PSC efficiency for Methyl
Ammonium Lead Halide (CHsNHsPbls) perovskite-based cells [3] reached to 23.7%. Perovskite
materials' better absorption coefficient, less binding energy, carrier mobility and diffusion length [4]
make them suitable for photovoltaic applications. However, it's crucial to understand that certain
lead-containing perovskite compounds, like MAPDbIs;, raise concerns regarding stability and
environmental impact, which may limit their widespread application in solar cell technology. One
solution to this problem is the creation of a bifacial structure, which makes use of superior
optoelectronic properties such as higher carrier transport, improved absorption efficiency, and a
lower exciton binding energy [5]. Featuring a 1.3 eV direct bandgap, this bifacial design excels in
absorption and belongs to a periodic table group with similar properties to its lead-based counterpart.
A transparent glass substrate, contact electrodes, perovskite layer, hole transport layer and electron
transport layer make up the standard PSC structure, which is depicted in Figure 1. The bifacial

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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structure of perovskite solar cells, when combined with a silica (5iO,) layer on the front surface,
enhances both the efficiency and durability of the cell. In a bifacial perovskite solar cell, light can
enter from both the front and back sides, allowing for additional light capture and energy generation
by utilizing light reflected from surrounding surfaces. The integration of a SiO; layer on the front
surface serves as an anti-reflective coating, reducing incident light reflection and increasing light
transmission into the active layers. This silica layer also acts as a protective barrier, improving the
cell's stability by shielding the perovskite layer from environmental factors like moisture, UV
exposure, and airborne particles. By reducing surface reflections, the SiO, layer ensures that a greater
proportion of incoming light is absorbed by the perovskite layer, boosting the overall power
conversion efficiency (PCE) and the short-circuit current density (Jsc) of the cell. By enhancing front-
side light capture, the bifacial design maximizes performance under diffused and reflected light
conditions, making it particularly advantageous in varied environmental conditions. Together, the
bifacial architecture and the SiO, anti-reflective layer contribute to a highly efficient and stable
perovskite solar cell, suitable for both rooftop installations and integrated photovoltaic applications
where maximum light utilization is essential.

The electron transport layer(ETL) works as a hole-blocking layer [6], which helps prevent charge
recombination. Titanium dioxide (TiO.) is id favorable due to its transport mobility, stability,
bandgap alignment, and adaptability to various deposition methods [7]. The hole transport
layer(HTL), on the other hand, functions as an electron-blocking layer that prevents electron flow
while encouraging hole transport [8]. Perovskite solar cells are becoming more and more necessary
for vehicles as well as building integrated photovoltaics. Conventional or tandem structures are
becoming less common because of this demand. Adopting a bifacial design is becoming a more
practical solution instead.

The critical factors impacting the PSCs performance are their ability to effectively manage
incident light, allowing for maximum photon absorption while minimizing losses from reflection.
Anti-reflective coatings (ARCs) have been extensively studied and used to reduce the reflectance at
the surface of solar cells. Traditionally, magnesium fluoride (MgF2z) has been employed as an ARC
material in PSCs because of its low refractive index (~1.38) and wide spectral coverage, effectively
reducing reflection losses across a broad range of wavelengths [9]. MgF: coatings, typically
implemented in simulations using SCAPS-1D, have demonstrated notable improvements in light
management and device optimization, with recent studies showing PCEs of up to 21.62% for MgF-
coated perovskite structures [10]. Despite these successes, the optical properties of MgF: are not
ideally matched for all PSC materials, which has led to continued research into alternative ARCs that
could provide superior light management.

Silicon dioxide (SiOz2) has a refractive index of approximately 1.5, has recently emerged as a
promising ARC candidate for PSC applications. Unlike MgF, SiO: offers better compatibility with
certain perovskite layers and provides the potential for enhanced constructive and destructive
interference, allowing for further optimization of light absorption [11]. SiO: coatings can be
engineered to achieve the ideal balance between reflection minimization and transmission
optimization, particularly for specific wavelengths that are crucial for PSC operation. Additionally,
the robustness and environmental stability of SiO: provide significant advantages in maintaining
device performance over time, especially under variable climatic conditions [12,13].

Previous studies have demonstrated that ARCs can significantly affect the efficiency of PSCs by
reducing surface reflection and improving photon utilization [14]. However, most prior research,
particularly those relying on SCAPS-1D simulations, assumed either zero reflectance or employed
default settings that failed to accurately account for the wavelength-dependent nature of light
interaction with the ARC layer [10]. Such oversimplifications often lead to discrepancies between
simulated and experimental results, thereby limiting the accuracy of predictive models for PSC
performance. This study aims to bridge that gap by implementing a wavelength-dependent
reflectance model for SiO2 as an ARC in PSCs as shown in Figurel, specifically focusing on perovskite
structures that have demonstrated compatibility with SiO: coatings. The need to progress
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performance and stability in PSCs for applications like Building Integrated Photovoltaics (BIPV) and
Vehicle Integrated Photovoltaics (VIPV) underscores that tandem or conventional structures need to
be switched to the bifacial structure. By addressing stability and environmental issues and offering
substitutes for conventional materials, the study investigates new materials such as copper oxide
(Cu20) as possible HTMs. We can learn more about the viability of this type of solar panel by
combining them all to observe the perovskite solar panel's performance. By enabling the absorption
of more photons, thick absorber layers improve light absorption. Nevertheless, carrier diffusion
length increases leading to higher recombination rates and transit times due to charge extraction
pathways not being optimized. Both efficiency of light absorption and charge extraction are
impacted by the bifacial structure's design, which includes the configuration of layers and interfaces.

£
)
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TiO2
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E Perovskite
Cu20
ITO

Light

Figure 1. SiO2/ITO/TiOz/perovskite/Cu20/ITO device structure.

Prioritizing one component over another in design decisions can disturb the other, highlighting
the need for careful optimization methods. By absorbing more sunlight, increasing light absorption
usually results in a higher energy yield. Increasing charge extraction efficiency through modification
by adding more contacts or layers, thereby compromising bifacial structure's visual transparency,
particularly in building-integrated photovoltaics (BIPV). To guarantee commercial viability, trade-
offs between pragmatic considerations and performance enhancements must be carefully assessed.
Electrons can move around the device efficiently because metal oxides often have high electron
mobility [3]. This improves overall device performance, reduces recombination losses, and expedites
charge carrier extraction. Metal oxides' energy levels can be altered by dopants or compositional
shifts to bring them into line with those of neighboring solar cell layers. This alignment lowers energy
loss at interfaces and improves charge carrier extraction. Additionally, under normal operating
conditions, metal oxides are typically chemically stable and do not degrade when exposed to light,
oxygen, or moisture. This stability adds to the solar cell's long-term dependability and robustness.

Fluorine-doped tin oxide (FTO) and indium tin oxide (ITO) which are transparent conductive
oxide have high optical transparency and electrical conductivity, Because of this combination, they
can function as transparent conductive electrodes that effectively collect charge carriers while
allowing light to pass through the active layer. Due to their affordability and abundance, metal oxides
are desirable raw materials for solar cell manufacturing on a large scale. Their accessibility lowers
total cost in producing solar panels, increasing the technology's economic feasibility. Metal oxides
can perform a variety of tasks in a solar cell, including hole blocking, electron transport, and in some
kinds of photovoltaic devices, active layer participation. Because of its adaptability, unique device
architectures that meet particular performance requirements can be created. To get around these
issues, this work explores the use of TiO2 as electron transport layer and Cu2O as hole transport layer
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in bifacial PSC. Numerous simulations are carried out with SCAPS, examining different parameters
in each PSC layer and direct process of fabrication. For each layer to perform at its best (HTL, Abs,
and ETL), critical parameters such as fill factor (FF), power conversion efficiency (PCE), open-circuit
voltage (Voc), and short-circuit current (Jsc) are analyzed. The study examines operating temperature,
doping concentration, thickness, type, and defect density to identify the optimal configuration under
SiO2 coating. Furthermore, PSC performance is examined under various incoming light
concentrations through numerical analyses conducted with the SCAPS simulator in AM1.5G light
conditions. The transmission option in SCAPS is used in these simulations to adjust the incoming
light's intensity. By altering the transmission coefficient, this option enables the simulation of various
light conditions.

2. Materials and Methods

SCAPS (Solar Cell Capacitance Simulator) is widely used for simulating the structural and
material parameters impact in the perovskite solar cells (PSCs) performance. One key parameter
studied through SCAPS is the effect of increasing the perovskite layer's thickness on overall device
efficiency. As the thickness of the perovskite absorber layer increases, there is generally an initial
improvement in the cell’s light absorption, which enhances the short-circuit current density (Jsc) due
to the capture of more incident photons. This improvement, however, plateaus and may eventually
reverse at higher thicknesses, where issues such as increased bulk recombination, longer carrier
diffusion distances, and reduced charge extraction efficiency begin to offset the gains in light
absorption. Excessive thickness can also lead to a drop in the open-circuit voltage (Voc), as charge
carriers may recombine before reaching the respective electrodes. SCAPS simulations often reveal an
optimal thickness range where the balance between light absorption and charge transport is
maximized, resulting in peak power conversion efficiency (PCE). Through this approach, SCAPS
allows for systematic exploration and optimization of PSC thickness to improve cell efficiency while
avoiding material waste and ensuring practical manufacturability.

SCAPS-1D was developed in ELIS at University of Gent, was used in this work [15]. The software
uses the continuity as well as Poisson equations (1).

d
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(e ) =4l —n@ + N~ NF @ + P —m @] (1
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dt _Gp Tp +pn’updx+
dp d?p
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dn d?n
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where the G stands for generation rate, tn and tp for the electron and hole lifetimes, respectively.
The diffusion coefficient and electron charge are D and q, respectively. The electrostatic potential is
represented by W, and the electron and hole mobilities are represented by up and un. Furthermore,
concentrations of holes and free electrons where denoted by p(x) and m(x), whereas trapped holes
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and electrons are pt(x) and nt(x). The ionized acceptors and donors’ concentration is represented by
N-D(x) and N+A(x), the electric field by &, and the direction along the thickness by x [16].

For this investigation, a conventional and optimized two-stage PSC model device structure with
backlighting has been developed. The conventional device structure utilized in this work,
ITO/Cu20/Perovskite/TiO2/ITO/SiOz, is the initial stage to optimize PSC device structure. The
optimization process primarily focused on the TiO2 layer while also examining other empirical
properties such as operating temperature, layer thickness, and defects. Concurrent optimization of
the perovskite layer, back contact layers, and hole transport layer involved examining different
thicknesses.

Then, with dark currents present, the optimized structural design was investigated. The study
also examined the doping and density of defects in the absorber layer affecting the PSC efficiency.
1.5G AM air mass illumination per square meter was used to run this simulation. In this study, each
layer was optimized using PCE analysis of the PSC. The ETL optimization was the first step in the
optimization process, which involved simulations with various thicknesses, defect densities and
operating temperatures. After that, the absorber layer thickness was tuned, ranging from 100 to 1k
nm. An optimized device structure was used to conduct and analyze dark current analysis, as shown
in Figure 3. The impact of doping concentration and defect density on the recombination rate and
performance of the absorber layer was also examined. Defect density and doping concentration in
the absorber layer were altered from 10™ to 10'® cm-3, respectively. Enhancing solar cell’s reliability
and efficiency requires an understanding of and ability to control defect density. Elevated defect
densities may result in more charge carrier recombination, which would lower the device's overall
efficiency.

Defects can also create trap states in the semiconductor's bandgap, which can impede the
transport and collection of charge carriers and impair device performance even more. Researchers
can evaluate the effects of various defect configurations on device performance by adjusting
simulation parameters associated with defect density, such as defect energy levels or trap state
concentrations. Fill factor, open-circuit voltage, and short-circuit current are the components of these
variables. Researchers can also create passivation and defect mitigation strategies by examining the
connection between device performance and defect density. Methods like material purification,
surface passivation, and defect engineering can be beneficial leading to decrease in defect densities
and raise solar cell efficiency and dependability. In conclusion, defect density is essential to
comprehending and maximizing photovoltaic device performance. Researchers can learn more about
how defects affect device behavior and create plans to lessen their effects by integrating defect density
data into analyses and simulations, which will ultimately increase the reliability and efficiency of
solar cells.

3. Results

3.1. Layer Thickness Optimization

Optimization of Layer thickness is covered in this section, with reference to hole transport layer
and electron transport layer. The electron transport layer and hole transport layer layers thickness in
the specific instance described are of 140 nm and 200 nm, in accordance with suggestions from
previous research [1]. The simulation's operating parameters are displayed in Table 1.

Table 1. Used values to run the simulation.

Parameters Layer used

TiO: SiO2 Cu0 Perovskite
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Bandgap(eV) 3.260 6.300 2.200 1.500

Electron Thermal 1.007E+7 1.007E+7 1.007E+7 1.007E+7
Velocity(cm/s)

Electron affinity(eV) 4.000 3.200 3.200 3.900

Dielectric permittivity 10.000 3.900 9.400 10.000
CB(1/cm?) 2.00E+18  2.02E+17 8.00E+17 2.00E+18
VB(1/cm?) 1.80E+18 1.20E+19 1.80E+19 1.80E+18
Electron Mobility(cm?/Vs) 2.000E+2  6.250E+1 2.000E+2 2.000E+2
Hole Thermal Velocity(cm/s)  1.000E+2 1.000E+2 1.000E+7 1.000E+2
Hole Mobility(cm?/Vs) 2.500E+1  0.800 E+1 1.000E+2 1.000E+1
CB(1/cm?) 2.00E+18  2.02E+17 8.00E+17 2.00E+18
VB(1/cm?3) 1.800E+18  1.10E+19 1.800E+19 1.800E+18

The latter thickness was chosen for several reasons after it was discovered that a thickness of 500

nm had short-circuit current (JSC) and higher power conversion efficiency (PCE) than a thickness of

1000 nm. The active layer which was larger is used to maximize charge production and improve the

device's light-absorbing capabilities, Performance gains diminish after this thickness because

important parameters like short-circuit current become saturated. The relationship between absorber

layer thickness and performance metrics is shown in Figures 2 and 3.
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Figure 2. Performance variation in perovskite solar cell for the incident solar spectrum from the ETL side in the

range of 100-20,000 nm of absorber layer thickness. The variables include (a) open circuit voltage (Voc), (b) short

circuit current (Jsc), (c) fill factor (FF), and (d) efficiency.
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Figure 3. Performance variation in perovskite solar cell for the incident solar spectrum from the HTL side in the

range of 100-20,000 nm of absorber layer thickness. The variables include (a) open circuit voltage (Voc), (b) short

circuit current (Jsc), (c) fill factor (FF), and (d) efficiency.

3.2. Effects of Operating Temperature on Bifacial Solar Cells

A comparative study on the bifacial perovskite solar cell with incident light from both the front
and back sides to assess how performance is impacted, are shown in Figures 4 and 5 was conducted.
The operational temperature range considered for this analysis spanned from 300 K to 400 K. As the
results indicate, a rise in operating temperature generally leads to a decline in cell efficiency. This is
attributed to the temperature-dependent changes in key parameters such as carrier concentration,
band gap, and electron and hole mobility, which tend to vary at elevated temperatures.
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Figure 4. Performance of the device for the incident solar spectrum from the ETL side at different operating
temperatures for the absorber layer thickness of 350 nm (a) Open circuit voltage (Voc), (b) short circuit current

(Jsc), (c) fill factor (FF), and (d) efficiency of perovskite solar cells.
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Figure 5. Performance of the device for the incident solar spectrum from the ETL side at different operating
temperatures for the absorber layer thickness of 350 nm (a) Open circuit voltage (Voc), (b) short circuit current
(Jsc), (c) fill factor (FF), and (d) efficiency of perovskite solar cells.

3.3. Effects of Doping Concentration on TiO2 Electron Transport Layer Layers

The bifacial solar cell performance was examined for various electron transport layer doping
concentrations as shown in Figure 6.
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factor (FF), and (d) Efficiency (1)) of perovskite solar cells.

4. Discussion

The above findings highlight the influence of layer thickness, operating temperature, and ETL
doping concentration on the perovskite solar cells performance.

4.1. Layer Thickness Optimization

The analysis revealed that an absorber layer thickness of 500 nm yielded higher short-circuit
current density (Jsc) and power conversion efficiency (PCE) compared to 1000 nm. Difficulties with
defect management and material uniformity may be cause of the modest decline in efficiency seen
beyond 1000 nm. Itis important to keep in mind that, even though these ideal thickness values were
demonstrated advantageous for conditions examined in this investigation, they may not be suitable
for other configurations, and more investigation is needed to find out. We examined the effects of
thickness in absorber layer, which ranges from 100 to 20,000 nm, on important factors influencing
solar cell efficiency using SCAPS. Figure. 2 displays the when the thickness of the absorber layer
increases, the short-circuit current increases as well, peaking at about 1000 nm and then plateauing
in all cell types. After the incident photons are completely absorbed, the highest generated current is
then generated, causing a slight drop (Figure. 2b). After eliminating defect-assisted carrier
recombination, band-to-band recombination rate reduces performance beyond 1000 nm.

Uem™s")=Bmp—n’) (4)

In this case the carrier densities under excitation are denoted by p and n., B is a constant unique
to perovskites, and ni is the intrinsic density. We used the GaAs constant B (6.2x 10-10 cm-3.s-1),
with 1.43 eV direct gap, because no measured value was available. The fill factor remains constant as
the thickness increases above 1000 nm, but the PCE and Voc clearly decline as shown in Figure. 2d.
These results imply that the thickness of the perovskite layer affects PSC performance. As the
perovskite thickness exceeds 300 nm, the Voc sharply drops due to increased recombination, which
leads to insufficient charge carrier separation at the interface between the absorber layer and the
electron transport layer. This insufficient separation of charge carriers, which can also be brought on
by higher series resistances, may cause Jsc to progressively drop. On the other hand, the TiO2 layer
functions as both a hole-blocking and electrically conductive layer, while avoiding hole attachment
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which makes it easier to collect electrons in the absorber layer. Since the TiO2 layer is electrically
conductive, its electrical conductivity is directly influenced by its thickness.

Increased photon absorption at the electron transport layer causes the electrical conductivity of
growing TiO: layer to drop, lowering PSC performance over time by raising the charge transfer
resistance. We have kept the electron transport layer and hole transport layer at fixed thickness values
due to considerations unique to the bifacial cell design. When B, the recombination constant is small,
the saturation of both Jsc and Voc is visible beyond a thickness of 1000 nm, and when B is larger, it
decreases, resulting in a subsequent saturation in PCE. Interestingly, the decline in Voc is more
pronounced than the short circuit current for thicker perovskite layers. Understanding Voc's reliance
on Jsc and the device's saturation current, JO, which is influenced by layer thickness, helps to
understand this occurrence.

V.= L2 Ln[Ii + 1} (5)
€ 0

The device's dependence on its JO saturation current is a main factor causing the open-circuit
voltage (Voc) variation. Figure. 3c makes it evident that the fill factor (FF) remains relatively constant
even when the absorber's thickness changes. Given that the incident light's fill factor from the
electron transport layer side is comparable to that of other devices, the bifacial-based device's high
Voc, and Jsc could be the main factor contributing to its superior efficiency. According to calculations,
changes in the solar cell layers' thickness have an impact on light transmission, which in turn affects
bifaciality [17] [18]. A crucial statistic for describing bifacial solar cells is the bifaciality factor, which
is the ratio of rear side's efficiency to the front side's efficiency. The module's minimal power output,
measured in kilowatt peak (kWp), is divided by the surface area, measured in square meters (m?), to
establish minimal efficiency.

4.2. Effects of Operating Temperature on Bifacial Solar Cells

The results in Figure 4 and 5 indicate the rise in operating temperature generally leads to a
decline in cell efficiency. This is attributed to the temperature-dependent changes in key parameters
such as carrier concentration, band gap, and electron and hole mobility, which tend to vary at
elevated temperatures. Temperature-induced degradation in perovskite solar cells (PSCs) is a critical
factor impacting device stability and performance, especially under prolonged exposure to sunlight.
Elevated temperatures can lead to phase instability in the perovskite layer, accelerating
decomposition and ion migration, which degrades cell efficiency over time. Incorporating a silica
(5i0y) anti-reflection coating (ARC) can help mitigate these effects. SiO,, being thermally stable and
possessing excellent optical properties, not only enhances light absorption by reducing reflection but
also provides a protective layer that moderates the temperature rise within the PSC structure. This
thermal buffering effect helps preserve the structural integrity of the perovskite layer by limiting
direct thermal stress. Additionally, SiO,’s hydrophobic nature provides a barrier against moisture
ingress, which, in combination with temperature, often accelerates degradation. Studies have shown
that PSCs with SiO, coatings maintain efficiency better than uncoated counterparts in high-
temperature environments, highlighting SiO;’s role as an effective ARC and stabilizer, contributing
to the overall longevity and reliability of perovskite-based solar cells.

4.3. Effects of Doping Concentration on TiO2 Electron Transport Layer Layers

The perovskite absorber layer of 1000nm thickness was consistently associated with highest
efficiency. While the fill factor remains constant, PCE and the open circuit voltage (Voc) both sharply
decline when illuminated from the hole transport layer side as seen in Figure 6. Changes in doping
concentration were crucial for controlling recombination and carrier transport, leading to notable
variations in EQE, especially in transport layers like TiO2. When compared to experiments,
simulations have certain limitations. Our simulations primarily offer insights into material
properties, design parameters, and device performance prediction or optimization. To find out how
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different factors affect device performance, parameter sensitivity analysis can be done. This involves
altering the geometry of the device, the material properties, the operating environment, or the
fabrication parameters to pinpoint the main elements affecting performance. Additionally,
simulations may reduce the necessity of iterative testing of the experiment which can help in
design optimization and cost.

5. Conclusions

Our findings demonstrate that the efficiency of perovskite-based solar cells can be further
boosted through a bifacial structure. If copper oxide's effectiveness as an HTM is confirmed by
experiments, It's possible that the bifacial structure cell will perform even better. Furthermore, the
device's longevity can be increased due to shielding perovskite from moisture. Initial numerical
analysis using SCAPS-1D suggests the proposed structure could reach up to 31% power conversion
efficiency (PCE). When illuminated from the p-side, efficiency increases by 22%, potentially achieving
a total conversion efficiency of 33%. With material parameters taken from pertinent literature, the
computed BF for this structure is 71%. Consequently, potential for developing functional n-i-p BPSCs
is retained. It's worth noting, however, that much of our research remains theoretical, and further
experimental work is needed to validate the effectiveness of our proposed improvements.
Nonetheless, our study provides valuable new insights for developing perovskite-based solar cells
that are more robust and efficient, potentially resulting in significant advancements in the renewable
energy sector.
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