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From Light Loss to Light Harvesting: Anti-Reflective Coatings
Bridging Optics, Materials, and Performance in Perovskite Solar
Cells

Sonia Rani, Silvia Cavalliand Giulia Grancini*

Anti-Reflective Coatings (ARCs) are critical for maximizing photon harvesting in perovskite solar cells (PSCs) by mitigating
reflection losses and enhancing photocurrent generation. Despite widespread documentations of ARCs in various
optoelectronic fields, their integration into PSCs remains relatively underexplored. This review offers a comprehensive
overview of the design, development, and optimization of ARCs specifically tailored for PSCs. We begin by outlining the
unique optical and structural challenges in PSC architectures that make conventional ARCs less effective to PSCs. Various
types of ARCs including monolayer, multilayer, graded refractive index, nanostructured or surface-textured ones, and
spectral down-conversion coatings are explored alongside their fabrication methodologies. Beyond optical performance, we
emphasize critical practical considerations such as anti-soiling properties, infrared management, mechanical robustness,
and thermal stability, which are essential for ARC real-world deployment. Additionally, we underscore the role of optical
Modeling techniques in fine-tuning the ARCs to optimize spectral and angular photon management within PSCs. By bridging
fundamental principles with practical requirements, this review highlights the immense potential of ARC technologies to

significantly improve light absorption, current density (Jsc), and ultimately the efficiency of PSCs.

1. Introduction

Increasing demand for efficient and sustainable energy
solutions has driven significant advancements in the solar
energy field over the past two decades.! Various photovoltaic
(PV) technologies, including dye-sensitized, silicon-based, and
organic solar cells, have already demonstrated strong potential
to address global energy requirements, but still there is a need
for next-generation materials that offer enhanced
performance, lower production costs, and greater functional
versatility, such as mechanical flexibility, semitransparency,
colour tunability, and simplified fabrication processes.?” While
the commercial PV market has long been dominated by
crystalline silicon solar cells, the emergence of perovskite solar
cells (PSCs) marks a major shift in the PV sector. PSCs with
power conversion efficiencies (PCEs) now exceeding 26% have
positioned themselves at the forefront of cutting-edge PV
research and development.8® PSCs are a multilayer device
stack, where each layer serves a specific and crucial function in
determining overall device performance. This intricate
architecture leads to PSC unique optoelectronic properties and
supports its record-breaking efficiency improvements.10-12
While notable progress has been made in boosting PSC
performance through  material innovation, interface
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engineering, and processing techniques, these approaches
often require complex and time-intensive protocols.’3-15 In
contrast, light management strategies present a more
accessible and scalable route to further improve device
efficiency, particularly by enhancing photon utilization and
reducing optical losses.'® Several methods can be adopted to
perform light management in PSCs, including surface texturing
for improved light trapping, the use of back reflectors, and the
introduction of optical layers within the device architecture to
enhance photon coupling.’” These optical layers increase light
absorption through microcavity effects (an interference
phenomena that improve the optical field distribution within
the photoactive layer).’® Additionally, nanostructures can
manipulate light propagation by creating optical resonances
and plasmonic effects, which reduce parasitic absorption,
therefore, plasmonic approaches, particularly those exploiting
surface plasmon resonance, offer a powerful mechanism for
enhancing light harvesting via strong near-field confinement
and localized electromagnetic field enhancement.'® Another
effective approach is the incorporation of anti-reflection
coatings (ARCs), which minimize reflection losses at the
air/substrate interfaces within the solar cell. Among these light
management techniques, ARCs stand out as a simple yet
powerful approach to reduce reflection losses, thereby
enhancing light absorption and increasing the photocurrent
density (Jsc) of the device. In fact, many of the above-
mentioned methods such as surface texturing, nanostructures,
and optical layers, can be viewed as specialized types or
subcategories of ARCs, all aimed at managing reflection losses
effectively. Since PSCs are multilayer structures, the refractive
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indices of individual layers play a crucial role in governing
optical phenomena like transmission, reflection, absorption,
and scattering within the device. Figure 1 illustrates light
propagation through single-layer and multilayer thin-film ARCs,
highlighting their role in minimizing reflection losses.

Although extensive research has been conducted to develop ARCs for
broad-spectrum applications, including silicon PV technology, optical
lenses, and display screens yet the integration of ARCs within PSC
architectures necessitates careful consideration of several key
factors.2% Since the intensity of incident light reaching the active layer
(light absorbing layer) is strongly influenced by the refractive indices
of the intervening layers. Consequently, ARCs optimized for bare
glass substrates often exhibit suboptimal performance when applied
to PSCs. Specifically, the refractive indices of transparent conductive
oxides (TCOs), such as indium tin oxide (ITO) and fluorine-doped tin
oxide (FTO), as well as flexible substrates including polyethylene
naphthalate (PEN) and polyethylene terephthalate (PET),
significantly alter the optical environment, impacting the light
coupling efficiency (the optical profile compared to bare glass) thus,
necessitating ARC designs tailored to specific configurations.
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Figure 1. Role of anti-reflective coatings (ARCs) in minimizing
reflection losses: (a) Single-layer ARC, (b) Multilayer ARC.

While silicon-based solar cells continue to dominate the commerecial
PV market, the momentum toward the commercialization of PSCs is
rapidly accelerating. Companies such as Oxford PV and Saule
Technologies are actively advancing perovskite technologies toward
real-world applications.2122 However, as this transition progresses, it
becomes increasingly important to understand and optimize ARCs
specifically designed for PSCs.Z3 Since the PSCs have their unique
optical and structural properties,'%12 thus set them apart from the
conventional PV systems. As a result, ARCs developed for traditional
silicon-based solar cells could not translate that high improvement
to PSC devices. Thus, there is a need for a targeted literature study
that points out the knowledge gaps and directs future research
toward optimizing light management solutions designed especially
for PSCs. This review aims to fill that gap by providing a
comprehensive overview of ARC integration in PSCs, covering
material selection, design strategies, Modeling techniques,
fabrication methods, and performance metrics. It highlights the
crucial role ARCs play in enhancing the optical and electrical
performance of next-generation PSCs.
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Importantly, we also discuss how the functional performance of ARGs
varies under different ambient conditions,PSUcH)-483RAP8kpEs\are,
humidity, mechanical abrasion, and dust accumulation, highlighting
the real-world relevance of coating design. The review further
explores how optical modeling and machine learning approaches can
be useful to predict ARC performance, optimise multifunctional
coatings, and guide future research in designing robust, high-
performance ARCs for PSCs. Additionally, this review systematically
addresses the trade-offs associated with multifunctional ARCs for
instance, combining anti-reflection, self-cleaning, hydrophobicity, or
photocatalytic properties and how these functionalities impact
optical transmittance, mechanical durability, and long-term stability.
By presenting this structured and critical perspective, the review not
only summarizes existing knowledge but also provides practical
insights and forward-looking guidance for the research community,
offering value beyond prior reviews

2. Key Aspects for ARCs for PSCs

To design an effective ARC for PSCs, several critical factors must be
carefully considered to ensure optimal device performance and
durability. Firstly, the ARC should exhibit broadband anti-reflective
properties, minimizing reflection losses across a wide spectrum of
wavelengths relevant to solar irradiation.?*2> This ensures maximum
light harvesting and improves overall power conversion efficiency
(PCE). Additionally, the ARC must possess robust thermal and
mechanical stability to withstand the varying environmental stresses
encountered during device operation, including temperature
fluctuations, humidity, and mechanical wear.26® Thermal
management is particularly important for PSCs due to their
sensitivity to heat. Therefore, ARCs with infrared (IR) reflective
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Figure 2. Overview of the characteristics of an effective ARC for
PSCs. Reproduced with permission.17:34-42,102

capabilities are desirable to reduce heat buildup within the device,
thereby enhancing operational stability and lifetime.3® Beyond

This journal is © The Royal Society of Chemistry 20xx
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optical and thermal performance, ARCs should also exhibit anti-
soiling characteristics to maintain high efficiency over time.
Hydrophobic surfaces that repel dust, water droplets, and other
contaminants can prevent soiling and reduce maintenance
requirements.31733 Incorporating these self-cleaning functionalities
further ensures sustained optical clarity and performance without
frequent manual cleaning. Importantly, these ARC properties must
be validated on substrates identical or highly representative of those
used in PSC fabrication, such as TCOs or flexible polymer films, to
accurately assess their real-world effectiveness. Moreover, the
fabrication methods for ARCs should be compatible with existing PSC
manufacturing processes, favouring scalable, low-temperature, and
cost-effective deposition techniques. Figure 2 provides a schematic
overview of the key topics discussed in this review, including ARC
classification, essential performance characteristics, various
deposition techniques, and the major challenges that must be
addressed to advance ARC integration in PSC technology. 17:34-42

3. Progress and Limitations of ARCs Existing in the
Literature for PSCs

Numerous studies in literature have focused on the development of
effective ARCs, yet several critical factors must be addressed for their
successful implementation. For instance, the fabrication methods
employed may not be compatible with all device architectures (rigid
or flexible devices), and the resulting ARCs may lack thermal stability
at elevated temperatures, resulting in a change in the optical
characteristics. Additionally, mechanical robustness remains a
crucial consideration for practical applications of the ARCs in real-

world environmental conditions.*?

Li et al.® in their work developed a gradient refractive index
structure based on omnidirectional ARCs (that are designed to
minimize reflection and maximize light transmission over a wide
range of angles of incidence) by blending polystyrene-block-
poly(methyl methacrylate) (PS-b-PMMA) with PMMA. This blend
yielded an omnidirectional ARC that improved the average
transmittance of a bare glass substrate by approximately 4%. Figures
3(a) through 3(d) depict cross-sectional and surface morphology SEM
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Figure 3. (a)-(c) showing the cross-SEM images of nanoporous
polymer ARC 25, (b)-(d) showing their respective surface
morphology 2°, (e) Transmittance spectra of glass with and
without the ARC. Reproduced from ref. 2> with permission
from Wiley, copyright 2010.

images of porous polymer ARCs at varying solvent concentrations,
while Figure 3(e) presents the transmittance spectra of the glass

This journal is © The Royal Society of Chemistry 20xx
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substrate with and without the nanoporous ARC, Haowever, a
significant limitation of this approach is the p6orith&taaPstabifity of
the PS polymer at elevated temperatures, which compromises its
mechanical integrity.** Since the annealing process of perovskite
films typically occurs between 100°C and 150°C to evaporate
solvents, the polymer inability to withstand these temperatures can
degrade its nanostructure, alter its optical properties, and potentially
lead to suboptimal device performance.*> Moreover, as previously
discussed, the refractive index of the substrate layers strongly
influences ARC performance.

Hence, ARCs optimized for bare glass substrates may not function
effectively on TCO-coated glass due to differences in refractive index
values. Similarly, Rudd et al.*® designed an ARC through a co-
sputtering technique involving SiO, and ZnO, followed by annealing
and etching in dilute hydrochloric acid to create a nanoporous SiO,
network. Figure 4(a) illustrates the concept of forming a nanoporous
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Figure 4. (a) Overview of the formation of the nanoporous SiO;
film via co-sputtering of Si and Zn. (b) Transmittance spectra of
fused silica substrate with and without the ARC, (c) Variation in
the refractive index and the thickness of the ARC at various
annealing temperatures. Reproduced with permission.4®

SiO, ARC via co-sputtering. Figure 4(b) shows the change in
transmittance spectra of fused glass substrates coated on both sides
with the optimized ARC, while Figure 4(c) presents the refractive
index and thickness variations of the ARC at elevated temperatures.
By controlling the etching percentage, they successfully modified the
refractive index of the SiO, ARC, achieving an average visible
transmittance (AVT) of 95% when applied to both sides of fused silica
glass. Nonetheless, this method is limited to glass substrates, as
refractive index tuning occurred only at annealing temperatures
between 750°C and 850°C. Such high temperatures are incompatible
with the thermal stability of the TE materials, which degrade under
these conditions. Additionally, the dilute HCI etching process poses
risks to TCO layers on coated substrates, rendering this approach
unsuitable for PSC applications. Table 1 summarizes various ARCs
reported in the literature alongside their primary limitations that
preclude their effective use in PSC configurations. But it is important
to highlight that although these ARCs may not be ideally suited for
they demonstrated

PSC applications in their current form,

J. Name., 2013, 00, 1-3 | 3
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effectiveness in other areas, such as crystalline silicon solar cells, dye-

sensitized solar cells (DSSCs), and organic photovoltaics (OPVs),

underscoring their broader potential in optoelectronics applications.
With further research, these coatings can be tailored or engineered

to overcome current limitations, enabling their adaptation and
optimization for PSC technologies.

In this section, we examined several existing ARC technologies that
are not well suited to PSC architecture due to specific optical and
structural limitations. In the following section, we focus on ARC

strategies reported in the literature that have been effectively
adapted and integrated into PSC configurations while discussing the

benefit of each type of ARCs.

Table 1. Status and Challenges of the existing ARCs technologies

Types Depositio Material
of ARCs n Used
Method
Planar PVD MgF,
Bilayer Plasma PMMA/CaF
Etching & 2
Thermal
Evaporati
on
Bilayer Sol-Gel & MgF,/Si0,
E-beam
evaporati
on
Multila E-beam & TiO2/MgF,
yer Thermal
Evaporati
on
Porous Dip Si0,
Coating
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Gap and Limitations in existing ARC

technologies

MgF, films were deposited at
300 °C, a temperature that exceeds
the thermal tolerance of perovskite
solar cells, potentially causing
degradation of the active layers.
Refractive index mismatch arising
from the selected substrate
material can lead to suboptimal
anti-reflective performance and
reduced light coupling efficiency.
Plasma etching of the PMMA
surface
roughness, which may adversely
affect the integrity and
performance of subsequent device
layers.

CaF, deposition requires elevated
temperatures that can
thermal degradation of multiple
layers within the device stack.
Refractive index mismatch caused
by the substrate selection can lead
to inefficient light transmission and
reduced overall device efficiency.
The substrate was heated to 300°C
during MgF, deposition and post-
annealing after SiO, deposition;
however, perovskite —materials
cannot such  high
temperatures without degradation.
Refractive index mismatch arising
from the choice of substrate can
lead to decreased anti-reflective
performance and reduced light
transmission efficiency.

The fabrication process requires
substrate heating to 250 °C during
deposition, followed by post-
deposition annealing at 400 °C for 1
hour—conditions that exceed the
stability
perovskite solar cells and may
cause device degradation.

The ARC design involves 10 material
layers, and prolonged exposure of
PSCs to the high-vacuum
environment necessary for such
multilayer deposition can
negatively impact device integrity
and performance.

Refractive index mismatch arising
from the choice of substrate can
reduce the anti-reflective
effectiveness, leading to decreased
light coupling and lower overall
device efficiency.

Thermal annealing at 400 °C, which
exceeds the thermal stability limits
of perovskite solar cell materials
and can cause device degradation.
Coating both sides of the substrate,
a process incompatible with PSC
architectures due to the presence
of a transparent
electrode on one side.

increases surface
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performance and lower overall
device efficiency
Si0, coatings in this study were
annealed at 450°C for 1 hour to
optimize film quality and porosity;
however, perovskite materials are
thermally sensitive and typically
degrade at temperatures exceeding
approximately 150°C.
The coatings were designed and
evaluated on soda-lime glass
substrates rather than directly on
perovskite solar cell modules,
meaning that their performance
and durability may  differ
significantly when integrated into
complete device stacks.

Refractive  index  mismatches
resulting from the choice of
substrate can adversely affect the
anti-reflective performance and
overall optical efficiency of the
coating.
Annealing the deposited layer at
500 °C to achieve the desired
porosity, a temperature that
exceeds the thermal stability limits
of many
perovskite solar cells.

Hydrofluoric acid (HF) is employed
to create porosity in the film;
however, its use can cause damage
to ITO-coated glass substrates,
limiting its applicability in such
configurations.

Annealing of the deposited layer at
500 °C to obtain the desired
porosity

Cellulose is hygroscopic, which
poses significant  risks  for
perovskite
moisture-induced degradation.

A coating thickness of 50 pm is
excessively thick for perovskite
solar cell structures and may
adversely affect the optical path
length and overall device
performance.

The study focuses on applications
in GaAs solar cells; however,
differences in the refractive
indices between GaAs and
perovskite materials limit the
direct applicability of these results
to perovskite-based devices.
Annealing the film at 450 °C is
incompatible  with  perovskite
materials and other layers within
the device stack, as such high
temperatures can
degradation.
Refractive index mismatch arising
from the choice of substrate can
adversely affect the optical
performance and reduce the
overall efficiency of the device.

substrates used in

materials due to

cause

4. Classification of ARCs for PSCs

Building upon the discussion of the critical role

Soda- 2
Lime
Glass
Glass =2
Glass 3
Transpar =
ent Paper
(Cellulose
-Based)
Soda lime s
Glass

ARCs play in

enhancing the optical and overall performance of PSCs, this section

delves into the various types of ARCs that have been explored
specifically for perovskite devices. We have previously addressed the

underlying design principles, material considerations, and the
influence of optical and environmental factors on ARC performance.
Now, we shift our focus to categorizing and analysing the different

ARC architectures that have been reported in the literature in the
context of PSC integration. Based on their structural and functional

Porous Sol-Gel Sio,
Method
Porous Dip TiO,
Coating
Substrate Referen
ce
BK-7, 7
silica Porous Spin- Sio,
Coating
Trabsfe Vacuum Cellulose
rable Filtration Fibres
with PVA
Laminati
on
PMMA “°
substrate
Porous Dip Si0./TiO,
Coating
Sodalime “
Glass
Bk-7 0
Sodalime st
Glass

design, ARCs for PSCs can be broadly classified into four main

categories, which are 1) Planar and Graded-Index ARCs, 2) Porous
ARCs, 3) Texture and Transferable ARCs, and 4) Photonic Down-
conversion-based ARCs. Each of these types of ARCs offers distinct

optical properties and advantages, depending on their structural

Please do not adjust margins
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configuration, fabrication techniques, and compatibility with the
device stack. The following subsections provide a comprehensive
overview of each class, discussing key material systems, design
strategies, fabrication methodologies, and the reported impact on
PSC performance.

4.1. Planar and Graded-Index ARCs

Planar ARCs are preferably fabricated using deposition techniques,
including physical vapor deposition (PVD), sol-gel, dip coating, and
slot die coating. With these methods, single-layer anti-reflection
coatings (SL-ARCs) are the most commonly used for PSC device
applications. As the refractive index of the coating material is crucial
in determining its anti-reflective properties. A practical approach to
producing such coatings is by evaporating low refractive index
materials, such as lithium fluoride (LiF)*® and magnesium fluoride
(MgF,),>7>8 using PVD techniques.

d)

(2) (b)
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Figure 5. (a) Bifacial PSC device architecture with ARC, (b) and (c)
Optical Modeling graphs for optimization of bottom and top LiF
layer, (d) EQE of the device with and without ARC, and (e)
Variation in the Jsc with LiF ARC. Reproduced from ref. > with
permission from Elsevier, copyright 2024.

For example, as shown in Figure 5, Paliwal et al.>® applied a LiF ARC
in a bifacial PSC device configuration. The LiF layer was thermally
evaporated on both the bottom and the rear transparent electrode
(TE) sides, resulting in a current density value change of
approximately 1.72 mA/cm? for 100 nm LiF on the glass ITO side and
75nm LiF thicknesses on the rear electrode, respectively. Figure 5(b)
shows the 2D-contour plot obtained from optical Modeling for
thickness optimization, while 5(d) and (e) represent the EQE and the
Jsc value of the device with and without LiF ARC.

While SL-ARC may not always be sufficient, its anti-reflective
properties can be further enhanced by using a multiple-layer
structure. When creating a multilayer ARC, it is essential to use
materials with varying refractive indices (as shown in Figure 1). Thus,
the refractive index should follow an increasing sequence (e.g.,
m<nz<nz<ng..), which forms a graded refractive index pattern.® In
the case of PSCs, which typically use TCOs coated on glass as the

This journal is © The Royal Society of Chemistry 20xx
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bottom transparent electrodes, the refractive ind{';;e@%mgle%\y%g
materials are around 2 (for TCOs) and 1.5 (Pér:Glaks}orespeetivedp
Thus, materials with ultra-low refractive indices are required to make
an effective ARC. However, such materials are not commonly
available. The lowest refractive index materials typically used are
indeed MgF, and LiF, as previously discussed, which have refractive
indices near 1.41 and 1.39, respectively.5657 Thus, developing a
promising multilayer ARC presents significant challenges. One
approach to overcoming this issue is to create materials with these
ultra-low refractive index values. Kim et al.®! in their study
demonstrated an innovative way to control the intergranular voids
between the grains of MgF,, which resulted in solidified MgF, having
an exceptionally low refractive index of approximately 1.04. They
showed the formation of a multilayer ARC composed entirely of MgF,
but with varying refractive indices layers. Figure 6(a) illustrates the
architecture adopted for the multilayer ARC, while Figure 6(b) shows
the change in the transmittance spectrum when the multilayer ARC
was added. Moreover, they demonstrated that the developed ARC
maintained its anti-reflecting properties at various incident light
angles. Figure 6(c) and Figure 6(d) show the increase in the
absorption spectrum of the perovskite photoactive layer after using
the developed ARC. This approach of producing low-refractive-index
MgF, offers a potential solution for developing other materials with
similar properties. In comparison to other materials, such as
polymers, MgF, is thermally and mechanically stable. However, the
key challenge lies in precisely synthesizing the MgF, layer with
ultralow refractive index values to achieve an effective multilayer
ARC.
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Figure 6. (a) Gradient in the refractive indices values of the
layers in the bilayer ARC, (b) Refractive index of the used layer.
Reproduced from ref. ' with permission from IOP Publishing,
convricht 2020
Thus, planar ARCs offer significant potential, especially for devices
based on rigid substrates, due to their inherent mechanical
robustness and compatibility with standard fabrication processes.
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Their optical performance can be further improved through
multilayer configurations, which help broaden the antireflection
range and reduce reflection over a wider spectrum. However, one of
the key challenges associated with planar ARCs is the limited
availability of low-refractive-index materials. This limitation becomes
critical when aiming to optimize light manipulation at the
air/substrate interface. For effective antireflection behaviour, it is
essential to develop materials that combine ultra-low refractive
indices with thermal and mechanical stability. Furthermore, these
materials should ideally support simple, scalable deposition
techniques to facilitate their integration into practical device
architectures. Addressing this materials gap remains a crucial step
toward realizing high-performance planar ARCs for PSCs.

4.2. Porous ARCs

Another effective type of ARC that enhances device current involves
creating a porous structure. Nanoparticles can be utilized to create a
porous layer, forming a pattern that traps light, thus improving light
utilization efficiency and boosting overall device performance. For
instance, Luo et al3® demonstrated the fabrication of silica
nanospheres from an aged silica sol. The thickness of the SiO,
nanospheres plays a crucial role in optimizing the ARC for a broad
wavelength range. The SiO, nanospheres were deposited via spin
coating method, and it was observed that varying the spin speed
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Figure 7. (a) Transmittance spectra of ARC spin at different
speed, (b) JV characteristics of the device with and without SiO2
nanosphere ARC, (c) Variation in the device Jsc and PCE with
changingincident angle. Reproduced from ref.3¢ with permission
from Elsevier, copyright 2018.

altered the microstructures of the nanospheres. This change in

microstructure resulted in an increase in transmittance of
approximately 3.8%, with a maximum transmittance of 96.1% at 550
nm. As a result, the photovoltaic current increased from 20.34

mA/cm? to 21.39 mA/cm?, while PCE rose from 14.81% to 15.82%.

Figure 7(a) shows the transmittance spectra of a reference glass
substrate and the glass substrate with SiO, nanospheres deposited
at different spin speeds. As previously mentioned, spin speed affects
the microstructure of the nanospheres, leading to observable
changes in the transmittance spectra. Figure 7(b) compares the JV
characteristics of the fabricated device, demonstrating that the
optimized SiO, nanosphere ARC led to an increase in the Jsc value.
The inset figure is the cross-SEM image of the optimized ARC.
Additionally, the optimized SiO, nanosphere ARC exhibited less
angular dependence for light incident at various angles, as seen in

6 | J. Name., 2012, 00, 1-3

Figure 7(c). Since SiO; nanospheres were grown using .a,simple,
inexpensive, and scalable process, this method!isl effez?iles for farger
area devices. However, it is essential to maintain precise control over
the size of the nanospheres, as variations in size can impact the
optical characteristics of the ARC.

Similarly, Wang et al.%? developed a mesoporous SiO, film, as
illustrated in Figure 8(a), which resulted in a 2-4% increase in
transmittance for FTO in the 350-800 nm wavelength range. The
highest transmittance of the substrate reached 89%. They utilized a
SiO; slurry composed of SiO, nanoparticles combined with an ethyl
cellulose pore-forming agent. The ARC layer was then deposited
using the scalable screen-printing method and annealed to form the
porous SiO, ARC. Figures 8(a) demonstrate the antireflecting
phenomenon due to the presence of the mesoporous ARC. Figure
8(b) shows a variation in FTO transmittance with different SiO,
particle sizes achieved through this screen-printing technique. Figure
8(c) shows the JV characteristics of the PSC with and without the
optimized ARC.

a) b) ¢)

FTO glass with 20 rm Si0,
FTO glass with 50 ren 510,

Mesoporous film 3

Substrate

waveiengniam)

Figure 8. (a) SiO; nanosphere mesoporous ARC, (b) Transmittance

spectra of FTO with SiO, having different particle size, (c) JV
characteristics of the PSC with and without the optimized ARC
Reproduced from ref.5? with permission from Wiley, copyright 2024.

Nanoparticle-based ARCs present a compelling route to address the
fabrication challenges commonly associated with multilayer planar
ARC configurations. Their inherently porous structure, due to the
presence of air voids (with n=1), enables more effective refractive
index matching between air and the substrate, thus allowing the
development of coatings with lower effective refractive indices.
Furthermore, these coatings can be deposited using straightforward
and scalable deposition techniques, such as spin coating, dip coating,
or spray casting, which reduce process complexity and make them
well-suited for large-area applications and flexible substrates.
Optically, the incorporation of nanoparticles introduces additional
light management mechanisms beyond conventional interference,
including light scattering and near-field enhancement, which can
enhance light coupling and increase absorption in the active layer.
Moreover, nanoparticle-based ARCs offer the potential for surface
functionalization, such as self-cleaning properties, which is a valuable
feature in high-performance ARC applications.

Despite these advantages, a notable drawback of nanoparticle-based
ARCs is their relatively poor mechanical robustness. Compared to
dense, continuous planar films, nanoparticle coatings are more
vulnerable to mechanical stress, abrasion, and environmental wear.
Once damaged, their antireflective properties can degrade
significantly, potentially compromising the overall device
performance. This trade-off highlights an important consideration

This journal is © The Royal Society of Chemistry 20xx
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that while nanoparticle-based ARCs offer practical benefits in terms
of fabrication and light management, their long-term stability under
operational conditions remains a critical limitation. Addressing this
issue, either through surface passivation, protective overlayers, or
material engineering, will be essential for their broader
implementation in durable perovskite solar cell technologies.

4.3. Textured and Transferable ARCs

Textured ARCs are similar to porous ARCs, with the main difference
being that, in the case of porous ARCs, one can lack control over the
uniformity of the nanostructures over the film (size of the
nanoparticles). In contrast, textured ARCs follow more specific
patterns. These ARCs can aid in light trapping through multiple
internal reflections due to their textured surface. Textured ARCs can
be designed to create structures such as pyramidal, honeycomb, or
other patterns of similar depth, giving them higher control over light
utilization in the device. Textured ARCs can also be classified into two
types: one where the device has a fixed, rigid textured layer, or one
that allows the development of a transferable ARC. The following
paragraph discusses both types of textured ARCs.

Krajewski et al.” in their work developed an ARC by texturizing the
front surface of a device. They utilized SU-8 photoresist, which was
spun on the opposite side of an ITO-coated glass substrate. After
spinning, a replica of a honeycomb structure was created by
nanoimprinting a textured PDMS stamp. To create the PDMS stamp,
PDMS was dropped into a metallic mold (with a texture generally
produced through lithography), which yielded the negative structure
of the mold on the stamp. Figures 9(a) and (b) show the full
fabrication process for the honeycomb-textured ARC, while Figure
9(c) shows a comparison of the JV characteristics of the PSC with
honeycomb ARC and planar MgF, thin film, respectively. This
approach successfully increased the device's Jsc from 15.9 mA/cm?
to 18 mA/cm?, and its PCE from 11.1% to 13.1%.

P

s Py

and 4k

Figure 9. (a) Schematic presentation of texturing of the surface, (b)
Surface morphology of the developed ARC, (c) JV characteristics of
the PSC with planar MgF; and the honeycomb structure. Reproduced
from ref.17 with permission from Wiley, copyright 2023.

Texturing the surface is a technique that is commonly employed in
silicon solar cells and utilizes pyramid-shaped structures to enhance
device performance by trapping light through the internal reflection
phenomenon. Similarly, in this case, the texture and grain size of the
film determine its antireflecting properties. Another type of textured

This journal is © The Royal Society of Chemistry 20xx
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ARC includes the transferable ARCs, typically consisting,of anly.afew
microns-thick film, often made using polyhérs0 IHESESARTI4 e
particularly well-suited for flexible photovoltaic devices, as they
maintain their bending properties unlike other ARCs discussed
earlier. Dudem et al.%® demonstrated the creation of flexible ARCs
using sandpaper as a mold. They spin-coated a PDMS solution onto
sandpaper with various grain sizes, which served as the master mold.
The coated films were then cured at 75°C for 2 hours and peeled off,
resulting in a haze film. When these films were used as ARCs, the
performance of the PSCs significantly improved. Without the ARC,
the devices exhibited a Jsc of 20.88 mA/cm? and a PCE of 17.07%.
However, with the developed ARC, the Jsc increased to 23.73
mA/cm?, and the PCE improved to 20.34%. Figures 10 (a) and (b)
illustrate the method for casting the transferable ARC, while Figure
10 (c) shows the transmittance spectra of the glass substrate with
and without the developed ARC, depending on the size of the
sandpaper master mold. Figure 10 (d) presents the J-V curves for
devices with ARCs based on different grain sizes.
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Figure 10. (a) Schematic of the preparation of SAHF. (b) Transferable
SAHF over the glass substrate, (c) Transmittance spectra of the glass
with SAHF of different grain sizes, and (d) JV characteristics of the
PSC with and without SAHF. Reproduced from ref. 8 with permission
from Wiley, copyright 2022.

While the use of sandpaper as the master mold for transferable ARCs
may seem like an unideal approach, another alternative involves
designing a patterned master mold to create more refined ARCs. A
similar method was presented by Choi et al., ® where they used a
silicon master to create a moth-eye structure through lithographic
techniques. The size of the moth-eye structure directly impacted on
the ARC’s performance. They then deposited the PFPE polymer and
pressed it using a PET film. After partial curing and solvent-assisted
separation, a sticker-like ultra-thin perfluoropolyether (PFPE) (SUPA)
antireflection film was formed. Figure 11 (a) demonstrates the
process of making the SUPA, while Figure 11(b) shows the atomic
force microscopy (AFM) image of the moth-eye structure SUPA ARC,
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Figure 11(c) shows the transmittance spectrum of the FTO substrate
with and without SUPA, whereas 11(d) shows the external quantum
efficiency of the photovoltaic device with and without the SUPA.
They showed that the PFPE material alone increases light
transmission efficiency (LTE) by only 4%. However, incorporating the
moth-eye structure within the same material boosts the LTE by 8%
(doubles the value w/o the moth-eye structure). The corresponding
J-V curve reveals that the Jsc of the device rises from 24.47 mA/cm?
to 25.53 mA/cm?, leading to a PCE increase from 23.10% to 24.43%.

Moreover, when it comes to flexible or bendable PSCs, traditional
planar or porous ARCs may not be the most suitable options. Planar
ARCs often lack conformability, while porous ARCs, despite their low
refractive index due to the inclusion of air voids, suffer from poor
thermal and mechanical robustness. As discussed earlier, the
demand for ARCs that provide both a low refractive index for
effective antireflection and structural resilience becomes even more
critical in flexible PSCs. There is a clear need for coatings that can
maintain performance under bending, stretching, or folding, while
also enhancing light trapping and transmission.

SUPA

“ |V Cutoffedge = Y
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&
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Figure 11. (a) Schematic of the preparation of SUPA ARC, (b) AFM
of the SUPA ARC having moth-eye structure, (c) Transmittance
spectra of the FTO glass with SUPA, and (d) EQE of the PSC with
and without SUPA. Reproduced from ref.%* with permission from
ACS Publications, copyright 2019.

In this context, textured ARCs are a highly promising solution. As
shown in Figure 9-11, these ARCs can be realized either by directly
texturing the substrate surface or by fabricating transferable, sticker-
like textured ARCs that can be applied to flexible devices. Such
textured surfaces create micro- or nano-scale patterns that enhance
light transmission by promoting light trapping and confinement
through scattering and refraction mechanisms. This makes them
highly effective for improving optical efficiency in a wide range of
applications.

Although textured ARCs show strong performance across various
sectors, a key challenge lies in precisely controlling the surface
texture, as the antireflective behaviour depends heavily on the
texture geometry, periodicity, and feature size. Achieving optimal
textures typically requires advanced fabrication techniques, such as
lithography, which can add complexity and cost to the process.
Nevertheless, with proper control and design, textured ARCs offer an
excellent balance of optical performance, mechanical durability, and
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flexibility, making them ideal
generation PSCs.
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Figure 12. (a) Schematic of the complete device architecture
with the down-conversion layer, (b) Gradient in the refractive
index values of the layers in the bilayer ARC, (c) Refractive index
of the used layer. Reproduced from ref. %2 with permission from
Wiley, copyright 2022.

4.4. Down-conversion ARCs

Down-conversion materials play a dual role in improving device
performance, while also addressing photo-induced degradation
issues in PSCs. In fact, down-conversion-based ARCs can aid in
converting ultraviolet (UV) light to visible light, since such types of
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Figure 13. (a) Schematic illustration of the dual functioning of
the down-conversion film for PSC, (b) Cross-SEM image of the
dual film, (c) JV characteristics with and without the
downconverter film (black for ref PSC, blue with phosphor
monolayer, and blue for phosphor on Au monolayer.
Reproduced with permission. Reproduced from ref.’? with
permission from Wiley, copyright 2024.

ARCs can absorb near-UV light and re-emit it as visible light,

This journal is © The Royal Society of Chemistry 20xx
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increasing usable photon flux by the perovskite material.
Furthermore, as PSCs are vulnerable to UV radiation, which can
degrade the perovskite layer by breaking chemical bonds and
promoting ion migration, reducing device performance and
lifespan(Lang et al., 2024), the presence of down-conversion
materials not only enhances light absorption but also provides UV
shielding for the device.

Generally, the down-conversion-based ARC is achieved by
incorporating photoluminescent materials such as lanthanide-doped
phosphors, QDs, or organic dyes that absorb high-energy photons
and emit longer wavelengths matching the perovskite absorption
spectrum®®67, However, fabricating these coatings is challenging due
to the need for precise integration of luminescent materials into a
stable matrix, ensuring uniform dispersion, high quantum efficiency,
and long-term stability under solar exposure. The synthesis often
involves complex chemical processes, high-temperature treatments,
and strict control over particle size and surface chemistry®8,
Addressing these challenges is essential for developing efficient and
durable down-conversion ARCs for PSCs.

For instance, Shi et al.?° designed a quantum-cutting downconverter
that enhanced the utilization of UV light. Additionally, the deposition
of a MgF, anti-reflection coating (ARC) over the quantum-cutting
layer formed a waveguide-structured ARC, further improving light
utilization due to the gradient in refractive index values. Figure 12(a)
illustrates the down-conversion mechanism in PSCs by incorporating
a bilayer ARC consisting of MgF, and CsPbCls: Yb, Li. The sequence of
increasing refractive indices (depicted in Figure 12(b)) across the
layers created a gradient in refractive index values, which enhanced
device performance. Figure 12(c) shows the refractive index of the
layers used in the bilayer ARC. When integrated into the device
architecture, the presence of the ARC increased the Jsc from 25.56
mA/cm? to 26.65 mA/cm?, and the PCE from 23.07% to 24.3%.

Similarly, Kim et al.’® developed a downconverter film consisting of
Y,0s: Eu®* that increased the quantum yield to over 80% in the visible
light region. Furthermore, the incorporation of gold (Au)
nanoparticles amplified the converted light by up to 170%. Figure
13(a) illustrates the down-conversion process, which helps boost the
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Figure 14. Efficiency enhancement in PSCs after incorporating
various ARCs existing in the literature.
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PCE and prevent photodegradation. The cross-sectional SEM,image
in Figure 13(a) shows the phosphor mBRG6I&YEPIYRSEREIEDIA
monolayer. Figure 13(b) presents the photoluminescence emission
spectrum for the phosphor monolayer (shown in black) and the dual-
layer ARC (shown in red).

To sum up, having discussed the various types of ARCs explored for
PSCs, Figure 14 provides a visual comparison of different ARCs
applied in PSCs, encompassing all previously discussed ARC
configurations. The figure illustrates the resulting improvements in
PCE for each type of ARC, underscoring the critical role ARCs play in
optimizing light management and enhancing the overall
performance of PSCs.

Table 2: Comparison of different types of ARCs for PSCs based on
various parameters.

ARC Type Fabrication Substrate Jsc Stability & key features Refer
Method Gain ence
Roller Roller Rigid Glass 18% Broadband reflection suppression through 7
nanoimprin nanoimprin periodic honeycomb nano-texture; scalable
ted t large-area fabrication; improved light
honeycomb lithography harvesting and mechanical durability
texture ARC (R2R- suitable for industrial processing
compatible)
2
Silica
Spin- Light scattering minimized, enhanced
nanosphere Rigid 4%
coating transmittance, moderate durability
ARC
Bilayer 2
broadband Multilayer
Rigid 5.5% Stable multilayer design, broadband ARC
dielectric coating
ARC
Durable sol- ®
gel self- Sol-gel
Rigid 6% Strong abrasion resistance, self-cleaning
cleaning process
ARC
Amorphous Thin-film 16.9 a7
Rigid Improved stability, simple MgF, ARC
MgF2 ARC deposition %
Graded- 0
index Mesoporou Good long-term stability, graded index
Rigid 3%
mesoporou s coating design
s Al,O3
Printable o
mesoporou Printing Rigid 6% Scalable fabrication, mechanical stability
5Si0;
MXene- e
modified Solution  + Broad spectral coverage, enhanced NIR
waveguide waveguide Rigid 5% absorption, stability improved via MXene
&  down- structuring integration
converter
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NaYFa:Eu®* I
nanophosp
Solution Converts UV to visible, improved Jsc,
hor down- Rigid 17%
processing moderate stability
conversion
layer
Photocurab 7% ”
le Spin- Self-cleaning,  hydrophobic,  improved
Rigid
fluoropoly coating stability against moisture and oxygen
mer coating
Down- 2% =
shifting Spin- Moisture-assisted film growth, enhanced
Rigid
quantum coating light management, stability improved
dot coating
Nitrogen- 3% 7
doped
Spin- High photoluminescence, down-
graphene Rigid
coating conversion, improved Jsc and stability
quantum
dots
Demixed 18% 7
blended Coordinated optical matching, reduced
Spin-
polymer Rigid reflection,  improved inverted  PSC
coating
textured performance
interface
Mesoporou 14% 7
High stability, enhanced transmittance,
s & hollow Sol-gel Rigid
moisture-resistant, self-cleaning
silica ARC
Plasma- 6% 7
polymerize Plasma Flexible, high optical transmittance,
d polymerizat Flexible hydrophobic, improved operational
fluorocarbo ion stability
n ARC
Water- 10% ®
High optical transmittance, self-cleaning,
based SiO, Sol-gel Rigid
eco-friendly fabrication
ARC
MgF, thin- Thermal 8% Low optical loss, stable under standard 7
Rigid
film ARC evaporation conditions, simple fabrication
CHsNHsPbls 3% 8
planar
Spin- Self-cleaning, hydrophobic, enhanced Jsc
perovskite Rigid
coating and device stability
ARC + self-
cleaning
Anti- 3% 8
reflection Spin- Water-repellent, stable under ambient
Rigid
protection coating fabrication, enhanced optical transmission
layer

Furthermore, Table 2 presents a comparative overview of the ARC
strategies for PSCs (illustrated in Figure 14), highlighting the
fabrication methods used to prepare the ARCs, the types of
substrates employed, and the performance of these coatings under
standard AM1.5 illumination. In addition, the table summarizes the
reported improvements in device performance, along with key
information on the stability, durability, and distinguishing functional

10 | J. Name., 2012, 00, 1-3

features of each ARC, enabling a clearer comparison.of, different
coating approaches. DOI: 10.1039/D55C09456A

5. Fabrication Techniques for ARCs

5.1. Sol-Gel Based Techniques

The Sol-gel technique is highly favoured for its ease of integration
and versatility, involving the use of material precursors in compatible
solvents, which allows for the self-assembly of nanostructured
surfaces through a “bottom-up” approach. Common sol-gel-based
deposition methods for ARCs include dip coating, spin coating, and
spray coating. In dip coating, the substrate is dipped into the solution
and then withdrawn at a controlled rate, determining the coating
thickness®. Spin coating, which is another widely used sol-gel
technique, is also employed to form thin films on flat surfaces. The
centripetal force during spinning spreads the material evenly, with
the film thickness controlled by adjusting the spinning speed or
material viscosity3”-82, While spin coating is simple and efficient, it is
not ideal for large-area applications. On the other hand, the dip
coating technique is viable for larger surfaces, poses challenges in
handling large substrates and ensuring consistent coating thickness.
Without careful control during the dipping process, an uneven
coating can occur, which can negatively impact the optical properties
of the film. Thus, spray coating is another practical, simple, and
scalable method for ARC deposition. In spray coating, factors such as
nozzle-to-substrate distance, air pressure, droplet size, solution
concentration, flow rate, and viscosity must be carefully controlled,
as each factor influences the final film thickness. While sol-gel films
are easy to fabricate, material waste during deposition and residual
solvent can affect the ARC properties. Additionally, optimizing
parameters for reproducible film thickness is crucial, as even minor
changes in precursor solution composition or deposition conditions
can impact the film thickness and optical properties. For this reason,
Physical Vapor Deposition (PVD) is a commonly used technique for
ARC fabrication.

5.2. Physical Vapor Deposition Techniques

PVD techniques are among the most commonly used methods due
to their ability to produce films with consistent qualities. Thermal
evaporation is typically used for depositing ARCs. This process
involves the condensation of vaporized material onto the
substrate*?. Low refractive index materials like MgF, and LiF are
commonly used in this method, serving as effective ARCs for PSCs.
However, the question arises: how can this technique be further
optimized for enhancing anti-reflective properties? The answer lies
in an advanced technique called Glancing Angle Deposition (GLAD).
In this method, the vapor flux is directed at a substrate rotated at a
specific angle. One key advantage of GLAD is that as the material is
deposited, the density of the deposited material decreases gradually.
This results in an increased porosity of the film due to the atomic
shadowing effect. Moreover, GLAD offers superior control over the
morphology of the resulting nanostructure compared to the sol-gel
method. Since GLAD creates a porous, thin film, it also influences the
refractive index of the material. For instance, a material deposited

This journal is © The Royal Society of Chemistry 20xx
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on a flat surface exhibits a different refractive index than one
deposited on a tilted substrate due to the porosity of the thin film.

5.3. Lithography and Patterning the Substrates

The above-mentioned are the most commonly used techniques for
fabricating ARCs for PSCs. However, another less conventional
method, though reported in the literature, is lithography-based
ARCs. This process involves patterning the surface of a substrate to
create nanoscale features. It can be used to create patterns on the
opposite side of TCO-coated glass, which can enhance light utilization
through the phenomenon of internal reflection. Additionally, this
technique is often employed for template-assisted micro-replication
in ARC fabrication.®*

In this process, a specific pattern is formed on a mold, and then a
polymer material is cast into the mold. Once the polymer material is
removed, it retains the pattern on one side and can be used as a
textured ARC; the examples for this type of ARC have been discussed
in detail in section 4.3.

Hence, this section outlined key fabrication techniques for ARCs
specifically in the context of PSCs, focusing on their effectiveness,
scalability, and compatibility with PSC architectures. Sol-gel-based
methods offer a low-cost, solution-processable route to form ARC
layers with tuneable thickness, making them suitable for lab-scale
PSCs. However, challenges such as film uniformity, material waste,
and limited scalability must be addressed for industrial applications.
PVD, including advanced methods like GLAD, enables the formation
of uniform, porous ARC layers with finely tuned refractive indices
that significantly enhance light management in PSCs. Despite its
precision, PVD involves higher complexity and cost. Lithography and
substrate patterning techniques, while less commonly used, present
promising opportunities for creating nanostructured ARC surfaces
that improve light trapping via internal reflection. Although more
complex, these methods can be particularly effective for high-
performance PSCs where maximizing optical absorption is critical.
Selecting the appropriate ARC fabrication technique for PSCs thus
depends on balancing optical performance, processing complexity,
and scalability. From a techno-economic perspective, different
fabrication methods for ARCs involve distinct trade-offs in material
cost, process complexity, energy consumption, and scalability. Sol-
gel based fabrication techniques usually offer the lowest material
and equipment cost and the highest potential for large-area
production due to its compatibility with low-temperature processing
and roll-to-roll manufacturing, making them particularly suitable for
commercial applications. In contrast, PVD techniques provide precise
control over thin films, but at the same time require high capital
investment, greater energy consumption, and provides moderate
scalability, restricting their suitability for very large area coating.
While Nano structuring, and lithography techniques gives advance
control of thin film fabrication and resulting properties. However,
their complex multi-step processing and dependence on specialized
equipment’s result in higher production costs and doesn’t suits for
large scale deployment. Furthermore, depending on the type of
lithography method the energy consumption can be very high due to
high-power sources. Overall, each fabrication technique has its own
unique advantages, but the trade-offs between cost, complexity,

This journal is © The Royal Society of Chemistry 20xx
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energy and scalability must be carefully considered tg.jdentify the
most industrially viable ARC fabrication methdd: TaBRES/ BiverOBéfow
represents a systematic comparison of these techniques in terms of
material cost, process complexity, energy consumption, and
scalability potential.

Table 3: Techno-economic comparison of various ARCs fabrication techniques

Parameters Sol-Gel PVD Nanostructuring /
Lithography
Material Cost Low High High
Process Complexity Low Moderate to high High
Energy Consumption Low High High to Very high depending
on lithography method
Scalability Large-area Low large -scale scalability

(upto large wafer size)

Main Advantages Simple processing Precise thickness Higher design flexibility,

control, high film superior optical performance

quality

Limitations Limited stability and High equipment cost, Very high fabrication cost,

thin film uniformity limited throughput not compatible for large area

production

6. Key Considerations in Designing an ARC for
PSCs

When a solar cell is deployed in any external environment, such as
on sunroofs, cars, houses, or fields, it is crucial to maintain its
performance as demonstrated in the laboratory. However, achieving
consistent performance in a real-world scenario is challenging.31:83
This section will discuss the key issues and strategies for mitigating
power loss using ARCs for PSCs.

6.1 Anti-Soiling Properties of ARCs

Under the operational conditions, the ARCs are exposed to external

A Mineral dust

F Agriculture BM
-

-

Figure 15. Overview of different soiling types with exemplary
photographs of the soiling of the PV panels. Reproduced with
permission.83-86

factors such as sunlight, humidity, dust, dirt, and organic matter,
soiling losses become a significant concern. These soiling issues arise
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not only from the accumulation of dirt on the ARC but can also be
caused by various other factors. Figure 15 provides an overview of
different types of soiling with exemplary images.83-8 Such soiling can
lead to light attenuation, ultimately reducing the output power of the
solar cell.

Maintenance of solar cells can be carried out manually, semi-
automatically, or with fully automatic machinery. However, if the
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Figure 16. (a) Change in the reflectance with different
thicknesses of PPFC, (b) Water contact angle at different PPFC
thickness, (c) Variation in Jsc and PCE with the optimized ARC,
(d) Real-time image of the device. Reproduced from ref.8” with
permission from Elsevier, copyright 2015.

solar plant covers a large area or if the solar cells are used in building-
integrated photovoltaics (BIPV) or aerospace applications,
maintenance becomes a bit challenging. Therefore, in addition to
these maintenance techniques, assessing the anti-soiling properties
of any ARC is crucial for ensuring its long-term effectiveness. Kim et
al® in their study developed a multilayer ARC consisting of
Nb>0s/Si02/Nb2Os and introduced a capping layer of plasma-
polymerized fluorocarbon (PPFC) to create a water-repellent surface.
This modification reduced reflectance to 1.71% in the Vvisible
spectrum and produced a hydrophobic surface with a contact angle
greater than 100°. The improved film enhanced photocurrent
collection when applied to PSCs. Figure 16(a) shows the reflectance
of the NSN ARC with various PPFC layer thicknesses, while Figure
16(b) illustrates that a 70 nm PPFC layer results in a contact angle
exceeding 100°. Figure 16(c) shows changes in the device PCE and Jsc
a) b) c)

— Wi N
—— Withowt Nanouare

Current Demsity (msem’)

0 01 92 03 &4 05 08 07 08 09 10 11

AR ARAS AR Voltage (V)

Figure 17. (a) SEM images of the PDMS nano cones, (b) Water
contact angle of deionized water on PDMS layer with different
aspect ratio, (c) JV characteristics of the device with and
without the PDMS nano cone film. Reproduced from ref. ¢ with
permission from ACS Publications, copyright 2015.
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, and Figure 16(d) presents a real-time image of a water, droplet.on
the fabricated device. The results demonstfated eHEE WeorpePating
PPFCinto the ARC not only reduces soiling but also makes the surface
self-cleaning, an essential feature for an effective ARC.

Similarly, Tavakoli et al., ® in their paper, developed a textured ARC
with self-cleaning properties. The developed textured ARC features
nano cones that enhance light management within the device,
increasing the device Jsc from 17mA/cm? to 19.1mA/cm?2
Additionally, this ARC exhibited water-repelling properties with a
contact angle of up to 155°. Such ARCs are beneficial for maintaining
the cleanliness of solar cells. Figure 17(a) shows the SEM cross-
sectional image of the nano cone ARC, while Figure 17(b) presents
the water contact angle measurement. Figures 17(c) display the J-V
characteristics of the device with and without the ARC. Such ARC can
increase the charge carrier generation rate, demonstrating the
increase in photocurrent generation after incorporating the ARC, as
seen by the JV curve.

6.2 Infra-Red Reflecting Coatings

Continuous exposure of solar cells to sunlight can also lead to an
increase in their temperature, which poses a significant challenge for
consistent device performance. Elevated temperatures result in a
reduction in efficiency and accelerate degradation processes,
ultimately shortening the device lifespan. Therefore, when designing
an ARG, it is essential to address this issue. The ARC must not only
provide effective anti-reflection properties but also help minimize
heating by reflecting the bandgap radiation responsible for
temperature rise. Maniyara et al.88 made notable progress in this
area by designing an anti-reflective transparent conductor with
minimal optical loss, achieving over 98% transmission in the visible
spectrum. Likewise, Perrakis et al.8° developed an infrared-reflective
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Figure 18. (a), (b), (c) Variation in the operating temperature of
the device under various environmental conditions after the
application of IR reflecting coating. (d) JV characteristics of the
PSC, (e) Reflectivity after the application of the IR reflecting
coating. Reproduced from ref. 8 with permission from MDPI,
copyright 2018.

transparent electrode that also exhibited minimal optical losses.
Their design showed over 91% transmission in the visible range and
about 70% reflection in the infrared range. This innovation
significantly reduced the device heat load by 128.9 W/m?2. In their
study, one device featured the conventional FTO transparent

This journal is © The Royal Society of Chemistry 20xx
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electrode, while another used the infrared-reflective transparent
electrode. Figure 18(a), (b), (c) show the operating temperature of
the cell under various environmental conditions, including wind
speed, ambient temperature, and relative humidity. The presence of
such IR reflecting ARC resulted into an average decrease of 6° in
device operating temperature, which can significantly enhance the
operational stability of the PSC. Further, Figure 18(d) shows the JV
characteristics revealing that the optimized transparent electrode
increased the Jsc from 23.47 mA/cm? to 24.60 mA/cm? and Figure
18(e) shows the reflectivity of the designed transparent electrode,
which contributed to a reduction in the thermal load from 501.1
W/m? to 372.2 W/m?2.

6.3 Durability of ARCs

In addition to their anti-soiling and infrared-reflecting properties,

{a} Coating thinning

‘Warvalorgh inem) (nn} Wavsiengih inm) fam]

Figure 19. (a) ARC damage due to abrasion?s, (b) ARC damage due
to material removal*?, (c) Types of ARC damage (i) Thinning
process, (ii) Coating removal, (iii) Thinning and Coating removal
simultaneously.3* Reproduced with permission. 3442

one of the most critical characteristics of a good ARC is its mechanical
durability. Over time, ARCs can degrade due to various factors.
Physical damage to the ARC surface can occur from environmental
conditions such as hailstorms, bird scratches, and temperature
fluctuations. Additionally, the performance of the coating can
deteriorate due to certain cleaning practices, especially in areas
prone to sandstorms and other harsh weather conditions. Regular
cleaning of ARCs, while necessary to maintain their function, can lead
to abrasion damage. Figure 19(a), presents a SEM image of an ARC
coating that has been damaged by abrasion?3. Abrasion damage can
occur in two primary ways. First, when a uniform amount of material
is removed from the entire ARC surface, the coating thickness is
reduced, which in turn diminishes its anti-reflective properties.
Thinning of the ARC can also result from exposure to acidic
environments, making air pollution a significant factor in the
degradation process, sometimes  overshadowing  other
environmental stressors. The second form of damage occurs when a
section of the ARC is entirely removed, leading to more extensive
damage, as shown in Figure 19 (b)*2. Figure 19(c) shows the
categories of the types of ARC removal. When the ARC is simply
thinned, only a minimal change in reflectance is observed.

contrast, when a significant portion of the material is removed from
the surface, the reflectance is more noticeably affected. The most
severe degradation occurs when both thinning and the removal of

This journal is © The Royal Society of Chemistry 20xx
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sections of the ARC happen simultaneously, whick,tesults dni@
combined effect that drastically impacts refl@€taAed 339/D5SC09456A

As the durability of ARCs is a critical factor for their effective
performance, recent literature has examined their behavior under
environmental stresses such as damp heat, UV irradiation,
mechanical abrasion, and soiling, highlighting how these challenges
can be mitigated through various strategies. The table 4 below

summarizes these recent advances.

Table 4: Stability and Durability Strategies for ARCs under
Environmental Stress

Targeted Trade-offs Optimization Reference
Conditions Strategies
Tested
Hygroscopic «°
Damp heat, Vel P .
abrasion sol-gel ARC Strong adhesion,
ARC on PV cover glass . degrades  in hard coat, but limited
(scratch/abrasion N . .
humid humidity durability
tests) )
climates
Soiling Combining ASC & o
Desert  soilin reduces ARC materials,
Anti-soiling + ARC SOWM8 | ansmittance; | field/accelerated
UV, abrasion : m
dusty testing  (soiling &
environments cleaning)
Long-term 2
. g- High abrasion
. Dust/soiling, cleaning ) N
ARC performance in a harsh N . resistance with
N abrasion (1500 abrasion can o
climate minimal loss (~2.6%
cycles) degrade
B after 1500 cycles)
transmittance
Double-layer s
- . Outdoor Roughness vs structure with
. R exposure, optical embedded silica for
superhydrophobic/self-cleaning o .
tests transp: y mechanical
stability
S AR Low-temp i "
UV irradiation, o (MMA@MQ)
v 2
ARC + self-cleaning composite outdoor . .
- hydrophobic scalable coating,
conditions B
functions enhanced robustness
Dense ot
N Porous ARCs ) -
N Abrasion, ) multilayer/silica
Dense multilayer ARC N easily
cleaning cycles ARCs for enhanced
damaged "
durability
Temperature a2
durability, Trade-offs ) N
. . multilayer designs,
ARC + negative temperature mechanical between .
N optimal surface
tolerance abrasion, and transparency .
. L chemistries
hydrophobicity & durability
effects
General Limited long- Highlights combined 3
ARC + self-cleaning environment term  testing AR/Self-cleaning
(UV, dust) previously synthesis methods
Mechanical Reinforced coatings, o
ARC wear

ARC + ASC abrasion abrasion,

cleaning cycles

abrasion testing

from cleaning
protocols

Photocatalytic . 9%
. . - Sol-gel SiO,
ARC + photocatalytic self- UV irradiation layer L
. ) . optimized for AR +
cleaning (photocatalysis) absorption N
self-cleaning

risk

Thus, in addition to strong antireflective performance, an ideal ARC
anti-soiling properties, preventing the

water droplets, and environmental
contaminants on the surface. This ensures consistent optical
performance over time and reduces the need for frequent
maintenance. Moreover, the ARC should exhibit infrared (IR)
reflecting capabilities, which help to minimize heat buildup by
reflecting unwanted IR radiation, thereby maintaining the device
operational temperature within an optimal range. This thermal

should also possess
accumulation of dust,

regulation is crucial for improving the long-term stability and
efficiency of PSCs. Furthermore, the coating must demonstrate high
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mechanical durability, ensuring it remains intact and effective even
under physical cleaning, environmental wear, or repeated handling.

It should resist abrasion, peeling, or degradation during routine

maintenance Collectively, these multifunctional

properties, including anti-reflective, anti-soiling, IR-reflective, and

processes.

mechanically robust, are essential for developing ARCs that can
perform reliably in real-world outdoor and industrial environments.
Now, although multifunctional ARCs provide additional benefits,
including self-cleaning behavior, thermal regulation, and enhanced
durability, the integration of multiple functionalities may introduce
trade-offs with optical performance. For example, micro- and
nanostructures designed to impart superhydrophobicity and self-
cleaning characteristics often increase surface roughness and light
scattering, which can reduce optical transmittance. Similarly, the
incorporation of infrared reflecting materials or mechanically
reinforced layers may alter refractive index matching and optical
interference conditions, potentially compromising ARC performance.
Recent studies indicate that these trade-offs can be effectively

minimized through rational material and structural design. Strategies
such as ordered nano structuring with precisely controlled feature
sizes, hybrid composite coatings, and optimized multilayer
architectures have proven successful in balancing functionality and

optical efficiency. Furthermore, the application of optical Modeling

Optimization /

- Reference
coordination strategy

Targeted functionalities Reported trade-offs

Multilayer designs
combining dense base
layers with functional top
layers

ARC, durability, outdoor
stability

Porous ARC layers vulnerable to
abrasion and contamination

Controlled nano-
roughness and refractive- 3
index grading

Surface roughness for self-cleaning

ARC + self-cleaning . ) )
increases light scattering

Balance between
Transparency, self-

cleaning, durability

Hydrophobic textures reduce

) nanoscale texture size and v
transparency at high roughness

optical wavelength

Use of sub-wavelength
nanostructures to o
suppress scattering

ARC + super
hydrophobicity

Superhydrophobic microstructures
induce optical losses

ARC, super
hydrophobicity,
robustness

Composite nanofiber—
silica systems to enhance %
mechanical strength

Mechanical wear degrades surface
texture

Sol-gel tuning of porosity

ARC, weath
weather and surface %

resistance, self-cleaning

Hydrophobic chemistry can alter

refractive index matching functionalizati
unctionalization

ARC, super Eco-friend! terial d Bilayer design: AR base
co-friendly materials may reduce
hydrophobicity, v . o v layer + hydrophobic top 100
i hydrophobic efficiency
durability layer
. . 101
. R X . Hierarchical structures
ARG, self-cleaning, Biomimetic textures risk excessive ) )
) N with nanoscale optical
mechanical stability roughness

control
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and fluoropolymer 102

ARC, super High-aspect-ratio

hydrophobicity structures scatter light

infiltration

Composite MMA@MQ
coating with controlled

layer thickness and

Balancing optical low-temperature
transmittance, scalable deposition

ARG, self-cleaning %
hydrophobicity, and (spin-coating,

L dip-coating) to
ARC and self-cleaning
while

ensuring

durability.

Table 5: Trade-offs and optimization strategy for targeted

functionalities of ARCs existing in the literature.

and surface energy engineering can facilitate the simultaneous

optimization of transparency, durability, and environmental
resistance. These integrated design approaches provide a practical
pathway for developing multifunctional ARCs with minimal
compromise in optical efficiency. Table 5 summarizes recent
literature demonstrating how these properties can be coordinated

and optimized concurrently.

Additionally, as discussed earlier, the development of a high-
performance ARC involves numerous interdependent factors. Thus,
rather than relying solely on material selection, it is recommended
to employ simulation and Modeling tools to guide the design process
before experimental trials. This approach reduces trial-and-error
chances and enhances the likelihood of achieving an optimal ARC for
PSCs without material and time wastage. The following section
explores the role of simulations in advancing ARC development for
PSCs.

7. Role of Optical Modeling and Machine Learning
in Designing Optimal ARCs for PSCs

Modeling plays a key role in designing optimal ARCs, saving both
materials and time. Before conducting real-time experiments, an

effective approach to designing an optimal ARC is to predetermine
the ideal thickness values, which can be guided through Modeling
techniques. One widely used method for this is optical Modeling,
typically based on the transfer matrix method.103104 Qptical
Modeling is a well-known and widely opted technique used for the
optimization of multilayer structures, including ARCs,% photonic
crystals,>106 transparent electrodes,'7108 and photonic devices
including solar cells.109-111

To perform this Modeling, optical constants data of each layer is
required as the input parameter, whereas to get reliable results from
Modeling it is crucial to adopt accurate optical constant data for each
thin film, as a slight variation in the measurement of the optical
constant data can led to the changes in the optimising results for thin

This journal is © The Royal Society of Chemistry 20xx
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film structures (as even small deviations can significantly affect the
optical properties.!'?2 Therefore, the Modeling process should closely
align with the experimental setup, considering all layers in the same
manner. This approach also enables the exploration of different
configurations and the selection of materials with the optimal
refractive indices for maximum performance. Thus, in addition to
optimizing thickness, simulations also assist in choosing materials
with the ideal refractive index for maximizing the device efficiency.
To model this behaviour, the Fresnel Equation is commonly used, as
it provides a fundamental mathematical concept to calculate the
optical characteristics (transmittance, reflectance, and absorption)
at a particular interface.t® As previously discussed in the
introduction, Figures 1(a) and (b) illustrate how light waves
propagate through a single-layer and a multilayer ARC on a substrate,
respectively.

ARCs can be single, bilayer, or multilayer, depending on their
effectiveness. For a single-layer ARC as shown in Figure 1(a), in the
introduction, the two reflected rays, R1 and R2, must interfere
destructively to minimize reflection. To achieve this, the optimal
thickness for such a single-layer ARC corresponds to a quarter-
wavelength of the incident light at the coating central wavelength.
Thus, for the single-layer ARC to perform optimally, the material
must satisfy a specific relationship between its refractive index and
the wavelength of incident light. Specifically, if nac represents the
refractive index of the ARC, and n,and n; are the refractive indices of
the media on either side of the coating (air and substrate,
respectively), the refractive index of the ARC should ideally follow the
relation:

Nare = VMals (€Y)

As Fresnel’s Equation depends on the polarization of light (s and p
polarization), thus, the equation expressing the phase difference is
given by:

& =2nnd cosH/2 @)

For a normal incidence case (where 8 = 0), the reflectance value is
given by

[n ns—n, 2]2
R: a’ts arc

NaNs+Narc?

3)

Whereas for multilayer ARCs, the total reflection is calculated by
considering the amount of light reflected from the interfaces
between adjacent layers. For example, let i and j represent two
adjacent layers. The reflection at the interface is given by the
equation:

[Rij| = (ni-nj)/(ni+nj),
and the phase difference is given by the equation:

8i = 2mnidi cos 0i/ A €))

This journal is © The Royal Society of Chemistry 20xx
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where di, 0i, and Aare the thickness of the Iayer,v‘gbv%@gpg&“gg
refraction, and the wavelength of light, Pe3petivelyDSPhé ototdl
reflection across a multilayer ARC can then be expressed as a sum of
reflections at each interface and is given by the following equation:

Rtot= Ro1+R12+R23+R3s (5)
where Ro1 = ‘Roﬂ, R1z = ‘Ru‘ exp (-2(51)), st = |R23| exp (-2(51 + 52))
and Rss = |Raa] exp (-2(61 + 62 + §3))

Thus, by adjusting the material refractive index and precisely
controlling each layer thickness, reflection loss can be minimized,
optimizing the ARC and, in turn, enhancing the performance of PSCs.

For instance, in a recent publication of our group, Rani et al. 113 we
demonstrated that precise determination of the refractive index is
critical for achieving close agreement between experimental results
and optical Modeling predictions. We introduced a new design
strategy by combining two types of ARCs, planar and porous within a
single graded-index ARC. The planar layers provide structural
uniformity and mechanical stability, while the porous layers
introduce controlled air voids, effectively lowering the local
refractive index. By carefully integrating these two types of layers,
the resulting graded-index ARC achieves a variation in refractive
index, which significantly minimizes reflection across a broad
wavelength range. This design approach allows for a reduction in
reflection losses that is nearly twice as effective as that obtained with
conventional planar, porous, or single-layer graded ARCs. By
adjusting the deposition angle and layering sequence, we were able
to lower the refractive index of MgF, beyond its standard value, a
modification typically achievable only through solution-based
processing (as illustrated in Figure 6). This precise control over the
refractive index not only enhances the optical performance of the
ARC but also provides a versatile route for designing coatings with
custom optical properties highlighting the importance of integrating
structural engineering and advanced material processing techniques
to optimize coating performance for next-generation optical and
photovoltaic applications.

Further, with the increasing complexity of material systems and
structural architectures, machine learning (ML) is also one of the
emerging and powerful complement to optical modeling for
accelerating the design and optimization of advanced ARCs. Through
materials screening, ML models trained on experimental and
simulation datasets can rapidly identify promising coating
compositions and hybrid systems with desirable refractive indices,
stability,

significantly reducing reliance on trial-and-error experimentation.

bandgap characteristics, and environmental thereby
For multilayer and gradient-index ARCs, inverse design frameworks-
based algorithms enable the direct prediction of optimal layer
sequences, thicknesses, and material combinations that maximize
broadband transmittance under specific angular and environmental
constraints. Moreover, data-driven performance prediction models

establish quantitative relationships between processing parameters,
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microstructural  features, and optical, mechanical, and
environmental properties, facilitating reliable lifetime assessment
and degradation forecasting. Machine learning also supports multi-
objective optimization by simultaneously considering optical
efficiency, durability, cost, and scalability, allowing the identification
of balanced design solutions that satisfy practical deployment
requirements. When integrated with optical simulations, automated
fabrication platforms, and real-time characterization systems, ML-
driven approaches are expected to enable closed-loop optimization

and autonomous materials discovery.

Wang et al.'**demonstrated the automated design of multifunctional
coatings that balance aesthetic and optical performance criteria for
solar cells. Their approach enables the development of coatings that
impart color to solar cells while minimizing efficiency losses, thereby
enhancing both visual appeal and energy performance. Similarly,
Oktay et al.'*>developed and evaluated a data-driven model based
on a dataset of 3,000 simulations to predict optical reflectance in
multilayer anti-reflective coatings (ARCs). These coatings were
specifically designed for infrared sensing applications, where
excessive reflection can significantly reduce detection sensitivity.
Together, these studies illustrate a transformative pathway toward
intelligent, adaptive, multifunctional, ARC
technologies that can be first designed and then experimentally

and sustainable

realized for application in PSCs.

8. Conclusions

PSCs continue to demonstrate remarkable promise, and
relatively simple light management strategies present an
untapped opportunity to further push their efficiency and
durability. Among these, ARCs stand out as one of the most
practical and impactful solutions, acting on the optimisation of
the device performances exploiting the light management. In
addition to enhancing light harvesting, well-designed ARCs can
also contribute to thermal regulation, mitigating performance
losses under high temperatures, and provide self-cleaning and
protective functions to extend device lifetime. Importantly, in
some architectures, transparent electrodes can be engineered
to serve dual roles as both electrodes and ARCs, reducing
fabrication complexity. Indeed, even incremental efficiency
gains of 1-2% from optimized ARCs are significant when
considering large-scale deployment.

In our view, the future of ARCs in PSCs lies in multifunctionality.
Optical enhancement alone is not enough. Scalable ARCs must
also address stability, manufacturability, and cost-
effectiveness. We believe the integration of machine learning
and predictive Modeling will be transformative, enabling rapid
exploration of material combinations and structural designs
that traditional trial-and-error approaches cannot match. As
PSCs move closer to commercialization, ARCs should not be
treated as peripheral add-ons but as central components of
device architecture. With continued innovation in
multifunctional and scalable ARC technologies, PSCs have the
potential to surpass current efficiency benchmarks while

16 | J. Name., 2012, 00, 1-3

ensuring long-term operational stability. With..tbese
advancements, ARCs could play a pivotal Féle 1A HHiRgtHed Ak
generation of high-efficiency, durable, and commercially viable
PSCs.
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