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attention due to their high power conversion efficiency

(PCE) and low production costs.' The perovskite
materials used in these cells, typically composed of hybrid
organic—inorganic lead halides, exhibit excellent light
absorption and charge-carrier mobility and long diffusion
lengths, all of which contribute to their superior photovoltaic
performance among emerging photovoltaics (e.g,, OPV, DSSC,
etc.).” In addition to their high efficiency, now reaching up to
26.7% PCE on rigid substrates’ and up to 25.1% on flexible
substrates,” perovskites offer a unique advantage: they can be
processed from solutions, which means they can be deposited
onto a variety of substrates, including flexible ones.” However,
these materials are inherently brittle and sensitive to residual
tensile strains, which affect both the efliciency and the stability
of the devices. The introduction of flexible substrates into
PSCs (f-PSCs) has, on one side, provided an attractive
pathway for the technology toward highly efficient, lightweight,
shape-adaptable, and versatile solar energy solutions, suitable
for application in wearable electronics, portable power sources,
and building-integrated photovoltaics.” On the other side, it
has also exacerbated the issues of brittleness and residual strain
of the perovskite active layer, potentially limiting operation
under mechanical stress, a common occurrence in flexible
applications, and thus significantly hindering the widespread
adoption of f-PSCs.® Flexible substrates, such as polyethylene-
terephthalate (PET) and polyethylenenaphthalate (PEN),
provide the necessary mechanical flexibility but also demand
the active layers and interfaces within the solar cell to
withstand repeated bending and stretching without significant
performance degradation.” Strain engineering can play a vital
role in addressing these challenges by incorporating elastomers
and cross-linking molecules, according to several recent
advancements reported in the literature (Figure 1).171 In
the past 10 years, the number of publications on elastomers or
cross-linkers applied to PSCs has followed very closely the
exponential trend in the number of publications on PSCs
(regardless of the substrate), growing from less than 10 papers
published in 2015 to over 200 in 2024, according to Scopus.
Oddly, the same trend has not been observed for papers on
elastomers or cross-linkers applied to {-PSCs, which can mainly
benefit from employing such materials: the number of
publications per year on this topic has fluctuated between 1
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and 9. Undoubtedly, the publications on f-PSCs, even if
increasing in number through the years, have been just a small
fraction of those on all PSCs, i.e., around 2—3% depending on
the year. Still, while the share of published papers on
elastomers or cross-linkers for PSCs (regardless of the
substrate) over the total publications on PSCs has been
quite constantly in the 4—8% range, until reaching an 11%
peak in 2024, the ratio of published papers on elastomers or
cross-linkers for f-PSCs has always been higher, oscillating over
the years between 13% and 23% of the total publications on f-
PSCs, with 2024 marking the maximum so far, at 26%.

This Viewpoint explores how elastomers and cross-linking
molecules independently and synergistically offer exceptional
flexibility, improve structural integrity and mechanical stability,
provide self-healing capabilities, and boost the overall perform-
ance and stability of f-PSCs, ultimately driving the develop-
ment of more durable, efficient, and commercially viable
flexible photovoltaic technologies. It also investigates the
existing gap in transferring the research advancements of these
materials applied to PSCs from rigid to flexible substrates.

Elastomers and Cross-Linking Molecules: What's the
Difference? Elastomers and cross-linking molecules, though
the terms are often used in conjunction, are distinct
components with unique roles in enhancing the properties of
f-PSCs. Elastomers are polymers known for their high elasticity
and ability to undergo significant deformation before returning
to their original shape, without any significant change in their
pristine properties. They are critical in providing flexibility and
self-healing properties to perovskite films.'* Cross-linking
molecules, on the other hand, are chemical agents that create
covalent bonds between linear polymer chains, forming a
network structure within the elastomer leading to a
thermosetting material.'> This cross-linking process signifi-
cantly enhances the mechanical stability of the elastomer by
preventing the polymer chains from sliding past each other
easily, thereby distributing stress more evenly across the
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Strain Engineering to improve performance and mechanical stability of f-PSCs

Figure 1. Hlustration of elastomers and cross-linking molecules used in flexible perovskite solar cells (f-PSCs) for strain engineering. The
various cross-linkers and elastomers, such as BTME, SBMA, TA-NI, PETA, and DSSP-PPU, contribute to improving the mechanical and
thermal stability by mitigating the effects of compressive and tensile strain. These materials help distribute mechanical deformation across
the perovskite films, enhancing the durability and performance of f-PSCs under mechanical stress.

material.'® While elastomers provide the foundational
flexibility and resilience, cross-linking molecules improve
structural integrity and durability, making the combined use
of these materials essential for the robust performance of f-
PSCs. In this context, the thoughtful design and combination
of elastomers and cross-linking molecules is of paramount
importance toward the production of PSC-tailored materials
fully compatible with the active layer.

Elastomers for f-PSCs. Elastomers are a class of polymers
known for their exceptional elasticity and resilience. When
integrated into the perovskite active layer, they serve multiple
functions that address the key challenges of mechanical
instability and material brittleness. Elastomers can be
incorporated within the bulk of the perovskite absorber, at
its grain boundaries, or in the encapsulation layers. Their
flexibility allows the perovskite films to endure mechanical
deformations, while their self-healing properties enable the
repair of microcracks and other defects that may form under
stress, thus avoiding the irreversible degradation of the active
layer. When a f-PSC is subjected to bending, the externally
applied stresses concentrate on the functional layers (such as
SnO, or perovskite) as well as at their interfaces, inducing
interfacial stress due to the inherent mismatch between the
Young’s modulus of the adjacent layers. Once the applied
stress exceeds the elastic deformation tolerance limit, structural
failure occurs in the optoelectronic devices, resulting in
performance degradation. Previous studies usually attributed
the mechanical degradation of flexible PSCs to crack formation
in the bulk of the perovskite film or delamination at the charge
transport layer/perovskite interfaces. Therefore, tremendous
efforts have been devoted to minimize the Young’s modulus of
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bulk perovskite films and enhance their interfacial toughness.
Elastomers with a low Young’s modulus, such as polyur-
ethane'”"® and polysiloxane,'”*" have been incorporated in
bulk perovskites to strengthen the binding between neighbor-
ing grains. Buffer layers with multiple functional groups (e.g.,
—C=0, —OH, —Si—0, and —F) have been incorporated
between perovskites and transport layers to increase their
contact strengths through noncovalent intermolecular inter-
actions.”"”* Recent studies have demonstrated the effective-
ness of various elastomers in enhancing the mechanical
properties of perovskite films. For instance, supramolecular
polyurethane elastomers have been shown to act as dynamic
“ligaments” within the perovskite structure.'®”’ These
elastomers release residual stress, soften the grain boundaries,
and provide room-temperature self-healing capabilities. As a
result, perovskite films incorporating these elastomers exhibit
remarkable flexibility, retaining nearly 80% of their initial
efficiency after 8,000 bending cycles with a bending radius of 2
mm. Furthermore, the self-healing process can recover almost
90% of the initial efficiency, significantly extending the
operational lifespan of the f-PSCs. Another breakthrough
involves the use of self-healing ionic conductive elastomers
(ICEs) containing imidazolium-based ionic liquids (ILs).
These ICEs can repair grain boundary cracks at room
temperature, a crucial feature for the longevity and reliability
of f-PSCs in real-world applications. Devices incorporating
ICEs have achieved record PCEs of 24.84% and demonstrated
the ability to recover 91% of their initial efficiency after 10,000
bending cycles with a bending radius of 5 mm at room
temperature.10
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Cross-Linking Molecules for f-PSCs. Cross-linking
molecules play a crucial role in improving the mechanical
and thermal stability of f-PSCs. By forming covalent bonds
between polymer chains, these molecules establish a network
that enhances the material’s toughness, effectively distributing
stress throughout the material and preventing localized failure.
This improves the overall mechanical properties of the
perovskite films. For example, incorporating cross-linking
agents like bis(trimethoxysilyl)ethane (BTME) or other
silane-based agents has been shown to create robust and
flexible networks within the perovskite structure, enhancing the
film’s ability to withstand mechanical stress and thermal
fluctuations.”*”> Recent studies have demonstrated the use of
novel cross-linkers like 4,5-(3-methyloxetane) dicarboxylate
imidazole (MZ), which coordinates with Pb*" to form a
mesoporous lead iodide scaffold.”® This configuration regulates
the crystallization kinetics, alleviating residual strain and
enhancing spatial composition homogeneity in the perovskite
films. Such advancements contribute to both the environ-
mental and operational stability of f-PSCs by forming durable
barriers that protect against moisture and oxygen, thereby
extending the lifespan of the solar cells and mitigating the risk
of leakage of toxic byproducts.

The Quest for Tailored Materials. As proof of concept
for the use of both elastomers and cross-linkers within the
PSCs field, mainly commercially available and well-established
materials have been tested so far, whereas only a few innovative
approaches have been proposed, exploiting the synergy with
other classes of materials (e.g., ILs). On the one hand, the large
availability and full knowledge of conventional materials allow
researchers to more specifically understand their effect in the
stabilization of the perovskite active layer; on the other hand,
this approach dramatically limits the almost endless tunability
of these additives. As such, the next generation of both
elastomers and cross-linking molecules (and even more their
combination) calls for a joint effort among chemists, material
scientists, and electronic engineers toward the thoughtful
design of composite materials to be (i) fully compatible with
the perovskite active layer, (ii) easily implemented into the
device fabrication process, (iii) synthesized via cost-effective,
clean, and sustainable routes, and (iv) easily separated from the
device to facilitate their recovery and recycling in the end-of-
life phase. Elastomers and cross-linking molecules play pivotal
roles in the advancement of flexible perovskite solar cells,
offering complementary solutions to the mechanical and
environmental challenges that hinder their performance and
durability. As research progresses, the integration of advanced
and specifically designed elastomers and cross-linking agents is
expected to drive further innovations, paving the way for the
widespread adoption of flexible, efficient, and durable solar
energy solutions.
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