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As technology advances to enhance human perceptual experiences of the surrounding environment,
significant research on stretchable electronics is actively progressing, spanning from the synthesis of
materials to their applications in fully integrated devices. A critical challenge lies in developing materials
that can maintain their electrical properties under substantial stretching. Photo-crosslinkable organic
materials have emerged as a promising solution due to their ability to be precisely modified with light to
achieve desired properties, such as enhanced durability, stable conductivity, and micropatterning. This
research on photo-crosslinkable organic materials, focusing on their
We explore the essential

review examines recent

components and integration within stretchable electronic devices.
characteristics required for each device component (insulators, semiconductors, and conductors) and
explain how photo-crosslinking technology addresses these needs through its principles and

implementation. Additionally, we discuss the integration and utilization of these components in real-
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DOI: 10.1039/d4mh01757a world applications, including physical sensors, organic field-effect transistors (OFETs), and organic solar

cells (OSCs). Finally, we offer a concise perspective on the future directions and potential challenges in

rsc.li/materials-horizons ongoing research on photo-crosslinkable organic materials.

Wider impact

In flexible and stretchable electronics, photo-crosslinking technology is a powerful technique that enables precise control over the structure of organic
materials using specific wavelengths of light. This technique allows for achieving an optimal balance between the mechanical durability and electrical
properties. However, there remains a lack of comprehensive reviews summarizing the role of photo-crosslinking in the design of organic materials and their
integration into electronic devices. This review aims to fill that gap by analysing key challenges faced by components in stretchable electronics and
demonstrating how photo-crosslinking strategies can be used to overcome these obstacles. It also examines recent breakthroughs in material integration,
illustrating how this technology enhances the reliability and performance of the devices. By combining structural precision with advanced functionalities,
particularly when coupled with additive manufacturing techniques like 3D printing, photo-crosslinking holds immense potential to accelerate the development
of stretchable electronics. These advancements are anticipated to drive innovation across diverse industries, including healthcare, environmental monitoring,
and energy, ultimately contributing to improving quality of life. We hope this review inspires novel approaches in materials science and provides researchers
with valuable insights to propel the advancements in next-generation stretchable electronics.

1. Introduction

The digital revolution is fundamentally transforming our life-
styles and redefining how we interact with technology and
communicate with one another. These changes are driving
significant advancements in the design and functionality
of electronic devices, making them more versatile and user-
friendly than ever before. Among these developments,

School of Chemical and Biological Engineering, Institute of Chemical Processes,
Seoul National University, 1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of
Korea. E-mail: joonhoh@snu.ac.kr

+ These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2025

stretchable electronics are leading the way, providing immer-
sive experiences that distinguish them from traditional rigid
devices." Stretchable electronics represent not just a gradual
improvement in performance, but also a paradigm shift that
fundamentally changes our approach to electronic interfaces
and applications.

Unlike traditional rigid electronic devices, stretchable elec-
tronics can adapt to various shapes and surfaces, allowing them
to be attached anywhere and worn comfortably. This flexibility
enables an unprecedented user experience and functionality,
leading to innovative applications across various fields. For
example, in the medical and healthcare field, body-attached
electronic devices are utilized in wearable health monitors that
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track vital signs in real time, providing valuable data for both
patients and healthcare providers.*® In robotics, these devices
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enhance the responsiveness of robots, allowing for more
refined interactions with their environments.””® Furthermore,
in the field of energy storage, stretchable batteries and super-
capacitors are integrated into flexible materials, offering more
efficient and adaptable energy solutions.”' Additionally,
stretchable electronics play a crucial role in environmental
monitoring,">** enabling the collection of air and water quality
data across various environments to facilitate rapid responses
to ecological changes. In this way, the emergence of stretchable
electronics has a wide-ranging impact across industries and
daily life.

For the development of stretchable electronics, two different
approaches have been primarily investigated: i.e., structure-
based approaches and material-based approaches.’® The
structure-based approaches achieve stretchability through geo-
metric patterns and structure designs such as kirigami, ori-
gami, and mesh structures.'®>> However, the complexity of
structure designs can complicate the manufacturing process,
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making it less suitable for large-scale production.”® Moreover,
geometric design typically restricts deformation to specific
directions, which limits the potential for multi-directional
flexibility.>***

On the other hand, the material-based approaches focus on
the precise design of material structures and compositions to
obtain desired properties. These approaches allow for the
adjustment of the inherent characteristics of the materials
through molecular design, ensuring that electronic devices
maintain stability even under continuous deformation.”® Nota-
bly, this approach can be tailored to consider biocompatibility
with human tissues, thereby contributing to the reliability and
safety of electronic devices, particularly in medical and biome-
dical implant applications.?”">°

In the material-based approaches, organic materials have
become essential materials due to their unique intrinsic prop-
erties: excellent elasticity, light weight, and durability.>® These
superior properties of polymers allow devices remain durable
under mechanical stimuli. This capability allows for a wide
range of applications, from smart clothing to implantable
devices that conformally attach to internal organs.

Currently, many researchers are making continuous efforts
to balance the mechanical and electrical properties of organic
materials for stretchable electronics. Among the various meth-
ods to achieve this balance, photo-crosslinking is gaining
significant attention. Photo-crosslinking utilizes light with
specific wavelengths to rapidly form covalent bonds between
organic materials. This technique allows for precise tuning and
low-temperature processing, making it easy to modify the
properties of soft materials. As a result, it is widely used in
the research of stretchable electronics.

In the following, we will explore the utilization of photo-
crosslinking technology in stretchable electronic devices
(Fig. 1). We will begin by outlining the strategies for incorpor-
ating photo-crosslinkable components in stretchable electro-
nics into three main categories: insulators, semiconductors,
and conductors. We will discuss the chemical structures and
mechanisms behind the application of photo-crosslinking
technology to each component. Next, we will highlight how
these three elements integrate into a combined device, working
together to optimize performance. Through various applica-
tions of stretchable electronic devices - such as physical
sensors, organic field-effect transistors (OFETSs), and organic
solar cells (OSCs) - we will examine how these elements interact
to enhance the performance of the integrated system, thereby
demonstrating the practicality and potential of photo-
crosslinking technology. Finally, we will discuss the opportu-
nities that photo-crosslinking technology offers in the field of
stretchable electronics.

2. Photo-crosslinking technology
mechanisms

Photo-crosslinking technology is a simple method to modify
the physical and chemical properties of organic materials by

This journal is © The Royal Society of Chemistry 2025
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employing light to induce covalent bonds between polymer
chains or molecular components (Fig. 2). Typically, this
process involves the generation of reactive intermediates (e.g.,
radical, ion, carbene, etc.) via light activation. These intermedi-
ates then engage in subsequent reactions to form robust cross-
links, setting the stage for a wide variety of material
transformations.

A common example of this approach is free radical
polymerization. In such systems, a photoinitiator absorbs UV
or visible light and transitions to an excited state. This excited
state weakens internal bonds, leading to their cleavage and
the formation of free radicals. These radicals then add to
C-C unsaturated bonds, initiating chain propagation and
eventually combining to form a stable crosslinked
network.*"*? Similarly, benzophenone-based hydrogen abstrac-
tion utilizes light in a related mechanism. Upon absorbing
light, benzophenone reaches an excited triplet state that
abstracts a hydrogen atom from a nearby polymer chain’s
C-H bond. The resulting polymer radical can then either couple
with another radical or participate in further reactions, effec-
tively forming crosslinks without requiring an additional
initiator.*>™*>

Expanding on radical-based processes, the thiol-ene reac-
tion represents another effective photo-crosslinking pathway.
Here, light activates a thiol (-SH) group to produce a thiyl
radical. This radical promptly adds to a C-C unsaturated
bond, generating a carbon-centered radical that subsequently
reacts with another thiol. Through repeated cycles, this mecha-
nism gradually builds a uniform and resilient crosslinked
network."®*”

Beyond these radical mechanisms, diazirine and azide-
based photocrosslinking reactions exploit light to generate
highly reactive intermediates without the need for a separate
initiator. Upon exposure to light, these functional groups
release small molecules such as nitrogen, thereby producing
reactive carbene or nitrene intermediates. These intermediates
rapidly insert into C-H bonds or other reactive sites on the
polymer chain, directly forming crosslinks.**>*

Photoacid-mediated crosslinking represents a unique strat-
egy for forming covalent polymer networks through the con-
trolled release of acid. In this process, the photoacid generator
(PAG) absorbs light to reach a high-energy state and subse-
quently undergoes bond cleavage to release acid. This acid
protonates acid-sensitive monomers (e.g., epoxides, vinyl
ethers, etc.), generating active intermediates that react with
adjacent monomers to gradually build a covalent network. This
mechanism can initiate either ring-opening or step-growth
polymerization via nucleophilic substitution. Unlike radical
polymerization, photoacid-mediated reactions are insensitive
to atmospheric oxygen and do not involve termination reac-
tions, resulting in high curing efficiency and the formation of
diverse polymer backbones.>® PAGs are generally classified into
ionic and non-ionic types. Ionic PAGs are typically based on
onium salt derivatives (e.g., diaryliodonium salts, sulfonium
salts, etc.). When exposed to light, they generate acid via direct
n-c* or m-m* transitions or by intersystem crossing to the
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Fig. 1 Schematic illustration of photo-crosslinkable components and their applications in flexible and stretchable electronics. Image of “substrate”3*
Copyright 2021, The American Association for the Advancement of Science. Image for “dielectric"*? Copyright 2017, American Chemical Society. Image
for “adhesive”*® Copyright 2024, Elsevier. Image for “ion conductive”>* Copyright 2022, American Chemical Society. Image for “liquid metal”*®> Copyright
2023, Wiley-VCH. Image for “organic solar cells"*® Copyright 2019, Wiley-VCH. Image for “OFET multi-array”*” Copyright 2021, Springer Nature. Image
for “E-Skin"*® Copyright 2023, The American Association for the Advancement of Science. Image for “strain-insensitive pressure sensor”>® Copyright
2024, Wiley-VCH. Image for “pressure sensor multi-array”4® Copyright 2022, American Chemical Society.

triplet state, followed by either heterolytic or homolytic bond
cleavage.>*® In these systems, the cation determines the
photochemical reactivity and thermal stability, while the
counter-anion (e.g., BF,~, PFs~, and SbF ) controls the acid
strength and the rate of polymerization initiation.>®>” However,
ionic PAGs often exhibit limited solubility in reactive mono-
mers or organic solvents.”®”® Additionally, they often require
thicker films to ensure sufficient radiation absorption and may
pose potential issues related to toxicity and external band
reactivity.>*®* To overcome these limitations, non-ionic
PAGs have attracted significant attention. Under illumination,
the C-O, S-O, and N-O bonds in non-ionic PAGs (e.g,
imido sulfonate, arylsulfonate esters, etc.) undergo dissocia-
tion, forming structurally stabilized radicals. These radicals

4576 | Mater. Horiz., 2025,12, 4573-4607

then extract hydrogen from protic solvents, leading to
the generation of acidic compounds. Their excellent
solubility in various solvents and polymer matrices makes them
particularly useful for photopolymerization and surface
curing applications.®>®*  Although non-ionic PAGs are
generally less thermally stable than their ionic PAGs, this
drawback has been effectively mitigated through careful mod-
ification of pendant structures within their molecular
frameworks.®

Photomedicated redox catalysts provide an alternative path-
way for generating active intermediates that lead to crosslink
formation. In this method, catalysts (e.g., Ru(bpy)s;>", Ir(ppy)s,
etc.) absorb light and transition to an excited state, resulting in
significant changes in their electronic structures that enhance

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Schematic representation of various photo-crosslinking mechanisms. (a) Free radical polymerization. (b) Thiol-ene reaction. (c) Diazirine and
azide-based reaction. (d) Photoacid-mediated polymerization. (e) Photomediated redox catalysis. (f) [2+2] cycloaddition reaction.

their electron-donating and electron-accepting abilities. The
excited catalyst interacts with redox-active groups in the
reactants, inducing electron transfer that converts stable reac-
tants into highly reactive radical species or radical ions. These
reactive intermediates combine to form crosslinks, while the
catalyst is regenerated through additional electron transfer,
thereby sustaining an efficient polymerization cycle.®®”®® For
optimal performance, the redox potentials of the catalyst and

This journal is © The Royal Society of Chemistry 2025

reactants must be well-matched to facilitate efficient electron
transfer and selective crosslinking while minimizing side
reactions. Furthermore, a sufficiently long excited state
lifetime is essential to enable efficient electron or hydrogen
transfer between donors and acceptors. Additionally, achieving
both high photoluminescence quantum efficiency and
excellent reversibility is essential for efficient -catalyst
recycling.®®%%7*

Mater. Horiz., 2025,12, 4573-4607 | 4577
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Table 1 Summary of the advantages and applications of representative photo-crosslinkable organic materials: insulators and semiconductors

Max.
Functional role Materials Crosslinking agent Mechanism Application stretchability ref.
Insulator Substrate POSS-grafted acrylate PEG Acrylate Free radical Substrate 9455% 74
PP/mSEBS PP/mSEBS Free radical Substrate 700% 75
Polyepoxy acrylate/polyurethane Acrylate Free radical Transistor array,  50% 76
acrylate circuit
Acrylate Acrylate Free radical Physical sensor 100% 39
Dielectric PVDF-HFP/COC/FPA azide FPA azide Azide OFET Flexible 77
P(NB/VNB)/PETMP PETMP Thiol-ene OFET Flexible 78
PVDF-CTFE/thiol-modified BaTiO; Thiol-modified BaTiO; Thiol-ene Dielectric 400% 79
ZrTA ZrTA Free radical OFET Flexible 80
ZrCl,/HDDA HDDA Free radical OFET Flexible 81
Polystyrene/PEG-azide PEG-azide Azide OFET Flexible 82
SEBS/azide Azide Azide Transistor array, 100% 83
circuit
PVDF-TrFE-CTFE-azide PVDF-TrFE-CTFE-azide Azide Dielectric Flexible 84
Parylene-OH Parylene-OH Free radical Transistor array/  Flexible 85
inverter
PMMA/BBP-4 BBP-4 Free radical OFET Flexible 86
PEG-SH/acrylate/BMITFSI PEG-SH/acrylate Photoacid/thiol-  OFET 130% 87
ene
PDMS/BP PDMS/BP Free radical Physical sensor Flexible 40
PAAm/CacCl, PAAmM/CacCl, Free radical Physical sensor 55.64% 88
Adhesive Disulfide-based dynamic material Disulfide-based dynamic  Free radical Adhesive Flexible 89
material
Acrylate/PEGDMA PEGDMA Free radical Adhesive Flexible 90
PAAmM/P(BA-co-IBA) Acrylate Free radical Adhesive 200% 33
Polyurethane acrylate Acrylate Free radical Physical sensor Flexible 91
Acrylate Acrylate Free radical Adhesive Flexible 92
Semiconductor DPP based polymer Butadiyne functionalized Free radical OFET Flexible 93
polymer
PDPP4T-N; PDPP4T-Nj Azide OFET Flexible 94
Coumarin functionalized DPP based Coumarin [2+2] cycloaddition OFET Flexible 95
polymer
P3HT-azide P3HT-azide Azide OFET Flexible 96
IDTBT/n-NIPS n-NIPS Azide OFET 80% 51
PATDPP/SBS/TRIS SBS/TRIS Thiol-ene OFET 100% 97
PDPPAT/PDPP3T-2F/N2200/PN3 PN3 Azide OFET/inverter Flexible 98
PTDPPTFT4/Acrylate/TRIS Acrylate Free radical OFET/inverter Flexible 99
DPP/N2200/SU8/Pcell Pcell/SU8 Cycloaddition/ OFET/inverter Flexible 100
photoacid
Vinyl functionalized N2200/PBDBT Vinyl functionalized Free radical 0OsC Flexible 101
polymer
PM6/BAC BAC Azide 0OSC 20% 102

While many photo-crosslinking reactions proceed generating
reactive intermediates that then form crosslinks, some reactions
rely on direct bonding between excited state groups. A prominent
example of this is the [2+2] cycloaddition reaction. In this process, a
light-activated functional group undergoes a 1 — m* transition, and
when two such excited groups are correctly aligned, they simulta-
neously form two ¢ bonds to create a four-membered cyclobutane
ring.”” Notably, certain [2+2] cycloaddition systems (e.g., coumarin,
cinnamate, thymine, etc.) are reversible. Under specific wavelengths
of light, the cyclobutane ring can reopen to restore the original
double bonds, a feature that is particularly advantageous for
developing self-healing materials or for fine-tuning material proper-
ties under various conditions.”

Through various mechanisms, photo-crosslinking technol-
ogy offers a powerful method for material scientists. In flexible
and stretchable electronic devices, techniques such as employ-
ing photoinitiators to generate free radicals or using diazirine
and azide groups to readily form reactive intermediates are
widely adopted. This precise control over covalent bond

4578 | Mater. Horiz., 2025, 12, 4573-4607

network formation enables the custom fabrication of photo-
crosslinkable materials, allowing fine-tuning of their properties
and driving significant advancements across a broad spectrum
of stretchable device applications (Tables 1 and 2).

3. Photo-crosslinkable insulators for
stretchable electronics

In stretchable electronic devices, insulators are utilized in three key
components: (i) substrates; (ii) dielectrics; (iii) adhesives. Each of
these components plays a crucial role in ensuring the flexibility,
durability, reliability of the devices. This chapter outlines how
photo-crosslinking method enhances performance and functional-
ity of each component for stretchable electronics.

3.1. Substrates

The substrates in stretchable electronic devices play a vital role
in supporting electronic components while accommodating

This journal is © The Royal Society of Chemistry 2025
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Table 2 Summary of the advantages and applications of representative photo-crosslinkable organic materials: conductors and multiple roles

Crosslinking Max.
Functional role Materials agent Mechanism Application  stretchability ref.
Conductor PEDOT:PSS/PR-PEGMA PR-PEGMA Free radical Electrode 150% 103
Acrylate functionalized EDOT:PSS Acylate Free radical Electrode Flexible 104
Doped cinnamate polythiophene Cinnamate [2+2] OFET Flexible 105
polythiophene cycloaddition
Epoxy grafted P3HT Epoxy grafted Photoacid Electrode 150% 106
P3HT
Modified EGaln particle Acrylate Free radical Electrode 2200% 35
Graphene oxide/acrylate Acrylate Free radical Electrode Flexible 107
MWCNT/acrylate Acrylate Free radical Electrode 60% 108
Acrylate/EMIMDCA Acrylate Free radical Physical 1500% 109
sensor
Al(OH);/acrylate/EMIES Acrylate Free radical Physical 487% 110
sensor
LiTFSI/acrylate Acrylate Free radical Physical 1300% 34
sensor
Acrylate/LiCl Acrylate Free radical Physical Flexible 111
sensor
Acrylate/MgCl, Acrylate Free radical Physical Flexible 112
sensor
V-POSS/acrylate/EMIM(EtO),PO, V-POSS/acrylate  Free radical Physical 1200% 113
sensor
Acrylate/PVA/NaCl Acrylate Free radical Physical Flexible 114
sensor
PDMMAmM/TEOS/BMIMT{,N Acrylate Free radical Physical 210% 115
sensor
Acrylate/LiTFSI Acrylate Free radical Physical >1000% 116
sensor
Acrylate/ChCl/tannic acid- Acrylate Free radical Physical 2400% 117
encapsulated cellulose nanocrystals sensor
Acrylate/cellulose nanofibril/PBA-IL  Acrylate Free radical Physical 1810% 118
sensor
Acrylate/PVA/KCI Acrylate Free radical Physical >500% 119
sensor
Acrylate/BMIMBF, Acrylate Free radical Physical >1000% 120
sensor
Acrylate/EMIMBEF, Acrylate Free radical Physical 30% 121
sensor
PEDOT:PSS/PEGDE PEGDE Photoacid Physical 50% 122
sensor
Multiple Substrate/dielectric/ SBS/NBR/PEDOT:PSS/PETMP, C10- PETMP/C10- Thiol-ene, azide, Transistor 100% 123
roles electrode azide,PR-PEGMA azide/PR-PEGMA free radical array, circuit
Semiconductor/ DPPTT/IDTBT/SEBS/FPA end-capped  Azide Azide Transistor 100% 124
dielectric BA/FPA end-capped BH array
Semiconductor/dielec- P(DPP2DT-TVT)/P(NDI3OT-Se2)/ 4Bx Azide Transistor Flexible 125
tric/electrode PMMA/PS/PVDF-HFP/AgNP/4Bx array, circuit
Semiconductor/dielec- PEGDMA/PEDOT:PSS/diazirine/ Diazirine/ Diazirine/free Transistor 100% 126
tric/electrode DPPTT/PMMA PEGDMA radical array, circuit
Semiconductor/dielec- DPP/BA azide/PFDT BA aizde/PFDT  Azide/thiol-ene  OFET 100% 127
tric/encapsulation

mechanical deformations. To ensure both performance and
reliability, the substrate must effectively dissipate repeated
mechanical stress, thereby protecting the integrated electro-
nics. Achieving this requires a delicate balance between
mechanical durability to support and stabilize components
and flexibility to withstand deformation. However, mechanical
durability and flexibility are often in a trade-off relationship,
making it challenging to optimize both requirements
simultaneously.'?

To resolve these conflicting demands, researchers have
proposed two promising strategies. The first strategy focuses
on improving stretchability through polymer interactions,
which promote even energy dissipation, enabling the substrate
to absorb and distribute external forces effectively. The second

This journal is © The Royal Society of Chemistry 2025

strategy involves incorporating rigid structures into the sub-
strate which primarily serve as supportive elements, while the
surrounding softer parts provide flexibility. These rigid islands
protect electronic components by resisting external forces.
Photo-crosslinking techniques offer a powerful means of
achieving these strategies by precisely tuning the mechanical
characteristics of organic materials. By controlling crosslinking
density, it is possible to modulate the modulus, elasticity, and
toughness of the substrate, allowing for improved stretchability
and mechanical robustness. Additionally, photo-crosslinking
enables the formation of interfacial crosslinked networks,
which enhance energy dissipation, and facilitates the fabrica-
tion of rigid-island architectures, providing localized mechan-
ical reinforcement without sacrificing overall flexibility.
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This chapter will outline how these two strategies can be
applied using photo-crosslinking techniques: (i) increasing
energy dissipation through polymer entanglement or interfa-
cial crosslinking; (ii) facilitating the formation of rigid islands
using photo-crosslinking methods.

3.1.1. Blending photo-crosslinkable polymers. Blending
different polymer chains is an effective strategy for energy
dissipation. Physical entanglement and interactions between
polymer chains help distribute mechanical stress during defor-
mation. Pruksawan et al. developed a hydrogel crosslinking
system using polyhedral oligomeric silsesquioxane (POSS)-
grafted acrylated polyethylene glycol (PEG) as a crosslinker.”*
This approach achieved uniform crosslinking and maximized
physical entanglement (Fig. 3a). The study highlighted two
main energy dissipation mechanisms. The first was energy
dissipation through the silica core of POSS. The nanoscale
silica core formed a rigid structure within the hydrogel, dis-
tributing external stress evenly across the material and redu-
cing stress concentration in specific areas, which strengthens
the hydrogel. The second mechanism involved energy dissipa-
tion through the physical entanglement of PEG chains. The
long PEG chains attached to POSS created a complex network
within the hydrogel that absorbs and distributes energy when
subjected to external forces. This mechanism allowed the
hydrogel to maintain high elongation while effectively absorb-
ing impact and resisting deformation. As a result, the POSS-
PEG-based hydrogel achieved a high energy dissipation capa-
city of up to 6531 k] m > and an elongation rate of up to 9455%
(Fig. 3b).

Additionally, crosslinking between polymer plays an impor-
tant role in energy dissipation. For example, Xu et al. enhanced
the mechanical performance of a blend of polypropylene (PP)
and maleic anhydride-crosslinked styrene-ethylene-butylene-
styrene (mSEBS) through photo-crosslinking.”® The study pre-
sented two main energy dissipation mechanisms. First, photo-
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crosslinking increased the rigidity of mSEBS, enabling the
absorption and dissipation of strain through a cold drawing
process. The second mechanism occurred at the interface
between the PP and the mSEBS. Photo-crosslinking formed
chemical bonds between the PP and mSEBS, resulting in strong
interfacial bonds between the two phases, leading to effective
stress transfer and distribution of external stress. Conse-
quently, the strong interfacial bond significantly enhanced
the material’s tensile strength and resistance to external
impacts.

3.1.2. Rigid island technology. The rigid island technique
involves creating rigid structures on a soft substrate.’”'*° The
rigid parts can support electronic components, while the sur-
rounding soft material remains deformable to withstand
repeated strain. A crucial aspect of this technique is ensuring
a distinct modulus difference between the rigid islands and the
soft substrate,*>™*" while simultaneously preventing delami-
nation between these two regions."*>"** To meet these require-
ments, researchers have developed various strategies, such as
embedding of rigid polymers,'**"** incorporation of curing
inhibitors,"*®'*” and geometric structuring.’**'*® However,
the complexity of these processes highlights the necessity for
more straightforward alternatives. In this regard, photo-
crosslinking presents a viable solution.

Park et al. synthesized a photo-crosslinkable polymer based
on acrylates that enables the simultaneous formation of rigid
and soft regions.>® The polymer was functionalized by grafting
additional double bonds onto the acrylate backbone using a
urethane reaction, specifically by incorporating 2-
isocyanatoethyl acrylate (IEA). Upon exposure to UV light, these
double bonds selectively crosslinked, forming rigid islands on
the substrate. A significant advantage of this polymer was its
ability to create fine rigid islands (7 um) directly on the
substrate using a UV mask, eliminating the need for additional
processing steps. The researchers demonstrated that by
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controlling the crosslinking sites of the photo-crosslinkable restricting the mobility of molecular chains, crosslinking
polymer, they could achieve a modulus increase of up to reduces orientation polarization and blocks impurity move-
38000%, confirming its suitability for use as rigid islands. ment, thereby improving dielectric properties.'** Additionally,
When the substrate, which includes circular rigid islands it enhances solvent resistance and prevents defects at the
(100 um in diameter) and soft regions (50 um in diameter), semiconductor interface.'*>'*® Furthermore, the smoother sur-
was stretched, only the distance between the rigid islands face created through crosslinking can improve the crystalline
changed, while their size and shape remained consistent morphology of the semiconductor, leading to more reliable
(Fig. 3c). This observation demonstrated the effectiveness of device performance.™*’”
this technique in rigid island formation. This chapter will discuss how photo-crosslinking can
Additionally, Kang et al. successfully established a strong enhance dielectric properties without complex processes: (i)
interfacial bond between the rigid and soft regions through enhancing dielectric properties through adjusting crosslink
simultaneous crosslinking.”® This approach effectively pre- density; (ii) achieving uniform dispersion of inorganic oxides
vented delamination while leveraging the modulus difference within the dielectric; and (iii) improving the interface between
between polyepoxy acrylate (PEA) and polyurethane acrylate dielectrics and semiconductors. Finally, we introduce photo-
(PUA) (Fig. 3d). The resulting structure exhibited exceptional patterning technique for dielectrics through improved solvent
durability, capable of withstanding structural defects even at a  resistance.

strain of 50%. The residual acrylate groups in PEA bonded with 3.2.1. Enhancing dielectric properties through adjusting
the acrylate groups in PUA, creating robust interfacial adhesion crosslink density. Photo-crosslinking has emerged as a promis-
that integrated the two materials into a cohesive unit. ing method to significantly enhance the performance of poly-

mer dielectrics. Recent studies have shown that adjusting the
crosslink density in dielectrics can effectively influence the
Stretchable electronics now require organic dielectrics to out- electrical properties.*'*® For example, Kwon et al. introduced
perform traditional oxide-based dielectrics. While maintaining a photo-crosslinking technique to improve the performance of
a high-dielectric constant and lowering dielectric loss is still a high-k dielectric material, poly(vinylidene fluoride-co-
essential, the organic dielectric must also form stable interfaces hexafluoropropylene) (PVDF-HFP).”” PVDF-HFP exhibited ferro-
with electronic components and withstand various environ- electric behavior, which caused hysteresis due to the reorienta-
mental conditions. These requirements underscore the need tion of C-F dipoles under an electric field. To address this
for more comprehensive molecular design research to meet the issue, the researchers applied a fluorophenyl azide crosslinker
high-performance demands of modern devices. Crosslinking is  (FPA) to PVDF-HFP through photo-crosslinking to modify the
an effective approach to addressing these challenges.'***** By ~crystalline structure of the polymer (Fig. 4a). As the crosslink

3.2. Dielectric materials

T —T 77130

UV-treated 10

FPVDF-HFP 425
" " . 40
-30 15 0 15 30 -30 <15 0 15 30

LA (V) c °

L)
[¢]
/Zr\
\\\‘(O o
UV-irradiation

0 . 10 ) 10° 10° o
Frequency —_—
o

= 5 with
25T 5H in BT SH-cP(VDF-CTFEDB) o a photoinitiator
Lo . o o
o Svol% 0. O OL_/ \
& 10vol% N,/ | pas
01 15vol% 3 | /Zr\ \ O/ o
PRE g o g jo
7 O
2 o :>= o =
3 PR

2

Non-uv
FPVDF-HFP

UV-treated
FPVDF-HFP

'

1

1

1 [—omin
——5 mins ——5mins
1
1
1
1

< [—omin
=10° f— 10 mins

— 10 mins
——20 mins
F— 30 mins

10 [—sn mins
——72mins

~———20 mins
[—30 mins
,— 60 mins
r—?? mins

1
1
1
N
1
1
1

I
-30 15 0 15 30 -30 <15 0 15 30

S 2 8 %

Delectric constant

=

10* 1

In[-In(1-P)]

o

40 300 360 420 480
Electric field (MV/m)

- g g 240 300 360 420
Weak hydrogen bond: Strong covalent bonds Electric field (MV/m)

Fig. 4 Enhancement of dielectric properties. (a) Schematic illustration of photo-crosslinking in a PVDF-HFP crystalline structure. (b) Transfer
characteristics of the C10-DNTT OFETs with FPVDF-HFP.”” Copyright 2020, American Chemical Society. (c) Schematic illustration of the crosslinking
between BT-SH and P(VDF-CTFE-DB). (d) Dielectric properties as a function of frequency for BT-SH-c-P(VDF-CTFE-DB). (e) Breakdown strength of BT-
SH-c-P(VDF-CTFE-DB) before (left) and after 400% strain (right).”® Copyright 2022, Elsevier. (f) Schematic illustration of photo-crosslinking of ZrTA &
Copyright 2016, American Chemical Society.

This journal is © The Royal Society of Chemistry 2025 Mater. Horiz., 2025,12, 4573-4607 | 4581


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mh01757a

Open Access Article. Published on 20 March 2025. Downloaded on 2/21/2026 2:12:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

density increased in PVDF-HFP, the size of the VDF crystalline
grains decreased. This reduction in the grain size suppressed the
reorientation of C-F dipoles, leading to a decrease in ferroelectric
domains and thus reducing hysteresis (Fig. 4b). Furthermore, the
increased crosslink density resulted in denser and more closely
packed dielectric layer, which decreased leakage current density
and consequently increased the on/off ratio.

Similarly, Kim et al. demonstrated that increasing the cross-
linking density through thiol-ene click reaction improved the
dielectric properties of vinyl-addition polynorbornene copoly-
mers (P(NB/VNB)).”® By adjusting the amount of pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP), they found that add-
ing up to 3 wt% of the crosslinker enhanced the dielectric
properties without causing film defects. The crosslinked P(NB/
VNB) films with 3 wt% PETMP (cP(NB/VNB)-3) showed a
significant increase in the dielectric constant from 2.25 to
3.39 and breakdown electric field from 2.46 MV em ' to
3.27 MV cm™'. Moreover, the cP(NB/VNB)-3 exhibited minimal
hysteresis during OFET operation, which was due to the
reduction of free volume and charge trapping resulting from
the high crosslinking density.

3.2.2. Uniform dispersion of inorganic oxides within the
dielectric materials. Organic dielectrics have often been created
by blending high-performance SiO, and other inorganic oxides
to enhance their dielectric constant."**""*" However, the high
surface energy of nanoparticles can lead to agglomeration and
uneven distribution, which may increase dielectric loss.'*>"?
This non-uniformity complicates the formation of thin high-
dielectric constant layers. Therefore, it is essential to improve
the interface between nanoparticles and the polymer matrix.
Strong crosslinking at the interface between particles and
polymers can positively influence the uniform dispersion of
particles.">*'>> Zhang et al. explained that the chemical bond
between nanoparticles and the polymer matrix limits charge
carrier movement and minimizes dielectric loss."”® This cross-
linked network structure also prevented dipolar disorder and
charge trapping, leading to higher dielectric constant and
greater thermal stability.

In this context, photo-crosslinking can be employed as an
effective method to enhance the interface between nano-
particles and the polymer matrix. For example, Ma et al.
functionalized barium titanate nanoparticles with thiol groups
(BT-SH) to enable crosslinking with a polymer matrix (P(VDF-
CTFE-DB)) (Fig. 4c).”® The resulting thiol-ene reaction formed
strong bond between BT-SH and P(VDF-CTFE-DB), which
improved nanoparticle dispersion and reduced defects within
the polymer. As a result, this process could stabilize the
dielectric constant and reduce dielectric loss (Fig. 4d). Notably,
the crosslinking improved the breakdown strength from 366.7
MV m™" to 409.2 MV m ™', because BT-SH acted as traps for
charge carrier and a scattering center for electrical stress.
Additionally, when the film was stretched by 400%, the break-
down strength further increased to 476.6 MV m ™" (Fig. 4e). This
notable improvement was due to the orderly alignment of
polymer chains and BT-SH during stretching, which prevented
the electrical stress concentration.
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Recently, organometallic monomers have been utilized to
achieve uniform dispersion of inorganic components within
the dielectric. Kim et al. introduced a photo-crosslinkable
organic-inorganic hybrid gate dielectric based on zirconium
tetraacrylate (ZrTA) (Fig. 4f).5° ZrTA consisted of Zr'" cations
and acrylate anions, where the acrylate groups undergo photo-
crosslinking to form high-dielectric constant materials (k =
5.48). This hybrid structure combined the benefits of both
organic and inorganic materials, resulting in low leakage
current (1077 A ecm > at 2 MV cm™ ') and excellent surface
properties, including a very low roughness (0.449 nm), which
promoted favorable semiconductor growth. The crosslinked
ZrTA film also showed enhanced hydrophobicity due to its
organic acrylate matrix, which minimizes polar surface groups
like hydroxyls. This reduction in polar groups helped to reduce
charge trapping, leading to more efficient charge carrier
transport.

3.2.3. Improvement of semiconductor/dielectric interfaces.
Introducing polar functional groups, such as hydroxyl and
cyanoethyl groups, is a common strategy to enhance the
dielectric constant.’>”'*° However, these groups can create
charge trapping sites that reduce mobility and induce hyster-
esis behavior.'®>'®* To tackle these issues, researchers are
exploring methods that involve crosslinked low-dielectric con-
stant interface layers as a charge trapping barrier onto the polar
polymers.'®

Tousignant et al. fabricated a bilayer dielectric structure by
photo-crosslinking a polyvinyl alcohol (PVA) surface (Fig. 5a)."*
They used 2,2-dimethyl benzodioxinone terminated polycapro-
lactone (UV-PCL), which effectively crosslinked with the hydro-
xyl groups of PVA. The UV-PCL layer acted as a protective
coating for PVA, providing moisture resistance (Fig. 5b). The
crosslinking occurred only at the interface, preventing a
decrease in the number of hydroxyl groups in PVA and allowing
the dielectric to maintain a high-dielectric constant of 14.5.
Additionally, the crosslinking process created a low-polarity
environment at the interface, reducing direct interactions
between the hydroxyl groups of PVA and the semiconductor
(Fig. 5¢). As a result, the performance of single-walled
carbon nanotube (sc-SWCNT) thin film transistors (TFTs)
improved significantly. Devices with the UV-PCL layer exhibited
a four-fold improvement in an average hole mobility of
2.8 cm® V' 57" compared to devices using PVA alone. Further-
more, the UV-PCL dielectric increased the on/off current ratio
by ten times, leading to a marked improvement in overall
device performance.

Perinot et al. reported another bilayer dielectric structure,
demonstrating that the device characteristics depend on the
crosslinking of the low-permittivity dielectric layer (Fig. 5d).**
The study employed 1,11-diazido-3,6,9-trioxaundecane (Bis-
PEG3-Azide) as the crosslinking agent in a photo-crosslinked
polystyrene (XLPS) layer. This crosslinked dielectric effectively
suppressed charge injection into the interface or bulk of
cyanoethylated pullulan (CEP), even under high electric fields.
As a result, TFTs achieved optimal operation at gate voltages
below 10 V, with leakage currents kept under 1 nA cm >

This journal is © The Royal Society of Chemistry 2025
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Fig. 5

Improvement of the organic semiconductor/dielectric interface through low-permittivity dielectric crosslinking. (a) Schematic illustration of the

TFT with a PVAc/UV-PCL dielectric. (b) Moisture-dependent capacitance density of PVAc and PVAc/UV-PCL. (c) Water contact angle and total surface
energy for PVAc, and PVAc/UV-PCL.1%® Copyright 2023, American Chemical Society. (d) Schematic illustration of the TFT with a CEP/XLPS dielectric.
(e) Transfer curve of the OFET based on the CEP/XLPS dielectric. (f) Transfer curves of p-type FETs (DPP-TTT) with the CEP/XLPS and CEP/PS dielectric.
(g) Conductivity of n-doped P(NDI2OD-T2) films with crosslinking agent concentration.8? Copyright 2023, American Chemical Society.

(Fig. 5e). A key finding of the study was the role of the azide-
based crosslinker in enhancing n-type doping. During the
photo-crosslinking process, the UV activation of azide groups
led to the formation of amines, which acted as electron donors.
These amines contributed additional electrons to the semicon-
ductor, promoting n-type doping and increasing the overall
conductivity of the system (Fig. 5f). When using P(NDI2OD-T2)
as the active semiconductor, TFTs with higher concentrations
of crosslinkers exhibited a clear linear increase in conductivity
(Fig. 5g).

3.2.4. Photo-patterning through improved solvent resis-
tance. Solution processing can expose polymer dielectrics to
solvents, potentially degrading their performance. Lee et al.
demonstrated that photo-crosslinking significantly enhances
the chemical durability of polymer dielectrics, preventing leak-
age currents after solvent exposure.'®® This enhancement in
chemical resistance also enables selective crosslinking in spe-
cific regions, allowing for precise patterning techniques. Gate
dielectric patterning is crucial for integrating large numbers of
transistors into complex circuits. By patterning the gate dielec-
tric layer, crosstalk and parasitic capacitance between devices
can be reduced.'®'®® Many researchers have simplified the
patterning of polymer dielectrics for stretchable devices by
introducing photo-crosslinkable agents.>'***® For instance,
Zhong et al. patterned dielectrics with unsaturated bonds of
polymer and thiol terminated additives using thiol-ene reac-
tions (Fig. 6a),"** while Wang et al. employed azide crosslinkers
for various polymer dielectric patterning (Fig. 6b).** These
methods allow for straightforward dielectric patterning using
only photomasks, facilitating the development of high-density
integrated circuits.

This journal is © The Royal Society of Chemistry 2025

However, the mobility of monomer crosslinkers within
dielectrics can negatively impact device performance due to
undesired phase separation. As a result, researchers are explor-
ing methods to enhance the chemical resistance of polymer
dielectrics without the need for additional crosslinkers, while
still enabling photo-patterning.*>"%”1%° Kallitsis et al. demon-
strated that grafting photo-crosslinkable azide groups onto
high-k fluoropolymer dielectrics enabled direct patterning
through photolithography, resulting in films with very low
surface roughness (Fig. 6¢).** More recently, Lee et al. fabri-
cated a hydroxy functionalized parylene thin film (parylene-OH)
via chemical vapor deposition achieving intrinsically photo-
patterned high-k dielectrics.®® UV irradiation triggered cross-
linking, which strengthened the film mechanically while main-
taining precise pattern boundaries with a resolution of
approximately 5 um (Fig. 6d). The surface roughness remained
unchanged after UV exposure, ensuring stable interfacial prop-
erties and enhancing the mobility and current driving perfor-
mance in IGZO TFT-based semiconductor devices (Fig. 6e)

3.3. Adhesives

In the manufacturing of stretchable electronics, adhesives are
needed to meet two different requirements. First, strong adhe-
sion between electronic components is necessary. The adhesive
must ensure that components remain securely bonded during
the manufacturing process, including solvent treatments and
mechanical stresses.'”®™'”? Second, it is important that the
device can be easily removed from rigid substrates after fabri-
cation without causing damage.'’*'”* Stretchable electronics
are often fabricated on a rigid supporting substrate; conse-
quently, a method to reduce adhesion strength at a specific

Mater. Horiz., 2025,12, 4573-4607 | 4583
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stage is necessary. To meet these requirements, adhesive con-
trol technologies based on photo-crosslinking have emerged as
a promising solution. These technologies facilitate precise
spatial control of adhesion through straightforward light expo-
sure, allowing for easy adjustment of adhesive strength.

This chapter will explore strategies for (i) improving adhe-
sion strength and (ii) detachment techniques using photo-
crosslinking.

3.3.1. Enhancement of adhesion strength. Recent research
has proposed methods to enhance adhesive strength: (i) photo-
induced dynamic bond; (ii) pattern design for crack propaga-
tion control. First, the light-induced dissociation and reforma-
tion of dynamic bonds can modulate the mechanical properties
of the adhesive, leading to improved adhesion performance.
For example, Michal et al. developed a shape memory adhesive
that improved adhesion by increasing surface wettability
through the dynamic exchange of disulfide bonds, a process

(a)

induced by UV light (Fig. 7a).®° This strategy facilitated the
modulation of adhesive viscosity, promoting a uniform coating
across the entire substrate surface. When subjected to thermal
treatment at 80 °C, the crystalline domains of the adhesive
melt, but the dynamic exchange of disulfide bonds remained
inactive. However, UV light exposure triggered the decomposi-
tion and exchange of disulfide bonds, reducing viscosity and
increasing the contact area with the substrate. This process
enhanced surface wettability and improved adhesive strength,
demonstrating remarkable performance across various sub-
strates. These methods provided opportunities to dynamically
adjust adhesive strength through modulation of the cross-
linked structure.

Second, researchers have explored spatial control of adhe-
sive strength through strategic material design. By increasing
bending stiffness in specific areas via crosslinking, detachment
resistance can be enhanced.'”>'’® This approach integrates
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Fig. 7 Enhancement of adhesion strength. (a) Schematic illustration of enhancing surface wetting based on temperature and UV irradiation.®® Copyright
2016, American Chemical Society. (b) Peel strength for soft and stiff segments.>* Copyright 2024, Elsevier.
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rigid and flexible sections sequentially using photo-patterning,
further improving adhesive properties in stretchable devices.”
Lee et al. offered detailed insights into a large-scale bridging
mechanism that increased maximum peel strength (Fig. 7b).*?
When a rigid area was encountered, a significant portion of the
peel force converts into bending energy, which diminished the
force propagating interfacial cracks and effectively prevented
their propagation. The rigid area redistributed the force,
increasing the area available for crack formation, thereby
enhancing peel resistance. To maximize debonding resistance,
the length of the rigid segments should match the saturation
size of the bridging area. For a heterogeneous adhesive with
segment lengths of 10 mm, the debonding resistance measured
642.8 N m ™', approximately 13 times higher than that of a fully

ductile adhesive. As the length of the rigid segments increased,
1

the debonding resistance rose to 818.8 N m =~ at 14 mm,
exceeding that of a fully rigid adhesive.
3.3.2. Adhesion control for safe detachment. In the

manufacturing of stretchable electronics, adhesives must main-
tain strong adhesion during fabrication but allow easy detach-
ment from rigid support substrates after production. To meet
this requirement, various methods have been developed to
improve adhesive detachment, such as pH adjustment,"’”'”®
introducing metal ions,"””>'®" thermal treatment,'®* '8
and electrostatic techniques.'®*'® Recently, light-induced
detachment methods, such as photodegradation’®® and
photoisomerization,'®”°® have drawn significant attention.
However, these methods often involve complex processes and
limited control over adhesion strength, leading to inconsistent
performance.
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Photo-crosslinking offers a simpler solution for effective
detachment. Increasing crosslink density typically induces
volumetric shrinkage due to internal stress, which enhances
detachment at the interface. Many researchers have already
utilized photo-crosslinking technology in adhesives to enhance
1917194 Bor example, Kim et al. high-
lighted the ease of detachment in the manufacturing process of
ultrathin devices through the formation of an interpenetrating
network (IPN).”" After UV exposure, the polyurethane acrylate
crosslinker formed an interpenetrating network (IPN), reducing
adhesion to less than 1%. This structure allowed for the easy
separation of a 1.4 um ultrathin PET film patterned with silver
nanowires (AgNW) and graphene from a thick carrier substrate.
This reduction in adhesion ensured that the film remained
undamaged during detachment, providing high reliability and
yield in the production of ultrathin devices (Fig. 8a).

detachment performance.

Similarly, Hwang et al. developed a photo-crosslinkable
adhesive by grafting photosensitive side chains through the
ring-opening reaction of N-methacryloyl-2-methylaziridine
(MAMAz)."*® This adhesive demonstrated a reduction in adhe-
sion by up to 99.2% after UV crosslinking, allowing for the non-
destructive separation of devices. The detachment performance
improved as the amount of crosslinkable side chains increased
and as the curing time progressed. Once a certain threshold
was reached, the adhesion strength stabilized, with no further
reduction (Fig. 8b).

Recent studies have also focused on incorporating photo-
initiating groups into adhesive polymers. Kim et al. developed
an optically clear adhesive (OCA) by integrating benzophenone
derivatives into the polymer network, allowing for easy removal
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Royal Society of Chemistry. (b) Peel strength in relation to the crosslinking site ratio and UV irradiation time.*®> Copyright 2022, Royal Society of
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without residue from foldable displays (Fig. 8c).”> Benzophe-
none exhibited low reactivity under visible light, allowing
it to be safely used as a monomer in visible light-induced
polymerization. In contrast, it facilitated additional crosslink-
ing through UV-induced reactions. After UV exposure at
4200 mJ] cm >, the OCA containing 3 mol% benzophenone
showed a sharp decrease in adhesion from 2.44 N cm™' to
0.14 N ¢cm ™" (Fig. 8d). Furthermore, the researchers demon-
strated through simulations that the increased chain connec-
tivity from crosslinking hindered deformation in the UV-
exposed OCA (Fig. 8e). This led to stress concentration at the
interface between the OCA and the substrate, enabling easy
detachment without residue.

4. Photo-crosslinkable
semiconducting polymers for
stretchable electronics

Semiconducting  polymers have garnered significant
attention as promising materials for stretchable electronics
due to their inherent mechanical flexibility, tunable properties,
solution processability, and cost-effectiveness.'*®"°° Despite
their theoretical advantages, however, these materials
often present a trade-off between key advantages and limita-
tions, such as electrical performance versus mechanical
durability,>**°* and solution processability versus chemical
vulnerability.”®%  Efforts to increase crystallinity for
enhanced electrical conductivity often result in brittle mechan-
ical properties. Similarly, while good solubility in organic
solvents aids in processing, it also compromises solvent resis-
tance, thereby limiting the applicability of semiconducting
polymers in multilayer tandem structures for integrated cir-
cuits, sensor arrays, and display fabrication.
Photo-crosslinkable semiconducting polymers offer a pro-
mising solution to these challenges by simultaneously improv-
ing mechanical robustness, stretchability and processibility.
First, photo-crosslinking allows facile solution process by selec-
tively imparting the chemical robustness of the material
through light-induced chemical bonds. Traditional patterning
methods often involve complicated steps with harsh conditions
which might degrade the composing materials, including the
use of high temperature, sacrificial layers, orthogonal solvents
and inkjet printing. In contrast, photo-crosslinking provides a
simpler and more efficient strategy for fabricating advanced
stretchable organic electronic devices. Second, photo-
crosslinking can easily enhance the mechanical durability of
semiconducting polymers. A key advantage of photo-
crosslinking is its ability to modulate the mechanical properties
of semiconducting polymers, addressing the inherent trade-off
between electrical performance and stretchability. By chemi-
cally linking amorphous and flexible polymer segments, photo-
crosslinking can effectively enhance mechanical toughness
while maintaining electronic function. Wang et al. revealed
that tuning the crystallinity of the crosslinker affects the
morphology of the polymer, which in turn influences both its
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mechanical and electrical properties.”*® Through precise con-
trol of crosslinking density, the polymer network can be tai-
lored to exhibit both high elasticity and durability under
mechanical strain, which is essential for wearable applications.
Third, photo-crosslinking enables the functionalization of
semiconducting polymers through covalent bonding with func-
tional moieties,"””?°”*°® imparting desired properties such as
enhanced adhesion, passivation, and interfacial compatibility,
further improving device reliability and integration.

This section outlines three strategies for rendering semi-
conducting polymers photo-crosslinkable: (i) molecular engi-
neering of semiconducting polymers by attaching photo-
crosslinkable units to the polymer backbone or side chains;
(ii) the use of photo-crosslinkable additives that bind directly to
the polymer; and (iii) the addition of photo-crosslinkable
additives that form covalent bonds exclusively among them-
selves, without interacting with the semiconductor. Finally, a
few research studies to functionalize the surface of semicon-
ductor thin films applying this photo-crosslinking strategy will
be discussed

4.1. Molecular design strategies for photo-crosslinking
semiconductors

This section will focus on recently reported photo-crosslinkable
semiconducting polymers used in OFET applications, following
recent reviews of molecular design strategies for crosslinkable
conjugated molecules. The incorporation of photo-cleavable or
reactive groups into the polymer backbone® or side
chains®%%%%2% has proven to be a highly effective strategy
for patterning semiconducting polymers.2?3720210:211 Thjg
approach eliminates the need for additives, which can lead to
phase separation and negatively affect the uniformity, morphol-
ogy, and electrical performance of the material. Various photo-
crosslinkable groups, such as azide,’®*'? vinyl,>'**'* alkyne,*'®
and oxetane*’®?'” can be integrated through molecular engi-
neering. Among these, the azide group is particularly favored
due to its simplicity and effectiveness of photo-crosslinking.
Upon UV light exposure, azide groups form reactive nitrene
species and release nitrogen gas. Nitrene species can readily
insert into C-H bonds, allowing them to cross-link various
sites. Gao et al. utilized this approach by incorporating the
azide group into the branching alkyl side chains of a diketo-
pyrrolopyrrole (DPP)-based conjugated polymer, PDPP4T-Nj
(Fig. 9b).>* This polymer enabled patterning using facile litho-
graphic techniques, as shown in Fig. 9a. Efficient patterning
was achieved using a photomask, because selective UV treat-
ment significantly reduced solubility, allowing for precise pat-
terning. After UV exposure, the unexposed area was removed by
soaking in chloroform, resulting in uniform thin films with a
thickness of 40 nm and feature sizes as small as 5 pm (Fig. 9c).
These patterned films exhibited consistent performance,
with average charge mobility of 0.61 4+ 0.10 ecm® V' s~ %
Similarly, Kim et al. synthesized polythiophene (P3HT) with
azide groups partially attached to the end of the alkyl chain.”®
Even with just 10-20% incorporation of azide units, successful
photo-crosslinking was achieved, producing an insoluble

This journal is © The Royal Society of Chemistry 2025
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and schematic of device structures.®® Copyright 2024, Wiley-VCH.

semiconducting polymer thin film. They also demonstrated
thin film transistors on flexible substrates. This crosslinking
method also enhanced the thermal stability of bulk-
heterojunction organic photovoltaics (BHJ OPVs) by acting as
an in situ compatibilizer at the P3HT/PCBM interface, suppres-
sing macrophase separation.

The backbone design strategy offers an alternative strategy
to side chain modification for introducing reactive groups into
a semiconducting polymer backbone. For example, Nyayacha-
vadi et al. developed a DPP-based polymer with 1,3-butadiyne-
containing conjugation breaker spacers (CBSs) in the
backbone.”® Upon UV irradiation, these butadiyne CBS units
underwent polymerization, forming polydiacetylene crosslinks.
The crosslinked polymers exhibited improved mechanical
properties, such as increased rigidity and thin film stability,
while maintaining a solid-state morphology. However, OFET
devices using these crosslinked thin films showed a decrease in
charge mobility, from 0.058 to 0.013 cm* V™' s ' at best,
indicating that crosslinking affected charge transport.

Additionally, the modified polymers can be blended with
other conjugated polymers (CPs), serving as the conjugated
photo-crosslinker. For example, Xue et al. introduced a new
conjugated polymer-based photo-crosslinker, PN3, designed for
efficient patterning in OFET applications.”® PN3 features a

This journal is © The Royal Society of Chemistry 2025

conjugated backbone made of DPP and bithiophene units, with
phenyl-substituted azide groups on its side chains (Fig. 9d).
Under UV light, these azide groups crosslink with the alkyl side
chains of CP, enhancing the material’s solvent resistance. The
n-1 interactions between PN3 and CP ensure better miscibility,
resulting in higher patterning resolution, lower UV exposure
doses, and improved sensitivity compared to small molecule-
based crosslinkers. PN3 enabled the creation of well-defined
patterns with resolutions down to 500 nm, and its doped
patterned arrays were used as source-drain electrodes, main-
taining excellent charge transport properties (Fig. 9e).

These strategies selectively enhance solvent resistance,
enabling efficient photo-patterning and offering significant
potential for organic flexible electronics processed through
all-photolithography techniques.

4.2. Direct crosslinking via functional additives

Photo-crosslinkable additives are compounds that contain
photo-reactive groups, typically located at the ends of their
molecular structures. Direct crosslinking refers to a photo-
crosslinker creating strong covalent bonds with a CP under
UV irradiation, providing significant robustness with minimal
additive usage. Unlike methods that modify a polymer’s side
chains or backbones, this approach allows for more flexible
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molecular designs, facilitating functionalization without impos-
ing significant synthetic constraints. To maintain effective charge
transport, it is essential that additives do not disrupt the poly-
mer’s chain packing and aggregation.'***°® Therefore, careful
design of their interaction with the CP is crucial.

A widely used photo-crosslinkable group is F
FPAs are favored for their high reactivity and ability to mini-
mize unwanted nitrene attacks on the n-conjugated core, which
could otherwise degrade the semiconductor’s properties.**!
Research has focused on optimizing the performance of FPAs
through variations in azide density and chain linkages. For
instance, Kim et al. enhanced crosslinking density by using a
crosslinker containing four FPAs, facilitating the creation of
fully photo-patterned electronics.'® Tan et al. further showed
that specific FPAs could achieve unity quantum efficiency for
crosslinking, primarily targeting C-H bonds and minimizing
side reactions.*"’

Zheng et al. demonstrated a molecular design using FPA-
based crosslinker additives to achieve stretchable, solvent-
resistant, and photo-patternable semiconducting polymers
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using a covalently embedded in situ rubber matrix (iRUM) as
shown in Fig. 10a."** The iRUM system employs an azide-based
crosslinker called a BA crosslinker, particularly FPA end-capped
polybutadiene, which undergoes both self-crosslinking through
azide/C=C cycloaddition and selective crosslinking with a CP
via azide/C-H insertion. The researchers systemically compared
the impact of crosslinking with the CP and self-crosslinking
(Fig. 10b). The researchers revealed that crosslinking with a CP
significantly improved patternability but disrupted the aggre-
gation of the CP. On the other hand, self-crosslinking signifi-
cantly improved chain packing and morphology. Interestingly,
both types of crosslinking improved softness and stretchability
of the CP by connecting with a long soft chain. Because of dual
usage of crosslinking with a specific ratio, determined by
different reactivities, BA crosslinkers could facilitate a high
charge mobility of 1 em?® V™' s, stretchability, and chemical
robustness for the fabricated multilayer device with the all-
solution process (Fig. 10c).

Another common example of a photo-crosslinkable group is
diazirine,?**** because it transforms into reactive carbene
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Fig. 10 Direct crosslinking via functional additives. (a) Device structure of a fully stretchable transistor using iRUM semiconductors. (b) Chemical
structure of the polybutadiene-based precursors for crosslinking with PSC and self-crosslinking. (c) Schematic and optical images of iRUM films during
stretching and patterning. Images of the fully patterned, elastic transistor array.*** Copyright 2021, Springer Nature. (d) Mechanism of UV-triggered
carbene insertion crosslinking. (e) Images of the elastic transistor array containing 10000 transistors and stretched films.*?® Copyright 2021, The

American Association for the Advancement of Science.
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species, reacting specifically to non-conjugated bonds (Fig. 10d)
under UV light irradiation, leading to maintaining the electrical
properties. For example, Zheng et al. demonstrated a high-
resolution, UV-triggered microlithographic process using a
trifluoromethyl-substituted diazirine crosslinker to pattern a CP
and improve stretchability.””® They introduced a double-end
functionalized trifluoromethyl-substituted diazirine crosslinkers
with amorphous branched alkyl chains for semiconducting poly-
mer film patterning. The diazirine unit using less than 10 wt% of
the diazirine crosslinker was needed to realize 99% film retention
and feature sizes down to 4pm were successfully obtained. Finally,
they could fabricate high density transistor arrays with 42000
transistors per square centimetre (Fig. 10e). Wu et al also
presented a diazirine-based four-armed crosslinker (4CNN).*°
With just 3% 4CNN, p-type, n-type, and ambipolar polymers could
be patterned with high precision, achieving feature sizes as small
as 5 um without altering thin film morphology or charge transport
properties. This method enabled the fabrication of solution-
processable multilayer electronic devices with high device perfor-
mance and solvent resistance.

4.3. Self-crosslinking networks for enhanced performance

Blending self-crosslinking additives, which form covalent bonds
exclusively with themselves under UV irradiation, offers a viable
method for fabricating photo-crosslinkable semiconducting thin
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films. These additives create crosslinked interpenetrating net-
works that intertwine with a CP, enhancing chemical robustness.
However, this approach often requires a higher concentration of
additives compared to direct crosslinking, which can lead to
severe phase separation. A key advantage of self-crosslinking
additives is that they do not disrupt the aggregation of a CP or
interfere with the m-conjugated core, thereby maintaining elec-
trical performance. In some cases, they can even promote tighter
packing of the polymers, improving electrical performance and
charge transport. Additionally, the reduced concern about inter-
actions with the m-conjugated core provide greater flexibility in
molecular design, allowing the incorporation of various functio-
nalized materials such as long and elastic components. These
materials can achieve both stretchability and patternability
simultaneously, making them highly versatile for advanced
applications.

For example, Tien et al. demonstrated a novel approach of
scalable patterning using a thiol-ene reaction (Fig. 11a).”” The
process involved blending a high-mobility CP, with elastic
rubber like poly(styrene-butadiene-styrene) (SBS). The thiol-
ene reaction selectively cross-links the vinyl groups in SBS
and a thiol containing additive, trimethylolpropane tris(3-
mercapto propionate) (TRIS), creating a semi-interpenetrating
polymer network (SIPN) that enhances stretchability and sol-
vent resistance while preserving the electronic properties of the
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polymer. The thiol-ene approach selectively targets non-
conjugated double bonds in SBS, ensuring minimal distur-
bance to the conjugated polymer’s structure. So, the SIPN-
based transistors show increased mobilities from 0.61 to
1.18 ecm” V™' 57! when applying the strain from 0% to 100%
(Fig. 11b). Moreover, the hole mobility could be still main-
tained after 1000 strain-and-release cycles under a strain
of 25%.

Chen et al. introduced a novel semiconducting photoresist
(SP-1) with a nano-interpenetrating structure, designed for all-
photolithography processes (Fig. 11c).’® SP-1 consists of a DPP-
based CP, acrylate-based crosslinkable monomers with a small
amount of photoinitiator and thiol additives. Under UV irradia-
tion, arylate undergoes a radical polymerization reaction, form-
ing a stable interpenetrating network. This allowed for
submicrometer patterning with high-density OTFT arrays of
1.1 x 10° units cm~? (Fig. 11d) while retaining a high charge
mobility of 1.11 em® V™' s, even after photolithography
solution processes. They also demonstrated flexible OFET
arrays with a high density OTFT array of 4489 units cm > and
a mobility of 0.471 em® V™' s, achieving 90.8% mobility
retention after 1000 bending cycles, making SP-1 a promising
material for advanced organic electronics.

Wang et al. presented a wafer-scale, foundry-compatible
approach for fabricating polymeric semiconducting layers with
0.5 pm resolution using a three-step photolithographic process
(Fig. 11f)."%° The CPs such as DPP-based p-type and n-type
N2200, were blended with photo-crosslinkable additives like
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SU-8 and PCell. The patterned layers are chemically inert to
aggressive aqueous and organic solvents and thereby withstand
subsequent deposition and patterning of the additional organic
layers and/or metal contacts used in the circuitry fabrication.
These blends exhibited vertical phase separation and a nano-
fiber morphology, confirmed via AFM, ToF-SIMS, and GIWAXS
(Fig. 11e). The resulting OTFTs maintained a high carrier
mobility (0.1-0.24 cm® V' s7') with an improved thermal
stability of 175 °C, a mechanical durability of 5000 bending
cycles at a radius of 1 mm, and efficient switching performance

of subthreshold swing to be 1.4 V dec™ .

4.4. Functional additives for advanced applications

Recently, a few research studies have explored utilizing cross-
linkers to impart specialized functions to semiconducting
layers, such as surface protection, self-healing, and enhanced
interfacial adhesion. When activated by UV irradiation, these
functional additives can significantly improve the performance
and stability of semiconducting polymer thin films.

For example, Zheng et al. proposed a novel approach of
covalent functionalization to form a molecular protection layer
(Fig. 12a)."”” Using a butadiene-azide (BA) crosslinker, the
researcher introduced non-conjugated C—C bonds as surface
reactive sites in a CP. By drop casting perfluorodecanethiol
molecules onto the surface of the CP and applying UV irradia-
tion, they induced a thiol-ene reaction that tethered fluoroalkyl
chains onto the surface, creating a molecular protection layer.
This functionalized surface exhibited hydrophobic properties,
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preventing water absorption and diffusion, thus maintaining
a stable electrical performance of ~1 cm® V' s" in the CP.
The fluorinated protection layer outperformed traditional
micrometer-thick stretchable polymer encapsulants, showing
exceptional stability in harsh environments such as 85-90%
humidity for 56 days, and in water or artificial sweat for 42 days.

Additionally, Kang et al. demonstrated an interface engi-
neering strategy (Fig. 12b) to enhance the stretchability of
brittle semiconducting polymer thin films.>*” They introduced
a tough interface (TI) bond, composed of a tough self-healing
polymer (TSP) layer and a surface modifier (SM) layer. The TSP,
consisting of a 90% self-healing polymer (SHP) and a 10% SM,
acted as an energy-dissipating matrix. The SM, based on an FPA
crosslinker with a dynamic hydrogen bond and a flexible PDMS
backbone, covalently bonded with both the substrate and the
semiconducting film under UV irradiation. This interface engi-
neering improved the stretchability of the films from 30% to
110% and enhanced their durability and robustness. It also
prevented delamination and delayed crack formation, signifi-
cantly improving performance in all-polymeric transistor devices.

5. Photo-crosslinking strategy of
conductors for stretchable electronics

Intrinsically stretchable conductors are essential components
of stretchable electronics, serving as stretchable electrodes and
interconnects essential for optimal device performance.>** 2%’
Traditional rigid metal interconnects, while conductive, often
fail due to mechanical mismatches, leading to delamination
and performance degradation. The stretchable electrodes that
are studied a lot are largely divided into three categories:
conductive polymers, liquid metals and composites of elasto-
mer and conductive fillers. These limitations have driven the
development of photo-patternable conductors, where in situ
photo-crosslinking enables precise patterning without the need
for complex fabrication processes.>**#*2%22% Conventional
thermal and lithographic methods, however, are unsuitable
due to the low thermal stability and solvent resistance of
stretchable  conductors.  Photo-patternable  conductors,
achieved by a material-based molecular design approach pro-
vide an alternative, enabling patterning without complex fabri-
cation methods through in situ photo-crosslinking. Such
precisely patterned stretchable conductors play a crucial role
in the miniaturization of wearable electronics by providing
mechanically stable and highly flexible interconnects.

This section will explore two major approaches: (i) photo-
patterning strategies for CPs and liquid metals, and (ii) 3D-
printable nanocomposite-based conductors with various fillers,
leveraging from the in situ polymerization. These photo-
crosslinkable strategies simplify the fabrication of stretchable,
high-performance conductors for flexible electronic applications.

5.1. Photo-crosslinking strategy of stretchable conductors

Some CPs, like poly(3,4-ethylenedioxythiophene):poly styrene sulfo-
nate (PEDOT:PSS),>**>*? polyaniline (PANI)*** and polypyrrole®**>*>

This journal is © The Royal Society of Chemistry 2025
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are inherently ductile and conductive due to their energy-band
structure."® These properties make them ideal candidates for use
as stretchable conductors in applications such as electrodes and
interconnects in flexible electronic devices. However, one of the
primary challenges with these materials has been achieving high-
resolution patterning for advanced applications. To address these
challenges, PEDOT has been the focus of extensive studies aimed at
modifying its chemical structure to enhance its chemical resistance
during photo-patterning processes. Efforts such as incorporating
photo-crosslinkable groups in the side chain of PEDOT have been
explored, albeit with trade-offs such as relatively lower conductivity
and pattern resolution.'®****>*® Recent advancements have shown
that a rational design of photo-crosslinkable PEDOT additives can
significantly improve conductivity while enabling precise patterning.

For example, Zheng et al. employed a rationally designed
monolithic optical microlithographic process to fabricate
stretchable and patternable conductors by precisely optimizing
the chemical structure of PEDOT."®® In this approach, the
conductive PEDOT polymer formed a double-network structure
with a polyethylene glycol dimethacrylate (PEGDMA) crosslin-
ker. The strong interaction between PEDOT and PEG linker
initiated a microstructural transition in PEDOT from a core-
shell structure to a more extended form, thus forming the first
conductive network. Upon UV exposure, PEGDMA underwent
radical polymerization, creating a secondary network around
the entangled PEDOT chains, which enables high-resolution
patterning down to 2 pum feature. This technique allowed
PEDOT to achieve improved conductivity, reaching up to
52.5 kS m™ " after methanol treatment, along with enhanced
stretchability. The resulting structure exhibits increased solu-
bility modulation and structural stability, making it well-suited
for flexible electronics.

Furthermore, Jiang et al. introduced a topological supramo-
lecular network using polyrotaxane (PR) structures to further
improve the stretchability and conductivity of PEDOT films
(Fig. 13a).'° This strategy relied on the hypothesis that topo-
logical molecular design can decouple competing properties
from multiple molecular building blocks, enabling high con-
ductivity, stretchability and patternability in one system
(Fig. 13b). The PR-PEGMA additive, composed of a PEG back-
bone with sliding cyclodextrins (CDs) functionalized with PEG
methacrylate (PEGMA) side chains, prevented PEG crystal-
lization, thereby avoiding phase separation and enhancing
stretchability of PEDOT. The PR-PEGMA enhanced PEDOT
aggregation by replacing the insulating PSS, boosting conduc-
tivity to 2700 S cm ™2 after sulfuric acid treatment while main-
taining stretchability up to 150% strain. The acid treatment
further enhanced PEDOT’s crystallinity, forming intercon-
nected fibers that substantially improved conductivity without
compromising mechanical flexibility. The molecular engineer-
ing approach facilitated charge transport through PEG’s role in
promoting PEDOT aggregation, while the sliding CDs prevent
phase separation, ensuring a uniform material distribution.

Another effective strategy for enhancing the electrical con-
ductivity of CPs while maintaining their suitability for flexible
applications is chemical doping.®®'°*>*° This approach plays a
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significant role in converting these polymers into highly con-
ductive materials by increasing their charge carrier density and
facilitating efficient charge transport. Chemical doping can be
utilized to create photo-crosslinkable and stretchable conduc-
tors, which are valuable in stretchable electronics and bioelec-
tronics. For example, Wang et al. introduced a multifunctional
graft copolymer that combines a conductive P3HT backbone
with poly(PEGMMA-co-GMA) side chains (Fig. 13c)."®® The
P3HT backbone provides electrical conductivity due to its
conjugated structure, allowing for efficient charge transport.
The poly(PEGMMA-co-GMA) side chains added mechanical
stretchability and hydrophilicity, while the glycidyl methacry-
late (GMA) segments enabled photo-crosslinking (Fig. 13d).
Chemical doping with iodine vapor increased the electrical
conductivity to 21.5 S m~ ', making the material suitable for
conductors in stretchable electronics and bioelectronics,
retaining conductivity even under deformation and after pat-
terning (Fig. 13e).

Liquid metals, such as eutectic gallium-indium (EGaln),
have recently gained significant attention as highly conductive
and stretchable materials due to their exceptional
deformability.>*°>** These properties make them promising

candidates for use in advanced flexible electronics. However,

4592 | Mater. Horiz., 2025,12, 4573-4607

View Article Online

Materials Horizons

—k
* TopoE-S
(This work)

=]
3
3

¢ Small molecule
plasticizers  gyrfactants

. )}Iymenc
N additives

enhanced

2
3

S

Conductivity (S cm*)

>
R, ¥ Stretchable \, ¥ .
3 ) PEDOT:PSS Conduct

aray | Brainstem /
| LR

0% 25% 50% 75% 100%
train

(e)

+ -

Glass substrate
| Polymer |
AAA

I—Cham

9990 odine .

Resistivity (@m)
e
'd

0 20 30 40 50
Time (min)

EGaln flow

. EGaln flow

Releas’

Ga Ga Ga Ga
0.890.8.9

OH OF OH' OH

Ga Ga Ga Ga Ga Ga

m — Original &
4 New Ga,0;,

O OH Of ou oH B on 08 N New H-Bonds O

a) Chemical structure of PR-PEGMA and illustration of the interaction between PR and

Copyright 2024, Wiley-VCH.

the inherent challenges with EGaIn—such as its fluidity, extre-
mely high surface tension, and the rapid formation of an oxide
layer—complicate its integration as interconnects or direct
contact pads in electronic devices. Recent research has focused
on overcoming these limitations by utilizing liquid metal
particles (LMPs), enabling precise patterning for stretchable
electronic applications. For example, Lee et al. introduced a
novel method for large-area patterning of EGaln using a con-
ventional photolithographic process.>** In this approach, the
EGaln particles were encapsulated with PSS, which enhances
their mechanical and chemical stability. This encapsulation
allowed for uniform thin film coating improving the overall
processability of the material. By using dimethyl sulfoxide
(DMSO) as a lift-off solvent, the cohesion between the EGaln
particles was increased, enabling a metal-level conductivity of
2.2 x 10° S m~' without requiring an activation step. This
technique enabled high-resolution patterning down to
10 pm and supports multilayered fabrication of stretchable
electronics.

Similarly, Wu et al. introduced stretchable liquid metal
pattern fabrication using a chemically functionalized EGaln
particle ink in combination with polymer precursors.>> The
EGaln particles were chemically modified with a 2-hydroxyethyl

This journal is © The Royal Society of Chemistry 2025
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acrylate (2-HEA) ligand, which facilitates strong covalent bonds
during the photo-polymerization process (Fig. 13f). Upon expo-
sure to UV light, 2-HEA acted as a polymer precursor, creating a
crosslinked network with the modified LMPs with high resolu-
tion around 20 um. Subsequent mechanical sintering broke the
oxide barriers between the LMPs, further enhancing their
electrical conductivity of 3 x 10° S m~'. When the material
was stretched, the poly(HEA) layer, enriched with hydroxyl
groups, enables a natural oxide-driven interface reconciliation
of the EGaln particles, which further boosted the stretchability
of the material to up to 2500% strain (Fig. 13g).

These innovations in molecular design and crosslinking
strategies represent significant advancements in -creating
stretchable, high-conductivity materials for use in bioelectronic
applications, marking a critical step forward in the develop-
ment of flexible electronic devices.

5.2. Nanocomposite-based conductors for stretchable
electronics

Nanocomposite-based conductors, consisting of conductive
fillers embedded in an elastomer matrix, present a promising
alternative to conventional electronic materials, owing to
their enhanced electrical conductivity and mechanical
flexibility.**>***>*® When combined with fast photo-reactive
monomers like acrylates, these composites with CNTs,>*>%?
silver nanowires,”*?*> graphene oxide>***” or ionic
liquids®*®**° can be utilized as photo-patternable conductors.
Upon exposure to UV light, a percolated network of conductive
fillers forms within the elastomer matrix, enabling continuous
charge transport even under mechanical deformation, creating
flexible pathways for carrier movement. For example, Yi et al.
developed a technique to fabricate high-resolution conductive

View Article Online
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films and micropatterns using an acylate based photoresist and
reduced graphene oxide (RGO) with UV photolithography
(Fig. 14a)."” In this method, RGO was formed through in situ
photoreduction of graphene oxide (GO) in photoresist/GO
solution, achieving conductivities of up to 9.90 S cm™" for films
and 0.98 S cm™ " for micropatterns. The photoinitiator XBPO
played a crucial role, initiating both the polymerization of
photoresists and the reduction of GO, leading to well-
dispersed photoresist/RGO (PRGO) and preventing its oxida-
tion. This approach created patterns with a precision of about
30 pm, compatible with various substrates like PET and silicon.

Benefiting from in situ photo-crosslinking, high-resolution
photo-crosslinkable conductors with excellent mechanical and
electrical properties can be rapidly formed, extending beyond
traditional 2D conductive electrodes. These conductors create
precise percolated networks of conductive fillers, ensuring
stable conductivity even under strain. This method greatly
improves the scalability, speed, and cost-effectiveness of pro-
ducing flexible electronics like sensors and smart devices.
Additionally, the ability to integrate multiple materials into a
single structure enhances design versatility, enabling the devel-
opment of advanced applications, including flexible capacitive
sensors, force sensors, and 4D-printed devices with expanded
functionality.

Xiao et al. showcased the use of digital light processing
(DLP) 3D printing to pattern multiwalled carbon nanotubes
(MWCNTSs) in a UV-curable elastomer matrix (Fig. 14b and c).'®
This method allowed for precise and scalable fabrication of
complex MWCNT patterns, improving the sensitivity and func-
tionality of strain sensors. With 2 wt% MWCNTS, the sensors
achieved a high sensitivity of 8.939, a broad strain detection
range of 0.01% to 60%, and exceptional durability over 10 000
cycles. This technique is ideal for flexible, high-performance
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I0T devices, including human motion detectors and distributed
strain sensors.

He et al. developed conductive nanostructured ionogels
(CSNs) for 3D-printed capacitive sensors, which exhibit a high
ionic conductivity of 3 S m™', an extreme stretchability of
1500%, a low hysteresis of 0.4%, and excellent thermal stability
(Fig. 14d)."*° These ionogels were prepared by inducing micro-
phase separation via photo-polymerization using acrylate-based
monomers and ionic liquids, creating conductive nanochan-
nels intertwined with a crosslinked polymer framework. The
use of ionic liquids like [EMIm]|[DCA] enhanced electrical
double layer formation, increasing capacitance and sensitivity
up to 15.1 kPa~". The high printability of CSN ionogels enabled
complex geometries to improve sensor performance, making
them ideal for wearable and soft electronics.

Similarly, Yu et al'*® and He et al** introduced inno-
vative 3D printable nanocomposite ionogels using photo-
crosslinkable acrylate-based monomers. Yu et al. developed a
one-step photopolymerized ionogel incorporating Al(OH);
nanoparticles as multifunctional crosslinking sites, featuring
a high stretchability of 487% and a strength of 2.72 MPa. He
et al. demonstrated DLP-based multimaterial 3D printing using
UV-curable ionic conductive elastomers (UV-ICEs), achieving a
high stretchability of 1300% and complex designs for capacitive
sensors and 4D printing applications.

6. Applications

In the previous sections, we systematically examined the role of
photo-crosslinking at the component level, detailing its impact
on mechanical robustness, chemical resistance, and electrical
stability. However, beyond the optimization of individual com-
ponents, it is crucial to understand how these fundamental
crosslinking strategies translate into practical benefits at the
device level. By leveraging the advantages established at the
material level, photo-crosslinking provides a pathway toward
the scalable and reliable fabrication of fully integrated flexible
and stretchable applications.?”"°**°° The key benefits of photo-
crosslinking in integrated devices can be categorized into three
main aspects: (i) precise patterning, (ii) simplified fabrication
and (iii) enhanced interfacial stability. First, photo-crosslinking
enables precise patterning of organic materials,**" allowing for
the incorporation of complex geometric designs with finely
tuned mechanical properties.*® This capability is particularly
beneficial for optimizing the sensitivity, stability, and selectivity
of flexible and stretchable sensors. Additionally, by adjusting
the degree of crosslinking, it is possible to modulate the
material’s modulus, which is essential for maintaining
mechanical compliance in stretchable applications.*** Second,
photo-crosslinking simplifies and optimizes device fabrication
by reducing reliance on traditional multi-step photolithography
processes that require photoresists. Conventional fabrication
methods necessitate careful control of solvent orthogonality to
prevent film swelling or material diffusion during curing,
which can lead to pattern inaccuracies and resolution
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limitations. In contrast, photo-crosslinking enables direct
solution-based processing, allowing the fabrication of large-
area devices with minimized defects.>®®* Third, photo-
crosslinking enhances interfacial stability between multiple
electronic layers, ensuring robust adhesion and mechanical
durability. Repeated processing steps in conventional methods
can degrade thin films, posing challenges for reliable device
integration. Photo-crosslinking improves the chemical resis-
tance of organic layers by facilitating both lamination and
patterning in a controlled manner, making them solvent-
resistant and mechanically stable under deformation.

This section will focus on fully integrated flexible and
stretchable devices utilizing photo-crosslinkable components.
We will explore three major application categories: (i) physical
sensors, which leverage changes in capacitance or material
properties enabled by crosslinking, (ii) OFETs, the foundational
circuits in organic electronics, and (iii) OSCs, where cross-
linking ensures high efficiency and stability. Each category will
highlight how photo-crosslinking contributes to both enhanced
device performance and reliability.

6.1. Physical sensors

Stretchable physical sensors capable of measuring external
stimuli in real time are essential components of E-skins, which
play a critical role in applications such as soft robotics and
skin-attachable healthcare devices.”®* Physical sensors, such as
pressure and strain sensors, can be classified based on their
transduction mechanisms, where mechanical deformation is
detected through piezoresistive, capacitive, piezoelectric, or
triboelectric methods. Ideal sensors should meet essential
criteria, including high sensitivity, stable linearity, low hyster-
esis, and rapid response times. Unlike conventional rigid
sensors, stretchable sensors utilizing elastic polymers as a
matrix can withstand deformation while maintaining their
electrical properties, thereby enhancing sensing accuracy
and improving signal-to-noise (S/N) ratios under optimal
conditions.?®**®” However, the elastic characteristics of the
polymer matrix can lead to decreased linearity, low repeatabil-
ity, and diminished durability in practical applications. Recent
studies have demonstrated that crosslinking is an effective
method for addressing these challenges, and this strategy can
be applied to all components of the sensors, including the
active layer and electrodes.

The photo-crosslinking approach is applicable to both
structure-based’’ and material-based""'™""? strategies for fabri-
cating active layers in stretchable tactile sensors. The structure-
based approach, which involves geometric microengineering of
the active layer into structures like micropyramids,*'®*!:28
improves sensor performance parameters such as sensitivity,
response time, relaxation time, and detection limit. A key
advantage of photo-crosslinking in this context is its ability to
precisely modulate material properties, making it an effective
tool for optimizing sensor performance through a structure-
based strategy. For example, Park et al. developed capacitive
strain-insensitive pressure sensors by synthesizing a photo-
crosslinkable polymer based on acrylates.*® The soft acrylate

This journal is © The Royal Society of Chemistry 2025
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polymer enabled the selective formation of highly crosslinked
rigid islands, exhibiting a 38 000% increase in modulus upon
UV irradiation. The rigid region remains mechanically robust
while the surrounding soft matrix preserved stretching dur-
ability under strain. By incorporating these rigid islands as the
dielectric layer in a capacitor, they successfully fabricated a
strain-insensitive pressure sensor (Fig. 3c).

Su et al. reported a wearable pyramidal-shaped, photo-
patternable pressure sensor array integrated with a wearable
measurement unit (Fig. 15a).** They employed a PDMS matrix
with a benzophenone photoinitiator and observed an increase
in viscosity as the system photo-crosslinked under UV light.
The blended solution was cast onto a 3D-printed plastic mold,
which was subsequently spun during photo-patterning under a
photomask to create a thin shell pyramidal structure (Fig. 15b).
By leveraging photo-crosslinking, they were able to efficiently
fabricate this structure, which enhanced interfacial capacitive
transduction and ultimately resulted in superior sensing per-
formance. Consequently, the pressure sensor array exhibited
remarkable sensing properties, with a maximum sensitivity of
104 kPa~ ', and demonstrated excellent repeatability, maintain-
ing stable operation under 4 kPa for 1500 cycles.

(a)

-

-,
PPtacs

l l Pressure

7
I
i
i
i
i
i
i
1
i
i
i
i
\\ :
1

Stiffness-photo-patternable
‘\ ionic dielectric layer

(d)
6000
S
S 4000
<
2000
® Li* ® Cl TPO 0
HEA EOEOEA Polymer
(f)
PVA AM TEMED MBAA /. PAM  Hydrogen bond
@ @ XXXk * /N PVA i Node interconnection
) X * o
\ VS
—_—
/ sol-gel process
\ Petridish g m /
N W KCl

: Reversible Covalent
7’<}cmsslinks X cosslinks

View Article Online

Review

In a material-based approach, various elastic materials can
be used as candidates for the active layer, including viscoelastic
elastomers and ionic conductive hydrogels."'*™""® In the first
approach, researchers usually fabricate sensors by incorporat-
ing conductive fillers such as CNTs, silver nanowires into
stretchable substrates such as polyurethane (PU) and PDMS.
Certain photo-crosslinked viscoelastic polymers exhibit excel-
lent cyclic durability, thermal stability, and chemical resilience,
along with a low Young’s modulus, making them suitable for
attachment to human tissue. Due to the reduced glass transi-
tion temperature, crosslinked elastomers are deformable and
resistant to fracture at room temperature, resulting in
increased mechanical strength. The second approach involves
ionic conductive hydrogels, which consist of biocompatible
hydrophilic polymer gels combined with salts.®®2%**”° These
ionic conductors facilitate ion transport, sharing the same
electrical signal carriers with biological systems, thus making
them suitable for real-time health monitoring. Similar to the
structural approach, crosslinking methods are frequently
employed to enhance cyclic durability and stability.

Guo et al. presented ionic conductive hydrogels fabricated
through the photo-crosslinking of monomer blend solution,
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which incorporates 2-HEA as a crosslinker, along with the 2-(2-
ethoxyethoxy)ethyl acrylate (EOEOEA) monomer and lithium
chloride (Fig. 15¢).""" The ionic liquid provides a source of ions,
increasing the carrier concentration and the ion transport rate,
which subsequently enhances the electrical conductivity of the
material. Notably, sensitivity increased with higher concentra-
tions of lithium chloride, with an optimal ion concentration of
0.8% required to preserve the hydrogel’s transparency
(Fig. 15d). Utilizing this pressure sensor, a minimal detectable
pressure of 1.2 Pa was achieved, along with a sensitivity of
171 kPa™ ' for pressures ranging from 0 to 60 kPa (Fig. 15e).

Similarly, Ge et al. developed a conductive dual-crosslinked
hydrogel composed of PVA and polyacrylamide (PAM) through
a sol-gel process using photo-crosslinking.’*® This process
involved the use of PVA, acrylamide (AM), the chemical cross-
linker N,N’-methylenebisacrylamide (MBAA), potassium chlor-
ide, and N,N,N’,N’-tetramethylethylenediamine (TEMED) as
ionic materials to enhance the reaction rate and conductivity.
In addition to the covalently crosslinked PVA polymer matrix,
the in situ crosslinked PVA long chains formed dynamic,
reversible crosslinks that further increase the flexibility of the
network (Fig. 15f). This was achieved through sliding and
unwrapping between the polymer chains, which facilitates
energy dissipation. The resultant network exhibited notable
piezoresistive behavior, characterized by a high sensitivity
(0.05 kPa~" for pressures ranging from 0 to 3.27 kPa), rapid
response times, and exceptional stability for pressure sensor
applications.

Zhang et al. presented a 3D-printable dual-crosslinked iono-
gel strain sensor characterized by high stretchability, self-
healability, and self-adhesiveness.'”® They incorporated a
multi-armed, vinyl-functionalized crosslinker, VPOSS, into a
polymer matrix comprising the ionic liquid EMIM(EtO),PO,
to facilitate efficient photo-crosslinking of polyacrylic acid
(PAA). The PAA side chains induced physical crosslinking,
which is sacrificial to the external strain. This dual-
crosslinked ionogel exhibited remarkable stretchability and
durability, demonstrating mechanical properties such as the
absence of fatigue resistance and the ability to maintain
performance at extreme temperatures (150 °C and —60 °C).
The ionic liquid served to weaken the interactions between the
polymer molecular chains, thereby enhancing the stretchability
of the network, which contributes to a linear relationship
between strain and electrical resistance (AR/R).

Despite the significant potential of hydrogel-based materials
for stretchable tactile sensors, current fabrication methods,
such as mold curing, limit their applicability in stretchable
devices. To address this challenge, some researchers have
employed 3D printing technologies to construct intricate
microstructures.'® Lee et al. developed piezoelectric sensors
using 3D-printable, photocurable materials.**! Specifically,
they utilized an ionic conductive hydrogel composed of
acrylate-based monomer, 2-[[(butylamino)carbonyl]oxy]ethyl
acrylate (BACOEA) and the ionic liquid 1-ethyl-3-methyl-
imidazolium tetrafluoroborate (EMIMBF4), combined with
the acrylate-based crosslinker, glyceryl propoxy triacrylate

4596 | Mater. Horiz., 2025,12, 4573-4607

View Article Online

Materials Horizons

(GPTA). This mixture was cast into a rigid PTFE Petri dish
and subsequently cured. For the substrate, TangoPlus, a rubber
suitable for 3D printing, was molded on both sides of the
composite, while MWCNTs were employed as electrodes
(Fig. 15g2). The sensor demonstrated a linear relationship
between electrical resistance and strain (<30%) under a force
of 15 N.

Similarly, Yan et al. developed an ionic conductive tactile
sensor with high printability using DLP 3D printing
technology.'™ They blended acrylamide (AA) and AM mono-
mers with magnesium chloride and incorporated polyethylene
glycol diacrylate (PEGDA) as a crosslinker, curing the material
layer by layer to create complex structures. The hydrogel was
constructed using a bottom-up printing approach, and the
sensor exhibited a high sensitivity (0.06 kPa ') across a broad
detection range (26 kPa-70 kPa) and exceptional stability,
sustaining 200 cycles of pressure loading.

To develop fully elastic electronic devices, it is essential to
create organic electrodes that conform to biological tissues and
accommodate body movements. Several methods have been
explored to enhance the elasticity of rigid conductive materials,
including application of metallic thin films through structural
engineering,””"*’” incorporation of conductive nanoparticles
and nanowires into elastomers,?”*>>"® and fabrication of intrin-
sically elastic electrodes.”’® Among these strategies, the cross-
linking method offers an effective approach for developing
intrinsically stretchable organic electrodes while maintaining
high conductivity by using brittle materials such as PEDOT:PSS.
Although PEDOT exhibits high electrical conductivity and
oxidation resistance, its intrinsic stretchability is limited to
less than 10%, which hinders its application in wearable
electronics. Wang et al. developed an elastic capacitive
strain sensor using stretchable PEDOT:PSS electrode through
the thermal crosslinking of PSS chains with poly(ethylene
glycol) diglycidyl ether (PEGDE) as a crosslinker via esterifica-
tion, resulting in a high-quality capacitance strain sensor
electrode.'* Wang et al. fabricated a strain sensor device with
stretchable PEDOT:PSS electrodes positioned at both ends of
the PVDF-HFP active layer. Contrast to the uncrosslinked
PEDOT:PSS electrodes, crosslinked PEDOT:PSS electrodes
showed low hysteresis under 50% strain and linear relationship
between the capacitance variation and strain under 50%,
indicating excellent sensing performance. Also, the sensor
exhibited stable electrical performance after 2000 cycles.

6.2. OFETs

The simplicity of patterning offered by photo-crosslinkable
elastomers,*> as explained for the above physical sensors, also
provides significant advantages for OFETs. This advancement
is particularly noteworthy as it simplifies conventional
photoresist-based fabrication processes, enhancing the resolu-
tion of transistor array patterns. Furthermore, the reduction in
complex processing steps minimizes the risk of damage to
dielectric””” or semiconducting layers,”® reducing current
leakage and improving overall transistor performance.””*”®
Photo-crosslinking between layers also helps prevent layer

This journal is © The Royal Society of Chemistry 2025
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delamination, ensuring stable device operation. The improved
stability enables the development of reliable electronic devices
with complex circuits.’***7°?%2 Assigning photo-crosslinkable
characteristics to essential components, such as the gate
dielectric*®**%¢ and the semiconductor layer functioning as
the active matrix,>"°>?°* ensures effective circuit array isola-
tion, further enhancing the reliability of the entire device.
Consequently, recent research has increasingly focused on
developing OFET arrays through all-solution processes and
all-photolithography, highlighting the streamlined and effi-
cient approach that photo-crosslinkable organic materials offer
for next-generation device fabrication. Moreover, the self-
healing properties®® and improved interfacial adhesion®*”°®
in thin film layers make photo-crosslinkers advantageous for
developing stretchable devices. The application of photo-
crosslinkers will likely play a critical role in enhancing the
resolution of OTFTs and in the production of integrated flexible
and stretchable devices in the future.

Using photo-crosslinkable organic materials in OFETs, Kim
et al. introduced a versatile three-dimensional crosslinker, 4Bx,
with a tetrahedral geometry containing four photo-
crosslinkable azide moieties.'* When mixed with solution-
processable materials, 4Bx enables photo-patterning of all
layers, including polymer semiconductors, polymer insulators,
and metal nanoparticles. While crosslinkers typically reduce
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the intrinsic crystallinity of semiconductors, leading to
decreased electrical performance, 4Bx is highly effective even
at low concentrations (as little as 1 wt% in the semiconductor
layer). Its azide groups enable the formation of a photo-
crosslinked network, providing strong solvent resistance with-
out significantly compromising performance. Fig. 16a shows
the fabrication of all-photo-patterned OFETs and logic circuits
on a flexible plastic substrate, using materials such as the PEN
elastomer and AgNPs for the substrate and electrodes. The
dielectric and organic semiconducting layers were made flexible
by employing PMMA and P(DPP2DT-TVT), respectively. The aver-
age hole mobility was estimated to be 0.81 4 0.18 cm*V 's . It
is noteworthy that a maximum mobility of 1.03 cm® V' s™*
was obtained even though all electronic components were
photo-patterned. Fig. 16b shows an optical image of a functional
logic gate fabricated using this process, with a 4Bx crosslinker
incorporated into the n-type semiconductor to enable photo-
patterning.

In the study reported by Zheng et al., direct optical polymer
patterning was used to fabricate high-density monolithic elastic
circuits.'”® The researchers developed an optical microlithogra-
phy technology by incorporating a branched-diazirine cross-
linker into a semiconductor polymer, enabling precise photo-
crosslinking. This approach controlled the local solubility of
the polymer, allowing the fabrication of micrometer-scale

Transistors select sensors One pixel

\ FFC cable
13 \ Interconnect

2 AM-TS array

«—— Fingertip

Negative-Tone
Photoresist

Fig. 16 Schematic diagram of application of photo crosslinked polymers in OFETs. (a) Schematic drawing and photographic image of all-photo-
patterned OTFTs and logic circuits fabricated on a plastic substrate by patterning of the semiconducting channel, gate dielectric, and electrode materials.
(b) Optical images and schematic circuit diagrams of NOT, NAND, and NOR logic gates based on all-photo-patterned p-type and n-type OTFTs.?®
Copyright 2020, Springer Nature. (c) Schematic illustrating the central role of intrinsically stretchable transistors and circuits for e-skin applications and
the high-performance requirements (left). Photo image and schematic of an active-matrix sensor array (right). (d) Photography of the display system and
intrinsically stretchable transistor array under deformed/released and corresponding LED display images.**®> Copyright 2024, Springer Nature.
(e) Schematics representing the formation of photo-patterns and the corresponding network structure through a thiol-ene click reaction between
the polymer ionogels and the crosslinker in an ionic liquid (left). Schematic of an ionogel block after self-healing, and a twisted self-healed ionogel
(right).8” Copyright 2023, Elsevier.
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transistors with excellent uniformity and high yield. With the
mechanism of the PhotoAssist strategy, based on UV-triggered
crosslinking, they facilitated the production of an elastic tran-
sistor array comprising 10000 transistors, which could seam-
lessly attach to the skin. A 10 x 10 transistor array, fabricated
using the same strategy, demonstrated ideal p-type transfer
characteristics with minimal hysteresis and an average satura-
tion mobility of 0.255 em® V™' s~'. Furthermore, the array
withstood 100% strain both parallel and perpendicular to the
charge transport direction without showing any visible cracks
or delamination and electrical performance degradation.

Zhong et al. conducted systematic research on each thin film
layer to develop high-density, intrinsically stretchable transis-
tors and integrated circuits with high driving ability, fast
operation speed, and large-scale integration.'** Their intrinsi-
cally stretchable transistors demonstrated an impressive aver-
age field-effect mobility of over 20 cm® V™' s under 100%
strain, with a device density of 100000 transistors cm >
(Fig. 16c). The performance was enhanced by incorporating
crosslinkable moieties into the dielectric, semiconductor, and
electrode layers. Notably, the dielectric layer was photo-
patterned through a straightforward thiol-ene reaction using
a high-x elastic dielectric material, nitrile-butadiene rubber
(NBR) with C—=C bonds, and a thiol-containing crosslinker.
This study demonstrated the fabrication of high-density, intrin-
sically stretchable transistors by employing different materials
and patterning methods for each layer. These transistors were
further used to build several applications, including intrinsi-
cally stretchable pseudo-CMOS inverters, active-matrix tactile
sensor arrays, and LED displays driven by intrinsically stretch-
able transistors (Fig. 16d). The work highlighted the potential
of photo-crosslinking strategies and material innovations in
advancing next-generation stretchable electronic devices.

Furthermore, flexible and stretchable OFETs hold signifi-
cant potential for bioelectronic applications.?®”**® Jiang et al.
focused on developing an ideal interface for seamless and
biocompatible integration with the human body.'®® Their
research led to two key biomedical innovations, which are a
soft and stretchable electrode array capable of stable electro-
physiological monitoring of deformable tissues and a stretch-
able high-density array that enables localized neuromodulation
for precise control of individual muscle activities. These
advancements demonstrated the potential of stretchable OFETSs
to bridge electronics and biology, paving the way for high-
performance, adaptable biomedical devices designed for
dynamic interaction with living tissues. Photo-crosslinking
offers not only the advantage of creating high-resolution pat-
terns but also introducing self-healing properties. In the recent
paper of Kim et al., 3D polymer networks based on a thiol-ene
click reaction were used to fabricate self-healing ionogels,
which serve as high-capacitance gate dielectrics for OTFTs.%”
The resulting ionogels exhibited self-healing capability under
mild conditions of 60 °C for 3 minutes. Fig. 16e illustrates the
formation of a crosslinked network via UV-induced disulfide
bonds, allowing for both photo-patternability and self-healing,
as demonstrated by the disulfide metathesis reaction.
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6.3. OSCs

Due to environmental concerns and fossil fuel depletion, OSCs
have gained significant research interest.*>**° The photoelectric
conversion process in OSCs begins with the photoexcitation in the
photoactive layer, where photon absorption generates excitons.
These excitons diffuse to the donor-acceptor (D-A) interface and
dissociate into holes and electrons, rapidly transferred to the
electrodes. Through photo-crosslinking, the thermodynamically
metastable state can be preserved, ensuring the morphology of
the photoactive layer remains stable under external stimuli, which
is essential for advanced OSC applications.*®*°1?912%2 | everaging
the stabilizing effect of photo-crosslinking, researchers have
applied this strategy in various studies, such as constructing
stable BHJs in the active layer and substituting fullerene acceptors
with non-fullerene alternatives.

For the practical application of stretchable OSCs, an
increase in power conversion efficiency (PCE) resulting from
the stabilized morphology of the BHJ in the active layer, along
with robust mechanical properties under external strain, is
essential. However, high-efficiency OSCs typically require
extended n-conjugated backbone molecules and highly ordered
crystallinity, which can reduce the device’s stretchability. To
address the challenge of balancing mechanical and optoelec-
tronic performance in OSCs, many researchers are employing
crosslinking reactions in the side chains and main backbone to
stabilize both morphology and device performance. Ma et al.
highlighted the thermal stability benefits provided by the
crosslinker DTODF-4F with the BHJ active layer.>*® This cross-
linker with a conjugated fluorene-based backbone and epoxy
side chains formed a stable network structure through in situ
crosslinking under UV radiation, which enhances exciton dis-
sociation and reduces traps and defects, leading to improved
PCE. While BH]J films are typically optimized through thermal
annealing, they suffer from morphological instability under heat-
ing or solar radiation, resulting in phase separation and perfor-
mance degradation (Fig. 17a). The incorporation of C-DTODF-4F,
which is photo-crosslinked DTODF-4F, allowed for thermal
annealing-induced optimization, followed by UV radiation to fix
the morphology, ensuring stability even under continuous heat-
ing. Furthermore, they demonstrated that PCE is more stable with
DTODF-4F, maintaining 72.7% of its original value after 50 hours
of aging, compared to 27.5% for the device without crosslinker
(Fig. 17b). This indicated improved thermal stability due to
crosslinking. They also demonstrated that adding 0.5% DTODF-
4F reduces trap-assisted recombination, as evidenced by the
reduction in the V. slope from 1.19 kT q* to 1.11 kT q*. After
aging, the V,, slope of devices without crosslinker increased from
1.19 to 1.25, while the DTODF-4F-based devices showed a mini-
mal change from 1.11 to 1.13, demonstrating the superior long-
term stability of DTODF-4F-based devices (Fig. 17¢).

Inspired by the stabilizing effects of photo-crosslinking on
OSCs, researchers have explored the substitution of fullerene-
based materials with non-fullerene alternatives.>**>°® While
fullerene acceptors have been widely used in OSCs due to their
electron affinity and light absorption, they have limitations

This journal is © The Royal Society of Chemistry 2025
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Fig. 17 Schematic diagram of application of photo crosslinked polymers in OSCs. (a) Schematic illustration of the mechanism for crosslinker induced
morphological stability. (b) Efficiency evolution of devices w/o and with crosslinker under a thermal condition of 150 °C. (c) Relationship between V. with
the light intensity.2®> Copyright 2022, American Chemical Society. (d) Schematic illustration of crosslinked active layer films. (e) Optical image of
intrinsically stretchable OSCs and the corresponding device structure. (f) Normalized PCE variation of intrinsically stretchable OSCs as a function of strain
and stretching test cycles. (g) Stability of OSCs under thermal aging and light illumination.1° Copyright 2022, Wiley-VCH.

such as uncontrollable energy levels and instability. To address
these issues, Wang et al. introduced crosslinker small mole-
cules 2,6-bis(4-azidobenzylidene)cyclohexanone (BAC) into the
donor polymer PM6 and developed the device with an Y6
acceptor molecule (Fig. 17d).'> Using this active layer, Wang
et al. fabricated an intrinsically stretchable OSC device with
other all-stretchable device components (Fig. 17e). It is impor-
tant to note that a high density of direct photo-crosslinking can
adversely affect the optoelectronic properties of OSCs due to
steric hindrance. Therefore, the incorporation of a small
amount of crosslinker was critical, for achieving the optimized
fill factor (FF), short-circuit current density (Js.), and PCE
(Fig. 17f). The OSC maintained its photovoltaic performance
of 80% PCE under 20% strain and 64% PCE retention after
strain-release cycles under 20% strain. Furthermore, in order to
ensure long-term device stability, which encompasses the abil-
ity to withstand high temperatures and light exposure, cross-
linked layers exhibited significantly slower degradation of PCE,
even under harsh conditions (Fig. 17g).

7. Conclusion and outlook

This review has explored recent advancements in photo-
crosslinking technologies for flexible and stretchable

This journal is © The Royal Society of Chemistry 2025

electronics, which offer effective methods for controlling the
physical, chemical, electrical, and mechanical properties of
materials. We began by discussing how photo-crosslinking
strategies have been employed to enhance the performance of
essential components—insulators, semiconducting polymers,
and conductors—each presenting unique challenges and
requirements. We also highlighted the role of these strategies
in facilitating the fabrication of integrated stretchable devices.

For individual components, insulators require distinct
crosslinking approaches depending on their function as sub-
strates, dielectrics, or adhesives. For substrates, improving
energy dissipation and controlling chain mobility through
photo-crosslinking is crucial for enhancing mechanical dur-
ability. In dielectric materials, reducing charge trapping and
minimizing defects are key objectives, while for adhesives,
photo-crosslinking enables precise control over adhesion
strength. In semiconducting polymers, photo-crosslinking
enhances mechanical durability, electrical performance, and
chemical resistance through three key strategies: molecular
design, direct crosslinking, and the development of self-
crosslinking networks. We also investigated how these strate-
gies impart additional functionalities, further improving both
stability and performance. Finally, in conductors, the functio-
nalization of molecular structures and the incorporation of
conductive fillers into photo-crosslinkable polymers enable
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precise micropatterning and advanced 3D printing, ensuring
the integrity of electrical connections even under mechanical
deformation.

We further explored how integrated devices benefit from the
reliable and facile integration enabled by photo-crosslinking.
For example, physical sensors demonstrate excellent durability
and conductivity under mechanical stress, with potential appli-
cations in 3D printing. In OFETSs, photo-crosslinking enhances
the resolution of transistor arrays while simplifying the manu-
facturing process, thereby improving the reliability of high-
density integrated devices. Similarly, in OSCs, crosslinked
photoactive layers minimize charge traps and defects, ensuring
thermodynamic metastability and consistent performance over
prolonged operation.

While significant progress has been made in applying
photo-crosslinking to stretchable electronics, several consider-
able challenges remain. For instance, residual small molecules
such as photoinitiators and crosslinkers may degrade device
electrical properties and adversely affect biocompatibility by
causing skin irritation. Additionally, operating conditions in
various environments where prolonged exposure to light or
high temperatures may trigger additional crosslinking reac-
tions that compromise environmental stability and long-term
reliability. Balancing the conflicting demands for flexibility and
durability is challenging, and achieving a uniformly controlla-
ble crosslinking density remains difficult. Moreover, as device
systems become more complex, integrating photo-crosslink-
able materials becomes increasingly demanding, requiring
careful consideration of adhesion, interfacial compatibility,
and process scalability. Overcoming these challenges is essen-
tial to fully realize the potential of photo-crosslinkable materi-
als in next-generation flexible and stretchable electronic
devices. One promising direction is the precise molecular
design of photo-crosslinkable materials, which could unlock
advanced functionalities such as self-healing, seamless attach-
ment, molecular passivation, and reversible crosslinking.
These innovations are particularly relevant for human
body sensors, where they could improve comfort, extend life-
span, and maintain high sensitivity with reliable electrical
performance. Additionally, there is great potential in develop-
ing advanced applications, such as 3D and 4D printed electro-
nics, where materials can not only offer flexibility and
stretchability but also exhibit dynamic, stimuli-responsive
behavior, enabling structural and functional transformations
over time. By programming crosslinking-induced shape morph-
ing and mechanical adaptability, 4D printing can facilitate the
development of reconfigurable and self-adaptive devices
with enhanced performance. Such innovations are especially
valuable in fields that require both functional complexity
and stretchability, including soft robotics and multi-sensor
systems.

Beyond fabrication advancements, integrating photo-
crosslinking with frontier technologies such as machine
learning-driven material design and dynamically reconfigur-
able devices holds significant promise. Machine learning
approaches can facilitate the rapid optimization of
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crosslinkable material formulations by predicting the relation-
ships between molecular structure, crosslinking density, and
final device performance. This data-driven approach could
accelerate the discovery of novel crosslinkable systems tailored
for specific applications, optimizing mechanical compliance,
conductivity, and chemical stability. Furthermore, in dynami-
cally reconfigurable electronics, photo-crosslinking could
enable adaptable and reprogrammable materials that respond
to external stimuli, such as heat, light, or mechanical strain,
paving the way for advanced smart materials with tunable
properties. The integration of photo-crosslinking with 4D
printing methodologies further expands the possibilities of
dynamically changing electronic architectures, enabling multi-
functional devices capable of real-time adaptation to environ-
mental conditions.

To fully exploit the potential of photo-crosslinking technol-
ogy, further research must focus on broadening the range of
material functionalities and deepening our understanding of
the complex relationships between molecular structure, reac-
tivity, and microphase transitions during the crosslinking
process. By optimizing these factors, photo-crosslinking tech-
nologies can achieve both precision and functionality, driving
new innovations in stretchable electronics. This progress will
open up new possibilities across diverse fields, including
medical technology, neuroscience, robotics, and environmental
monitoring.
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