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Irreproducible SEBS wrinkling based on spin
evaporation enabling identifiable artificial
finger pad electronics
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Irreproducible wrinkling, characterized by randomly arranged ridges or crea-
ses on material surfaces, has significant potential for application in entity
identification and anti-counterfeiting. However, active research in this field is
hindered because the existing wrinkling methods face challenges in realizing
discernible patterns and potential applications of submillimeter-scale wave-
length wrinkles are yet tobeidentified. Herein, we propose a strategy to create
unique and irreproducible styrene-ethylene-butylene-styrene (SEBS) wrin-
kles using “spin evaporation”, a technique that rapidly removes the solvent by
spinning. We demonstrate the realization of SEBS wrinkles with wavelengths of
hundreds of micrometers with high randomness, irreproducibility, and resis-
tance to external stimuli. Importantly, to demonstrate the potential applica-
tion of the wrinkle, we suggest and fabricate a human-finger-like fully soft
identifiable artificial finger pad electronics and integrate it with a soft bimodal
sensing system. The artificial finger pad mimics human finger pad features
such as identification, object recognition, and effective grasping. Further
integration of this pad into soft robots, cephalopods, and prosthetic skin
offers insightful potential for the proposed wrinkling method in various fields.

The study of wrinkles—pervasive patterns observed in nature-con- such as mechanical deformation and physical contact'*'*, The sig-

tributes to substantial technical advancements in areas such as optical
property modulation"*, wettability control**, dynamic adhesion™”, and
stretchable electronics”. In particular, irreproducible wrinkling, which
generates unique arbitrary patternseach time, has attracted significant
attention owing to its applications in entity identification and anti-
counterfeiting (e.g., physical unclonable functions)'” ", Presently, the
effective detection and authentication of patterns with a range of
nano- to submicron-scale wrinkle wavelengths require high-cost, high-
resolution, and complex systems'*"”, Furthermore, the absence of a
mechanically deformable feature in these patterns (capable of endur-
ing external stimuli) restricts their applicability because their practical
applications often subject these patterns to various external stimuli

nificant challenges associated with creating discernible patterns with
large-wavelength wrinkles (on the order of hundreds of micrometers)
and ensuring their mechanical deformability remain unaddressed. The
present situation is attributed to the inherent difficulty in achieving
large-wavelength wrinkling with irreproducible patterns on elastomer
surfaces and alack of substantial applications that could spur intensive
researchin thisfield. Therefore, there is a need to develop anapproach
to creating sufficiently discernible random wrinkles with mechanically
deformable features via a facile process, as well as identifying
impactful applications for such wrinkle patterns.

Here, we propose an innovative strategy, termed “spin evapora-
tion”, to form discemible and irreproducible wrinkles on styrene-
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Facile strategy for uniform gold coating on
silver nanowires embedded PDMS for soft
electronics
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Silver nanowires-embedded polydimethylsiloxane (AgNWs/PDMS) electrodes are promising
components for various soft electronics, but face energy mismatch with organic semiconductors.
Attempts at galvanic replacement, involving spontaneous gold (Au) formation on the electrodes, often
result in non-uniform and particulate Au coatings, compromising device performance and stability. In
this study, we introduce a novel approach for achieving a uniform and complete Au coating on AQNWs/
PDMS electrodes by adding NaCl to the Au complex solution. This addition slows down the galvanic
replacement process and prevents precipitation, enabling a uniform and complete Au coating on the
AgNWs surface. Such coating significantly reduces contact resistance (Rc), thereby enhancing the
electrical characteristics of p-type organic transistors. Furthemmore, the development of high-
performance, fully soft organic transistors was achieved incorporating an organic semiconductor-
elastomer blend. Additionally, reliable, mechanically stable soft glucose sensor was developed, taking
advantage of the complete Au coating, which protects against oxidation during the glucose sensing
process.

Recent interest in wearable electronics has intensified due to its promising
potential for practical usability” ‘. Many advancements, including structural
engineering and innovative material design, have paved the way for soft
electronics, such as skin-mountable and bio-implantable devices™". Parti-
cularly, studies in intrinsically stretchable electronic materials and rubbery
composites have played a crucial role in developing fully soft organic elec-
tronic devices that enable intimate mounting on skin or implanting into the
human body"”. While such material development has been a primary
focus, the interface between components is indeed critical for the significant
advancement of high-performance fully soft organic electronics™". The
contact resistance (Rc), mainly induced by the difference between Fermi
levels (Eg) of metal electrodes and energy levels of semiconductors, obstructs
charge carrier transport at the interface, hampering field-effect mobility in
organic transistors””, However, interfacial engineering for minimizing R
in fully soft organic transistors has been overdooked, although efforts in
reducing it for rigid and flat transistors have been studied*' """, which is not
compatible with devices that are made out of only soft components. Thus,

there is an urgent need in the development of the appropriate approach to
form better interface for fully soft organic electronics.

The recently developed fully soft organic transistors, which employ
silver nanowires-embedded PDMS (AgNW/PDMS) as a soft electrode, are
promising due to their exceptional electrical and mechanical properties.
However, they face an inherent challenge regarding the energy barrier
between silver (E, g is from —4.26 eV), and typical p-type organic semi-
conductors (Eyonmo is from —490 to —5.50eV)' ", A common solution,
the galvanic replacement of the AgNWs surface with gold (Ep,a, is
~5.09 eV), ensures ohmic contact between soft electrodes and the organic
semiconductor” . Nonetheless, this method often leads to non-uniform
gold particulation on AgN'Ws due to the vigorous redox reaction' """, Par-
ticularly, incomplete gold coverage and a rough surface can result ina large
Rc in soft transistors . Moreover, inconsistent gold coverage on AgNWs
within the AgNWs/PDMS electrodes limits their application in soft bio-
sensors due to the chemical instability of silver”. Therefore, a more
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We report all-soft vertical organic photodetectors composed of only soft
components. Chemically and physically enhanced interfacial adhesion
between layers enables robust operation under mechanical deformation.
Their excellent light-sensing capability and deformable features, com-
bined with powerless operation, promise significant advancements in
optoelectronic applications.

The development of organic photodetectors (OPDs) has substan-
tially impacted various technological fields, representing their high
potential for applications in healthcare monitoring, optical com-
munications, and imaging technologies.'™ Spedifically, their dis-
tinctive characteristics, including lightweight, cost-effectiveness,
tunable light absorption range, and mechanical softness, set them
apart from inorganic photodetectors and make them indispensable
for wearable applications across diverse purposes.”” Such unique
features have led to a continuously growing interest in developing
mechanically deformable OPDs."* However, most research primar-
ily focuses on bendable OPDs, which face mechanical incompat-
ibility with soft and stretchable human skin, thus limiting their
applicability.” Hence, developing stretchable OPDs is urgent to
overcome these challenges and ensure reliable performance in
wearable applications."*®

Employing only mechanically soft materials for OPDs
(namely all-soft OPDs) is ideal for realizing stretchable devices,
as it offers durable mechanical properties, a simple fabrication
process, and easy bio-integration compared to conventional
structural engineering methods for strain elimination (e.g.,
wrinkling, serpentines, origami, and kirigami).!” While a few
studies have highlighted the development of stretchable OPDs
made entirely of soft materials, their planar configuration
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Chemically and physically enhanced adhesion
for robust interfaces in all-soft vertical organic
photodetectorsy
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inevitably faces low performance due to a limited light-
harvesting area and long charge transport distance, presenting
a significant challenge.*”

A promising strategy for enhancing the performance of all-
soft OPDs involves adopting a vertical configuration. Generally,
vertical OPDs (v-OPDs) provide a shorter charge transport
distance determined by the thickness of the light-sensing layer,
enabling more efficient charge transport and faster response
times compared to planar OPDs.” Several studies have explored
all-soft v-OPDs using simple approaches such as depositing
cutectic gallium-indium (EGaln) as a top electrode on the light-
sensing layer."*"* However, the opaque nature of the metal electrode
prevents maximized light harvesting. Alternatively, a soft transparent
electrode would be the most promising candidate."*"* Simple
stacking, laminating, or assembly of the transparent conducting
layer possesses substantial potential for excellent light sensing
characteristics and cost-effective manufacturing. However, it is
important to note that it is impossible to match the mechanical
properties of each layer perfectly in the devices. This mismatch leads
to physical delamination and interfacial stress concentration under
mechanical deformation, which are critical causes of electrical fail-
ure and fatigue fracture.'" Therefore, interfacial adhesion between
the layers of devices must be carefully considered and significantly
enhanced to ensure high performance and robust all-soft v-OPDs,
which remains a critical challenge in this field.

Here, we report all-soft v-OPDs composed of only soft
materials, including the light-sensing layers, electrodes, and
substrates. The devices were fabricated by assembling two
separate substrates: (1) the anode substrate and (2) the cathode
substrate with a light-sensing layer. Enhanced interfacial adhesion
between two substrates was achieved by introducing covalent-
bond-forming molecules into the substrate and molecules that
increase van der Waals interactions into the electrode. Employing
(3-glycidyloxypropyl)trimethoxysilane (GPTMS) and (3-aminopro
pyi)triethoxysilane (APTES) on top of each polydimethyl-
siloxane (PDMS) substrate enables covalent bonding between the
two separate substrates, ensuring irreversible strong adhesion.

This journal is © The Royal Society of Chemistry 2024
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Flexible organic electronics can be used to create wearable devices but
the synthesis of organic electronic materials typically involves hazardous

solvents, createstoxic by-products and has various other environmental
and economiccosts. Beingable torecycle organic electronic materials
and devices in aneco-friendly and economical manner is thus key for their
applicationinsustainable wearable electronics. Here wereport organic
flexible electronic devices with closed-loop recycling of eachcomponent.
We develop approaches torecapture and reuse organic conductors,
semiconductors and gate dielectrics, and evaluate the reliability of the
recycledmaterials. Our fabrication and recycling processes also use

only eco-friendly solvents (water,anisole and acetone). We illustrate

the capabilities of the approach with variousrecyclable organic flexible
electronicdevices,including electrophysiological sensing electrodes,
keypads, heaters/temperature sensors, electrochemical transistors and
inverters. Wealso develop asustainable device cycle by reconstructing
various organic flexible electronics, which are fabricated using recycled
materials fromdifferent functional devices without further replenishment.

Theproductionand disposal of electronic devices cangenerate hazard-
ous electronic waste (e-waste) and consumes energy and resources.
To overcome these issues, technologies are being explored that can
recyclee-waste'”. However, these havetypically focused on the e-waste
produced fromconventionalelectronic devices and are unsuitable for
wearabledevicesbasedon flexible materials. Efforts to recycle flexible
electronics have beendeveloped, includingreusingsubstrates’ ™, recap-
turing conductive materials' ™ (such as silver nanowires”*and liquid
metals™’) and reclaiming carbon-based components'”"', However, these
methods cannot be applied to recycle advanced functional materials
such as organicelectronic materials.

Organic electronic materials have been used to implement vari-
ous electronic devices” . The synthesis, use and disposal of these
materials can though adversely affect the environment and human
health. The synthesis of organic materials requires condensation

polymerization, which typically requires hazardous solvents such
as N-methylpyrrolidone (NMP), N,N'-dimethylformamide (DMF),
toluene and chlorinated chemicals. Approximately 90% of these
solvents are disposed ofas waste and cause considerable environmental
pollution. Additionally, the synthesis process often generates toxic
by-products" (such as organotin compounds from Stille coupling)
and involves costly production steps (such as time-consuming pro-
cesses involving long synthetic routes, high-cost reactions using pre-
cious metal-based catalystsand energy/materials-inefficient processes
requiring high temperatures and extensive purification)”.
Discardingorganicelectronic waste cangenerateenvironmental
and human healthissues because the generalmolecular building blocks
for organic electronic materials (for example, thiophene, furan, azole
and other aromatic cyclic hydrocarbons) often have severe risks of

genotoxicity and cytotoxicity” *.Varioussustainable approaches have
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Wearable electronics, particularly soft strain sensors with direct skin adhesion, play a crucial role in
applications such as smart healthcare systems and human-machine interfaces. However, the existing
approaches for developing dry-adhesive soft electronic materials often involve potential biotoxicity and
wulnerability to humid ernvironments. In this study, we present an eco-friendly and biocompatible
surfactant-based composite for soft conductive composite, soft dry-adhesive film, and skin-adherable soft
strain sensors. Utilizing polyoxyethylene sorbitan monooleate, also known as Tween 80, as a non-toxic
surfactant, polydimethylsiloxane (PDMS) as an elastomeric matrix, and poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) as a conductive pathway, the composite exhibits excellent stretchability
and conductivity. The soft dry-adhesive film based on Tween 80-added PDMS features exceptional
softness and adhesiveness. We demonstrate a soft strain sensor based on these composites that can be
directly adhered to the skin and effectively detect various human motions involving large deformations
without delamination. This approach offers a promising avenue for future wearable electronics that are
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safe for both humans and the environment.

1. Introductions

Soft electronics, which enable direct adhesion to the skin in a
dry manner, provide significant benefits for advanced wearable
electronic applications, such as smart healthcare systems and
human-machine interfaces (HMIs).' ™ Specifically, a soft strain
sensor with dry-adhesiveness provides a clean, environmentally
friendly skin-mounting approach that is reusable, easy to reposi-
tion, and enables conformal contact with the skin." These advan-
tages make it an excellent choice for human motion monitoring,
as it allows for comfortable and robust application on largely
deformable body joints (e.g, fingers, knees, and elbows) due to its
mechanically soft nature.” Over the past decades, extensive efforts
have been made to develop dry-adhesive properties for wearable
electronics through various approaches, such as micro/nano-
structure design, van der Waals force enhancement, and elasticity
modulation.”"® However, the limited mechanical softness and
potential biotoxicity restrict their effective application to wearable
platforms for the human body.

Recently, significant advancements have been achieved for
dry-adhesive soft electronic materials by developing elastomeric
composites based on organic materials exhibiting excellent soft-
ness and electrical characteristics.*' "' Particularly, the poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), a
conductive polymer, was widely used for preparing the compo-
site with water-soluble polymers, such as polyvinyl alcohol (PVA)
and waterborne-polyurethane (WPU), due to the high miscibility

J. Mater. Chemn. C, 2023, 1, 9611-9619 | 9611



Shin et al. Soft Sci 2024:4:22 1
DOI: 10.20517/s.2024.03 Soft Science

Research Article Open Access
Soft Schottky diodes for skin-interfaced electronics
enabled by entirely soft components

Donghyung Shin*®, Sehyun Kim**(, Haechan Park', Yeeun Kim', Myeonghyeon Na', Daeun Kim',
Kyoseung Sim'*'(®

Korea.
"Authors contributed equally.

*Correspondence to: Prof. Kyoseung Sim, Department of Chemistry, Ulsan National Institute of Science and Technology (UNIST),
50, UNIST-gil, Ulsan 44919, Republic of Korea. E-mail: kyos@unist.ac kr

How to cite this article: Shin D, Kim S, Park H, Kim Y, NaM, Kim D, Sim K. Soft Schottky diodes for skin-interfaced electronics
enabled by entirely soft components. Soft Sci 2024;4:22. https://dx.doi.org/10.20517/55.2024.03

Received:31Jan 2024 First Decision: 8 Mar 2024 Revised:15Mar 2024 Accepted: 29 Mar 2024 Published: 31 May 2024

Academic Editors: Zhifeng Ren, Sang Min Won Copy Editor: Dong-Li Li Production Editor: Dong-Li Li

Abstract

Soft electronics have achieved significant development, attracting substantial interest due to their promising
potential as a dominant form of future electronics. In this rapidly evolving field, the fully soft Schottky diode plays a
critical role as a fundamental building block for electronic circuitry systems. These systems, constructed entirely
from soft materials, can tolerate various mechanical deformations when interfaced with human skin, making them
ideal for use in health monitoring systems and interactive human-machine interfaces. In this study, we introduce a
Schottky diode fabricated entirely from soft materials using a facile solution process, further enabling all-printing
fabrication systems. Utilizing the mechanical softness of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate-
based soft electrode, poly(3-hexylthiophene) nanofibril composite soft semiconductor, and liquid metal, we
successfully fabricated a fully soft Schottky diode. This diode exhibits exceptional electrical characteristics even
under various mechanical deformations, showcasing the high durability of the device. We have further developed
fully soft rectifiers and logic gates, highlighting the versatility of our study. By incorporating these devices with a
piezoelectric nanogenerator in a skin-interfaced energy harvesting system, they exhibit sufficient capability for
rectification, ensuring a stable power supply as part of a power supply management system. This approach offers
substantial potential for future skin-interfaced electronics, paving the way for advanced wearable technology.

Keywords: Soft Schottky diode, skin-interfaced electronics, fully soft electronics, soft full-wave bridge rectifier
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Here, we propose fully soft OECTs with all soft components,
including a PEDOT:PSS-based soft channel, which show substantial
mechanical/electrical properties. In addition, the further demon-
strated skin-mountable amplifier implies the strong potential of this
work to be an innovative development in wearable electronics.

Soft wearable electronics that enable direct skin mounting with
conformal contact allow the realization of advanced applications in
a wide range of fields, such as smart healthcare systems, non-
losable devices, internet of things, and artificial sensory skin.'™
Significantly, the fully soft electronic devices made by only soft
components are attracting considerable attention due to several
reasons. Few of them are simple fabrication process, dynamic shape
change, and mechanical durability against physical impacts, com-
pared to the approaches for strain elimination by structural engi-
neering that utilize wrinkle, serpentine, rigid-island with stretchable
interconnects, and kirigami.* For this reason, intensive efforts have
been made to develop various types of fully soft electronic devices,
such as field-effect transistors, strain sensors, pressure sensors, and
optoelectronics.®

However, one of the critical electronic devices, organic electro-
chemical transistors (OECTSs) with the fully soft format, have not
been considerably studied despite their substantial advantageous
vital features. These include subwvoltage operable characteristics,
high transconductance (g,,), and their promising potential for
bountiful applications (e.g;, bio-sensing, neuromorphic devices,
electrophysiological signal acquisition, and cell activity mapping).*
Although numerous bendable OECTs were reported,” the primary
reason for the lack of the successful development of fully soft OECTs
that can stretch and deform is the failure of the discovery of suitable
soft electrical components, namely active channel materials, source/
drain electrodes, electrolytes, and the gate electrodes. Particularly,
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developing soft active channel materials for fully soft OECTs capable
of maintaining high g,, under mechanical strain remains a chal-
lenge. Recently, some stretchable OECTs have been reported.®”
However, such devices were achieved through strain elimination by
structural engineering, which involves complicated fabrication pro-
cesses, sophisticated design, difficulty in packaging, and high-cost
manufacturing. Furthermore, although a few soft OECTs based on
stretchable electrodes are demonstrated, those devices still exploit
non-stretchable external gate electrodes, and show relatively low
g™ Therefore, high performance fully soft OECTs prepared by
only soft components, particularly soft active channel as well as soft
electrodes, need to be developed.

Here, we introduce fully soft OECTs based on a soft active
channel, elastomeric source/drain electrodes, gel electrolyte,
and soft gate electrode. These devices show high electrical
performance and maintain normal operation under the
mechanical strain of 30%, which is a typical stretchability of
human skin.'? The soft active channel was developed using
poly(3,4-ethyelendioxythiophene):poly (styrene sulfonate) (PED-
OT:PSS) with specially added polyethylene glycol (PEG) and
divinyl sulfone (DVS). The PEG addition into the PEDOT:PSS
involved current enhancement due to the strong phase separa-
tion between PEDOT and PSS domains by hydrogen bonds. In
addition, PEG acts as a plasticizer that softens the active
channel materials, leading to a low modulus of the film as well
as self-healing characteristics."*"* Furthermore, DVS allows the
devices to be more stable under humid environments due to
crosslinking between PEG chains by DVS as a bridge. We used
stretchable electrodes prepared by percolated silver nanowires
(AgNWs) in an elastomeric matrix (styrene-ethylene-butylene-
styrene, SEBS) with gold nanoparticles (AuNPs) on top of
exposed AgNWs by galvanic replacement to minimize the
barrier of charge transportation.'® The iongel was adopted as
a quasi-solid electrolyte due to its leakage/evaporation-free and
soft nature. The developed fully soft OECTS present direct skin-
mountable features due to their mechanical softness. To show
the systematic development of this work, we present three
sequentially evolving soft active channel-based OECTs,
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