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Flexible electronics have suggested tremendous potential to shape human lives for more convenience and pleasure. Strenuous

efforts have been devoted to developing flexible organic field-effect transistor (FOFET) technologies for rollable displays, bendable
smart cards, flexible sensors and artificial skins. However, these applications are still in a nascent stage for lack of standard high-
performance material stacks as well as mature manufacturing technologies. In this review, the material choice and device design for
FOFET devices and circuits, as well as the demonstrated applications are summarized in detail. Moreover, the technical challenges

and potential applications of FOFETSs in the future are discussed.
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INTRODUCTION

Flexible electronics, as an emerging and vigorous research field,
have garnered considerable attention in the past decades due to
their promising application in rollable display screens, intelligent
identification cards, and on-body wearable and implantable
electronics'~3. The term flexible electronic refers to a special class
of thin-film electronic devices that can retain comparatively steady
electrical performance when subjected to mechanical bending,
folding, twisting, compression and stretching®. Thus far, a striking
progress has been achieved in various flexible electronic devices,
such as organic light-emitting diodes (OLEDs), organic field-effect
transistors (OFETs), organic photovoltaics (OPVs), organic sensors,
and memories. Thereinto, OFETs that are also organic thin-film
transistors (OTFTs), are characterized with inherent flexibility, light
weight, low-power consumption, ease of integration, high
sensitivity, large-area solution manufacturing, and simultaneously
function as switches, amplifiers, transducers, drivers, and data-
storage components for rollable displays, bendable smart cards,
conformable sensors and artificial skins>~'® (Fig. 1). For example,
compared with resistor-type sensors, OFET-based sensors gen-
erally exhibit higher sensitivity due to their signal amplification
and tuning under applied gate voltage (Vgs)'”. Moreover, owing to
the ease of miniaturization and integration, OFETs have great
potential as a critical unit for building flexible digital circuit blocks
and microprocessors®.

For flexible OFETs (FOFETs), all components must have certain
mechanical compliance and strength. Unlike conventional Si-
based OFETs mainly considering the electrical properties, FOFETs
are evaluated by comprehensively considering the trade-off
between electronic properties and mechanical flexibility. Through
the continuous efforts and exploration of researchers, three
strategies have been proposed to enhance the strain-tolerance
capacity of FOFET circuits. The first one is to develop intrinsically
flexible or stretchable organic materials with low elastic modulus.
FOFETs based on the intrinsically flexible materials are advanta-
geous to achieve scalable fabrication, higher device integration
density, and superior strain tolerance. Thereinto, incorporating
either soft segments or dynamic interactions in polymer molecular

chains is the most straightforward method to enhance the
flexibility of polymer materials'®. In addition, blending with
elastomers and conducting fillers are also a simple and effective
strategy to fabricate intrinsically flexible or stretchable organic
materials'®. The second one is to design a particular geometric
configuration of organic materials based on strain-engineering
strategy. The structural engineering is considered as a common
approach to afford materials with higher strain tolerance. For
example, the materials are designed with various flexible
interconnects (such as serpentine, spring-like, kirigami, horseshoe,
textile, origami), or the devices are constructed on pre-strained
elastomeric substrate?>?. The third one is to develop efficient
processing techniques. Compared with traditional spin-coating
and vacuum-thermal evaporation, high-throughput processing
approaches, such as doctor-blade coating, slot die coating,
screening, and gravure printing, might be better to enable
large-area manufacturing of FOFET integrated circuits®>~2>, Mean-
while, the thermal lamination-transfer technique is typically
employed to prepare intrinsically stretchable organic transistors
and arrays, which is conducive to avoid the solvent damage and
metal penetration?6-28,

Over the past two decades, great success has been witnessed in
high-performance FOFETs and their applications in flexible
electronics. The aim of this review is to provide a detailed and
up-to-date introduction about FOFETs with structural design
strategies and material selection considerations, as well as their
various promising applications. In order to make readers better
understand the FOFETs, we shall first focus on how the OFETs
work under applied voltage, how to simultaneously improve the
electrical performances and mechanical compliance of FOFETSs,
how to design device configurations of FOFETs, and how to
determine the appropriate materials and device assembly
techniques for FOFETs. Subsequently, the progress of FOFETs in
flexible organic circuits and the requirements for large-scale
circuitry are introduced in detail. Moreover, some existing and
potential applications, including rollable display, conformable
sensor array, bendable smart cards, and artificial skin, are
summarized. Lastly, some conclusions and prospects are discussed
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Fig. 1 Representative application examples of flexible OFETs. ‘Flexible display:’ Reproduced with permission®. Copyright 2012, Wiley-VCH.

‘RFID tag:’ Reproduced with permission’. Copyright 2020, Springer Nature. ‘Integrated circuits:’ Reproduced with permission®. Copyright 2019,
Springer Nature. ‘Pressure sensor:’ Reproduced with permission®. Copyright 2015, Springer Nature. ‘Photonic sensor:’ Reproduced with
permission'®. Copyright 2021, Wiley-VCH. ‘Strain sensor:’ Reproduced with permission''. Copyright 2014, Wiley-VCH. ‘Wireless diagnostics:’
Reproduced with permission'2 Copyright 2017, Springer Nature. ‘Artificial synapse:’ Reproduced with permission'3. Copyright 2016, American
Association for the Advancement of Science. ‘Health monitoring:’ Reproduced with permission'. Copyright 2014, Wiley-VCH. ‘Smart e-skin:’
Reproduced with permission’. Copyright 2020, American Association for the Advancement of Science. ‘Self-healing skin:’ Reproduced with

permission'®. Copyright 2018, Wiley-VCH.

at the end of this review to provide insights into the future
research of flexible electronics.

STRATEGIES FOR FOFETS

In order to deepen readers’ understanding of FOFETSs, this section
first focuses on the device architectures and working mechanisms
of OFETs. Conventional OFETs are three-terminal electronic
devices composed of organic semiconductor layer, gate dielectric
layer, source/drain (S/D) electrodes, and gate electrode. Certainly,
all the components should be supported by a substrate.
According to the position of gate electrodes and S/D electrodes
relative to semiconductor layer, OFETs are distinguished as four
types: bottom-gate bottom-contact (BGBC) configuration, bottom-
gate top-contact (BGTC) configuration, top-gate bottom-contact
(TGBC) configuration, and top-gate top-contact (TGTC) configura-
tion. In addition, some special cases, such as dual-gate?® and side-
gate3® configurations, have been also reported. For the TC
configuration, organic semiconductors are directly grown or
deposited onto the dielectric layer, followed by the deposition
of source and drain electrodes, which ensures good crystal
structures and the uniform semiconductor/dielectric contact
interface. However, for the BC configuration, organic semiconduc-
tors are grown or deposited onto the S/D electrodes and gate
dielectrics, thereby resulting in the performance and structure
discrepancies. Comparing with BC configuration, the TC config-
uration exhibits a larger contact area and lower contact resistance
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between semiconductors and electrodes®'. But the TC configura-
tion is difficult to realize mass production due to the restricted
mask technologies, which is not fit for practical application.

The charge density in the active channel is regulated by the
electric perpendicular field. To further explore the field-effect
characteristics of OFETs, the threshold voltage (Vy), charge
mobility (u), lon/lofr, and subthreshold slope (SS), should be
extracted from the transfer (Isp - Vi) and output (Isp - Vsp) curves.
But for FOFETs, there still exist additional parameters, including
device thickness, curvature radius, stretching strain, and electrical
stability against mechanical deformations, meriting considerable
attention. Next, we will summarize the standard high-performance
material stacks (including organic semiconductors, electrodes,
gate dielectrics, and substrates) for FOFETs.

Organic semiconductors for FOFETs

Organic semiconductors (OSCs) are acknowledged as the core
components of OFETs. The carrier mobility of OFETs was
significantly dependent on both the chemical structures of
conjugated frameworks and the intermolecular m-orbital over-
lapping®>33. OSCs are classified as organic molecules, oligomers,
and conjugated polymers. Thereinto, oligomers are seldomly
investigated due to their inferior electrical characteristics, uneasy
purification, and processing. By contrast, organic molecules and
conjugated polymers have been extensively applied in flexible
electronic devices due to their good flexibility, high molecular
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density, low cost, low-temperature processability, and outstanding
compatibility with flexible substrate®®. Because of less grain
boundaries as well as less defects and traps, organic molecules
exhibit comparable mobility to polycrystalline silicon FETs (>10
cm? V7' s71), such as 2,9-didecyl-dinaphthol[2,3-b:20,30-flthieno
[3,2-b]thiophene (C10-DNTT, 10.7 cm? V= s7")3, rubrene (24.5
cm? V-1 s71)36, and C8-BTBT (31.3 cm? V' s71)*’. Moreover,
organic single crystals are seen as the desirable materials to
systematically explore the relationship between electronic char-
acteristics and mechanical performances. Reyes-Martinez*® used
rubrene as the benchmark semiconductor to explore how the
mechanical deformations impact the carrier mobility due to the
ignorable grain boundaries and defects. They discovered that the
mechanical tension increased the intermolecular distance and
decreased the carrier mobility of the rubrene single-crystal FETs,
whereas mechanical compression was the opposite. Moreover, the
net strain at the dielectric/semiconductor interface would also
influence the carrier mobility. While not as abundant as polymer
semiconductor examples, the research of organic molecules for
fabricating FOEFTs still attracted considerable attention.
Comparing with organic small molecules, polymer semiconduc-
tors show higher molecular weight, controllable molecular
structure, superior mechanical flexibility, and good film-
assembling capability®°. Moreover, both highly ordered lamellar
structure and high crystallinity are beneficial for the increase of
carrier mobility of polymer semiconductors, but they are
detrimental to the mechanical stretchability that thirsts for an
amorphous morphology®®. As a representative example, poly(3-
hexylthiophene) (P3HT), with plenty of side-chain regions,
contains a lamellar packing pattern of conjugated backbones
and its ring planes adopt edge-on stacking along the substrate.
Whereas poly-(2,5-bis(3-alkylthiophene-2-yl)thieno  [3,2-b]thio-
phene) (pBTTT) more easily forms highly ordered films due to
the existence of many crystalline domains with larger crystalline
sizes and fewer defects. The molecular packing geometries for the
crystalline region of polymer P3HT and pBTTT are shown in Fig. 2a.
Therefore, pBTTT exhibits higher carrier mobility, but rather
lower crack onset strain (<2.5%) comparing with P3HT (>150%).
These results illustrate that long-range order is preferable to
increase  mobility, but inevitably stiffens and embrittles the
polythiophene semiconductor films*'. Wu et al.*?> proposed a facile
and effective strategy to investigate the flexibility and stretchability
of polymer semiconductors through soft contact lamination. They
found that comparing with large-scale fused rings, the free
thiophene rings and long branched alkyl side chains could generate
larger free volume, which was conducive to improve the
stretchability and crack onset strain of polymer semiconductors.
Taking together, good electrical performance and good
mechanical compliance in polymer semiconductors are difficult
to balance. Current approaches to increase the flexibility and
stretchability of polymer semiconductors were primarily on the
basis of six categories: (1) designing multiblock copolymers by
incorporating flexible or elastic insulating segments into polymer
backbone, so as to reduce the m-m stacking and crystallinity of
polymer semiconductors. P3HT-PE diblock copolymer (crack onset
strain > 600%)** (Fig. 2b) and P3HT-PMA-P3HT triblock copolymer
(rack onset strain > 140%) (Fig. 2c)** are two representative
examples. (2) Incorporating alkyl side chains to weaken inter-
molecular interactions and localize aggregates in conjugated
polymers*45 For example, the introduction of poly (butyl
acrylate) (PBA) side chains into isoindigo-bithiophene (112T)-based
conjugated polymers could provide better processability, lower
elastic modulus, and superior mechanical ductility for polymer
semiconductors?’. The chemical structure of PII2T-PBA with
different molar ratios of PII2T and PBA is shown in Fig. 2d. (3)
Regulating molecular weight (M,) and regioregularity (RR) of
polymer semiconductors. Several reports have confirmed that the
increasing M, and decreasing RR could improve the strain
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tolerance of polymer semiconductors*®4°, (4) Introducing con-
jugated carbon cyclic nanorings as additives into polymer
semiconductors, which can suppress the formation of large
crystallites and facilitate the formation of small aggregates,
thereby increasing the flexibility and carrier mobility of polymer
semiconductors. For instance, polymer DPP-TT with the inclusion
of cycloparaphenylene (CPP)'® (Fig. 2f) and 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4-TCNQ)*° could withstand
high stretching strain up to 100% with minimal degradation of
carrier mobility. The chemical structures of molecular additive CPP
and F4-TCNQ are shown in Fig. 2e. (5) Blending with elastomers to
improve chain dynamics and suppress large crystallites of polymer
semiconductors. Blends consisting of conjugated polymers and
elastomers are considered as the desirable hybrid polymer
semiconductors with simultaneously increased mechanical
stretchability and carrier mobility, and have been frequently
employed to prepare stretchable transistors®'2, For instance, Xu
and coworkers?® proposed a conjugated-polymer/elastomer
phase separation-induced elasticity (CONPHINE) methodology
based on the nanoconfinement effect (Fig. 2g). The resulting
hybrid polymer semiconductor could sustain high tensile strain up
to 100% without sacrificing the carrier mobility (Fig. 2h). However,
in the blending processes, the surface energies, molecular weight,
blending ratio, solvents, and processing methods should be
addressed. (6) Geometrically structuring the conventional brittle
polymer semiconductors through strain-engineering designs, such
as wave, wrinkle, island-bridge, textile, origami, kirigami, interlock,
horseshoe, and serpentine shapes®>>3. The strain-engineering
design could improve the mechanical durability of polymer
semiconductors to a certain extent, but also shows some
drawbacks, such as limitation in the stretching strain (generally
<20%) due to unchanged polymer molecular structure, tedious
processing procedures, low device density, and hard to large-area
manufacturing.

Electrodes for FOFETs

Flexible electrodes, as another essential research consideration in
FOFET design, have also raised tremendous research interest. To
enable high-performance FOFETs, several pivotal requirements
including high flexibility and transparency, superior conductivity,
suitable work function, low contact resistance with semiconduc-
tors, and desirable biocompatibility, should be underlined™.
Indium tin oxide (ITO) films are electrically conductive and
optically transparent, and have been extensively used in
optoelectronics for a few decades. Nevertheless, ITO films are stiff
and brittle, and readily rupture when suffering from small
stretching strains. In addition, various metal (e.g., Au, Ag, and Al)
films are also the commonly used electrode materials due to high
conductivity and transparency. Previous studies on flexible
electronics usually employed metal films as flexible electrodes,
and indicated that decreasing the thickness of metal films could
endure small-scale mechanical bending and stretching. However,
the reduction of metal film thickness typically induced the
generation of isolated metal islands due to the Ostwald ripening
effect, thereby resulting in the loss of electrical conductivity>>°°. In
order to catch up with the rapid development of wearable
electronics, various flexible electrodes, including metal nanopar-
ticles, metal nanowires, conductive polymers, carbon-based
nanomaterials, and ionic conductors, have been reported®*>>>7,
Metal nanoparticles (NPs) and metal nanowires (NWs) not only
maintain the excellent conductivity of metal films, but also show
the improved mechanical flexibility and stretchability>®=%°. Gen-
erally, metal NPs, as OD conductive nanomaterials, should be
incorporated into elastomer matrix to obtain stretchable electro-
des. For example, Kim et al' prepared highly conductive
stretchable electrodes by introducing Ag NPs in the PDMS matrix.
The resulting electrodes displayed a low surface resistance of
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0.910 Q sq~ ' and a high stretchability up to 100% strain with
minimal degradation in electrical conductivity. Among metal NWs,
silver nanowires (AgNWSs) are the most commonly used flexible
electrode materials due to high aspect ratio, excellent light
transmittance (=89%), and outstanding strain resistance. More-
over, the AgNW inks and films with a wide range of aspect ratios
have been commercialized, making them a promising candidate
for flexible and stretchable electrodes. However, the metal NW
films display a high sheet resistance due to large wire-wire
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junction resistance®2. The sheet resistance severely increases
under stretching and bending deformations because of the
fracture of wire-wire junctions. Lee and coworkers®® developed
a low-temperature successive multistep growth (SMG) approach
to prepare ultra-long AgNWs. The high aspect ratio of AQNWs was
beneficial for the balance of electrical conductivity and mechan-
ical compliance. Thus, the resulting ultra-long AQNW percolation
network (VAgNPN) electrodes retained a record-high stretching
strain above 460% with insignificant reduction of sheet resistance
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Fig. 2 Material design strategy for flexible OFETs. a Schematic diagram illustrating the molecular packing geometry for the crystalline
region of polymer P3HT (left) and pBTTT (right). Reproduced with permission*'. Copyright 2010, American Chemical Society. b Stress-
elongation curves of the diblock copolymers with different weight ratios of P3HT and PE. Reproduced with permission**. Copyright 2007,
Wiley-VCH. ¢ Schematic diagram representing the configuration of P3HT-b-PMA-b-P3HT triblock copolymer. Reproduced with permission*,
Copyright 2015, Royal Society of Chemistry. d Chemical structure of PII2T-PBA polymer with different molar ratios of PII2T and PBA.
Reproduced with permission*’. Copyright 2017, American Chemical Society. e Chemical structure of molecular additive CPP and F4-TCNQ.
‘CPP Reproduced with permission'®. Copyright 2019, Wiley-VCH. f Carrier mobilities of intrinsically stretchable OFETs prepared with polymer
DPP-TT/CPPs hybrid film as the semiconductor layer under stretching strain up to 100% parallel and perpendicular to the charge transport
direction. Reproduced with permission'®. Copyright 2019, Wiley-VCH. g 3D schematic diagram illustrating the dispersion of DPPT-TT polymer
in the SEBS matrix for the CONPHINE film. h Comparison in the carrier mobilities of the neat DPPT-TT film and CONPHINE film under 100%
tensile strain along the charge transport direction. Reproduced with permission®. Copyright 2017, American Association for the
Advancement of Science. i Macroscopic (top) and microscopic (bottom) surface morphologies of the ultra-long VAgNPN electrodes under
stretching strain from 0 to 460%. Reproduced with permission®3. Copyright 2012, Wiley-VCH. j Chemical structures of polymer PSS and PEDOT.
k Scanning electron microscope (SEM) image of the MWNT/PU composite electrode. A highly porous foam morphology is demonstrated in
the high-magnification SEM image. | Sheet resistance of the MWNT/PU composite electrode under multiple twisting and bending cycles.
Reproduced with permission’®. Copyright 2010, Wiley-VCH. m Multilayered graphene electrodes on the PDMS substrate against

omnidirectional stretching and convex-concave bending. Reproduced with permission’>. Copyright 2016, American Chemical Society.

(Fig. 2i). Meanwhile, the preparation approach was also promising
for enabling low-cost, mass-production, and high-flexibility
stretchable electrodes.

Conducting polymers (CPs), including polyaniline (PANI)®* and
poly(3,4-ethylenedioxythiophene) (PEDOT)®>, are desirable flexible
electrode materials. Moreover, better conducting polymers can be
enabled by blending different ones. Thereinto, Poly(3,4-ethylene-
dioxythiophene):polystyrene sulfonate (PEDOT:PSS) is the most
extensively used CPs in flexible electronics owing to their good
mechanical strength, electrical stability and optical transmittance,
as well as excellent film uniformity and attractive biocompatibility.
The chemical structures of PEDOT and PSS are shown in Fig. 2j.
The PEDOT:PSS film can also be easily patterned by inject printing,
photolithography, selective wetting-based patterning, screen
printing, etc®®. However, pristine PEDOT:PSS film is susceptible
to humidity, and is vulnerable to stretching strain (<5%). To
address this conundrum, some effective strategies, such as the
incorporation of elastomeric materials, surfactants, structural
engineering, and the formation into micro/nanostructures, have
been proposed®”.

Carbon-based nanomaterials mainly contain one-dimensional
carbon nanotubes (CNTs) and two-dimensional graphene. There-
into, CNTs have some distinctive characteristics such as excellent
electrical conductivity (=10*S cm™"), superior mechanical robust-
ness, outstanding thermal stability and low sheet resistance
(<100 O)%8. A single nanotube typically shows fairly ballistic
transport with a current level approaching 25 pA per tube and a
high tensile modulus up to 100 GPa. Since 2005, CNTs have been
widely used as electrode materials for flexible electronics. Highly
flexible and conductive CNT electrodes are usually prepared onto
the flexible and stretchable substrates through drop-casting,
spray-casting, or spin-coating methods. For example, Lipomi
et al%® prepared a spring-like SWCNT electrode with high
stretchability, transparency and conductivity by firstly imposing
stretching strain along each axis and subsequently releasing this
strain. The resulting SWCNT electrodes exhibited high stretching
strain exceeding 150% and high conductivity up to 2200cm™".
But inevitably, high surface roughness from plenty of nanotube
stacking on flexible or elastomeric substrate results in the
deterioration of contact interface and the increase of contact
resistance, thereby degrading the electrical performances of
FOFETs. To solve this problem, Shin et al’® reported an
elastomeric conductive composite by infiltrating multiwalled
CNT (MWCT) forest using a polyurethane (PU) solution in N,N-
dimethylformamide (DMF). The PU could totally penetrate the
MWCT forest side, and the PU layer was interconnected with the
forest to generate a highly porous foam (Fig. 2k). The resulting
composite electrode film could sustain a stretching strain of 20%
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and multiple twisting deformations 100 times without sacrificing
the sheet resistance (Fig. 2I).

Graphene, as a one-atom-thick 2D layer of sp2-bonded carbon
allotrope, demonstrates excellent electrical-mechanical properties,
low sheet resistance (100-1000 Q sq~'), and ideal optical
transparency (>90%)”'. Nevertheless, high in-plane stiffness
(>340Nm~") and Yong’s modulus (>0.5 TPa), as well as the
strong internal C-C networks largely restrict its application in
flexible and stretchable electronics’?. Hong et al.”> proposed a
facile and cost-effective Fresnel lens-patterned method to achieve
a concentric circular wavy configuration for the multilayered
graphene sheets. The resulting graphene electrodes were afforded
with high optical transmittance (>87% at 550nm), low sheet
resistance, and good strain tolerance to omnidirectional stretching
(up to 30% tensile strain) (Fig. 2m). However, both the CNT and
graphene have their merits and demerits. Therefore, researcher
have also devoted great efforts to prepare hybrid electrodes with
combined advantages, such as AgNWSs/PEDOT:PSS’4, AgNWs/
CNT’%, and AgNWs/rGOS,

lonic conductors and metal liquid are two new types of flexible
electrodes. lonic conductors, a hydrogel with plenty of slats, show
ultrahigh transparency of approaching 100%, high stretching
strain of 100-1000%, high operation frequency of exceeding
10kHz, and superior biocompatibility’””. However, the rather
higher sheet resistance than other electrode materials, and the
inevitable dehydration make it difficult to work as electrode
materials in flexible electronics. Metal liquid combines the
conductivity of metal with the fluidity of liquids’®. But the
unsatisfactory characteristics with inferior chemical stability, high
sheet resistance, and uncontrollable liquidity, should be further
overcome.

Dielectrics for FOFETs

The carrier transmission resides at two to three semiconducting
molecular layers of the semiconductor-dielectric interfaces. The
roughness and surface energy of dielectric layer obviously impact
the growth process and morphology of organic semiconductors.
Therefore, how to select suitable dielectric materials is also a
critical consideration for high-performance FOFETs. Conventional
inorganic oxides such as SiO, cannot be used as flexible dielectric
materials due to their brittle and stiff nature. By contrast, polymer
dielectrics are afforded with some inherent advantages, including
low-temperature solution processing, low film density, high
leakage current density, good compatibility with flexible substrate,
controllable molecular structures, and molecular weight’®. Cur-
rently, common flexible polymer dielectrics contain poly (methyl
methacrylate) (PMMA)3, polystyrene (PS)®, and poly (a-methylstyr-
ene) (PaMS)*. Common stretchable polymer dielectrics contain
poly(dimethylsiloxane) (PDMS)' and polystyrene-block-poly
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(ethylene-ran-butylene)-block-polystyrene  (SEBS)?°.  However,
these polymer dielectric materials show lower dielectric constant
(k < 3.0) comparing with inorganic rigid dielectrics, which resulted
in the increased operation voltage of FOFETSs. It cannot satisfy the
low energy-consumption requirements of wearable electronic
devices. The inclusion of conducting fillers and metal ions can
effectively increase the k of polymer dielectrics®®. Additionally, the
inferior solvent resistance of polymer dielectrics is also a
considerable challenge. A commonly used strategy to overcome
this issue is on basis of the crosslinking of polymer dielectrics
(such as azide-crosslinking SEBS)®'.

Substrates for FOFETs

Flexible substrates play a supporting role for all the components
of FOFETs. Currently reported flexible substrates consist of thin
glass, metal foil, polymers (plastics and elastomers), and some
special cases such as paper, fiber. Similar to polymer dielectrics,
polymer substrates have some natural merits. To avoid solvent
damage, polymer substrates should be imparted with superior
thermal resistance and solvent resistance to harsh solvents. Unlike
plastics, elastomeric polymers are easily subjected to dimensional
deformation under high temperature and solvent damage due to
their low glass transition temperature and high molecular
dynamics. Therefore, if elastomeric substrate is involved, novel
device assembly techniques (such as lamination-transfer proce-
dures) should be employed. Meanwhile, future requirements for
ultra-thin and ultra-flexible FOFETs are also dependent on the
thickness of polymer substrates. In terms of the aforementioned
flexible semiconductors, electrodes, dielectrics, and substrates,
high-performance FOFET circuits and their applications in flexible
electronics have been reported, which will be discussed in the
following section.

FLEXIBLE CIRCUITRY

In recent years, OFETs have made extraordinary progress in
integrated circuits. Since the flexible organic circuits were
reported for the first time in 199822, the flexible integrated
systems have attracted much attention and were rapidly
developed from unipolar organic circuits to complementary
organic circuits. The suitable materials and available device
assembly technologies for large-scale and practically applicable
circuitry are highly desirable®3,

In the design of silicon-based transistor integrated circuit, the
complementary circuit composed of n-type and p-type transistors
has the advantages of low static power consumption, rail-to-rail
voltage output, high noise margin, and high gain®*. However, for
OFETs, it is difficult to obtain n-type and p-type OSC materials with
matching performance and the integration process is also
complex. Therefore, the full p-type circuits are in wide use
because of its simple processing technology. The simplest form of
a full p-type circuit is composed of two OFETs, where the load
OFETs can be either gate and drain short-circuitry (enhanced load)
or gate and source short-circuitry (depleted load), depending on
the V4, of the OFETs. However, this kind of circuit design has the
problems of low noise margin and hardly achieving rail-to-rail
voltage output®. In order to improve the performance, the
pseudo-CMOS structure is expected to achieve high noise
tolerance and high gain.

According to the function of circuits, they are divided into
digital, analog, and mixed circuits. The digital and analog circuits
are the two most commonly used types. Generally, digital circuit
has a large integrated scale, and it is easier to adopt standard cell
to improve the design efficiency. The commonly used digital unit
circuits include inverter, logic gate, adder, ring oscillator, register,
and so on. In order to achieve better dynamic performance, single-
threshold OFET circuit can obtain higher working speed due to the
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use of p-type OFETs with better performance, simple structure and
small load capacitance. For more complex digital logic circuits, it is
generally preferred to use dual-gate, pseudo-CMOS, or comple-
mentary structures to obtain high noise tolerance and sufficient
robustness for process disturbance. To prepare OFET devices and
circuits without masks, the inkjet printing is acknowledged as a
digital and on-demand way to form electrodes, functional layers
(OSCs, gate dielectrics, and encapsulation), and through holes®.

Based on the fully printed complementary structure, the nand
gate, JK flip-flop, D flip-flop, and ring oscillator for clock generation
were fabricated, and an RFID chip with the integration of more
than 250 OFETs for enabling safe identification and ASK
modulation was further designed and realized®”. As mentioned,
to take full advantage of organic electronic circuitry, it is essential
to develop organic complementary circuits. Kwon and coworkers®
were committed to improving the integration scale of the
complementary structure, and enhancing the compatibility
between n-type and p-type devices. The n-type and p-type OFETs
are stacked in the vertical direction to achieve a three-dimensional
(3D) integration (the detailed preparation procedures shown in
Fig. 3a), and a 12 x 8 nand gate array with integration of 288
transistors was realized (Fig. 3b). Moreover, it is possible to
integrate 2700 programmable OFET devices on a credit card-size
(85.60 X 53.98mm) base using this 3D integration. In a
representative sensing system, an analog front-end circuit is
required to preprocess and amplify the detected sensing signal.
Operational amplifiers (OPAs) are the commonly used unit circuits
in analog signal processing. They are not only used for signal
amplification, but also for addition, subtraction, differentiation and
integration, and signal processing functions such as filtering,
voltage following, current-voltage conversion, and voltage
comparison. Using OFETs to realize OPA circuit, the sensing signal
can be amplified in situ at the front-end closest to the signal
detection, so as to suppress the effect of noise on the subsequent
signal transmission process. Considering the application of
wearable ECG signal detection, an ultra-thin and flexible
differential OPA circuit have been achieved based on the
pseudo-CMOS  structure®®, The gain was above 200V/V, the
common mode noise rejection ratio was below —12 dB, and
the SNR of the output signal was 34 dB, which could well meet
the requirements of ECG signal detection. For the integration of
the sensing analog front end, the full solution printing process for
the OFET analog circuit will facilitate high customizability. The
first-order differential OPA circuit of p-type OFETs have been
prepared by inkjet printing electrode, organic semiconductor of
solution process, and dielectric layer of CVD process (Fig. 3c). The
resulting OPA circuit exhibited an open-loop gain of 4 under the
power supply current of 100 nA. When applied to ion sensing, the
signal can be amplified to improve the signal-noise ratio (SNR) of
detection®.

ROLLABLE DISPLAYS

With the development of optically transparent and mechanically
flexible electronic circuitry, rollable display devices have recently
gathered much interests due to their potential for enabling flexible
television, e-book, video player, and portable mobile phone. The
rollable displays are characterized with desirable portability, light
wight, thin thickness, good foldability, low power, and wide viewing
angle. E-paper display, as one representative example of rollable
displays, has developed rapidly and significantly impacts our daily
life. At present, researchers have devoted strenuous efforts to
preparing large-scale and highly flexible displays.

Comparing with twisted-nematic liquid crystal displays,
polymer-dispersed liquid crystal displays and electronic ink
displays, active-matrix organic light-emitting diode (AMOLED)
displays can better achieve high-resolution full-color smooth-
moving images on flexible films®®. AMOLED displays, in which the
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pixels are driven and switched by OFETs, possess thin, light, all-
solid-state, and flexible device configurations. Meanwhile,
AMOLED displays also demonstrate wide viewing angle, wide
color gamut, fast respond speed, and low energy consumption®’.
AMOLEDs have been prepared based on two types of device
configurations, which are top-emission configuration (Fig. 4a) and
bottom-emission configuration (Fig. 4b), respectively. In the early
research, AMOLEDs with bottom-emission configuration attracted
some researchers due to its simple integration of OLEDs and
OFETs. However, the bottom-emission requires high-transparency
substrate and electrode layer, which severely restricts the
selection of materials and the development of flexible AMOLEDs.

In contrast with parallel-placed bottom-emission configuration,
the top-emission configuration can provide higher-resolution
images and more material selection, because of the sufficient
spaces induced by increasing aperture ratio between pixel OFETs
and OLEDs®2. And there are no limitations for high-transparency
substrate and electrode layers®>. However, it remains a technolo-
gical challenge to prepare high-performance top-emission AMO-
LEDs, which is because the multi-layer interdielectrics and
interconnections inevitably result in the performance degradation
of AMOLEDs®°. Therefore, how to achieve elaborate integration of
OLEDs and OFETs have always been an important research focus
of top-emission AMOLEDs. Back in 2001, Huitena et al.”* reported
a pioneering work about thin-film transistor-driven active-matrix
displays in the journal Nature. Their obtained AMOLEDs were
furnished with 256 gray levels, which showed desirable displaying
scenes. Meanwhile, the displays also exhibited comparable
contrast ratio (=8.6) to the black ink on paper. Current strategies
for fabricating high-performance flexible AMOLEDs are developed
primarily based on four categories: (1) improving the filed-effect
characteristics (such as low Vi, and /o) of FOFETSs; (2) optimizing
the interfacial quality between OLEDs and OFETSs; (3) developing
cost-effective manufacturing processes onto the flexible substrate;
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(4) increasing the amounts of pixels for AMOLEDs. For example,
Yagi et el. successfully prepared the world’s first flexible full-color
AMOLED display with a pixel resolution of 80 ppi. The fine-
patterned OFETs that are integrated using an OSC separator (Fig.
4c), were employed as the flexible backplane to drive the OLED.
Wherein, the OSC separator precisely pattern the active regions
and interconnections, and the organic dielectrics functioning as
the backplane can significantly increase the mechanical compli-
ance of the AMOLED display. Noda et al.”® prepared high-
performance OFETs using a stable and high-mobility organic
semiconductor, peri-xanthenoxanthene (PXX) derivative. Subse-
quently, they developed an 80-um-thick rollable AMOLED display,
in which OFETs as the gate-driver circuit were on one side. These
AMOLED displays could be rolled up at a radius of 3mm 1000
times without sacrificing the luminance and imaging quality.
The above-mentioned examples cannot satisfy the highly
flexible and stretchable requirements of rollable displays. But
thus far, OLEDs with high optoelectrical and mechanical
performances have been reported based on some novel device
assembly techniques and highly flexible materials, which will pave
the way for future advances in intrinsically flexible, high-quality,
and cost-effective AMOLED displays. Strain-engineering design is
always considered as a simple approach to enhance the strain-
tolerance capacity of OLEDs. Yin et al.®® developed a laser-
programmable method to prepare stretchable OLEDs bearing an
ordered-bulking profile. The ordered bulking afforded the devices
with high mechanical stretchability and robustness (Fig. 4d). These
OLEDs retained a stable luminous efficiency of 70cd A~" under
70% stretching strain, and still could function well when subjected
to 100% stretching strain (Fig. 4e). Moreover, the laser-
programmable method presented was compatible with most
OLED preparation procedures, such as spin-coating and inkjet
printing. Liang et al’” developed a transparent conductive
electrode based on a silver nanowire (AgNW) percolation network
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Fig. 4 Optoelectrical characteristics of flexible displays under various tensile strains. a, b The AMOLEDs with a top-emission configuration
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soldered with graphene oxide (Go), which exhibited high electrical
conductivity, optical transmittance, and stretchability. Further-
more, they fabricated intrinsically stretchable polymer-based
OLEDs using the Go-soldered AgNW network as both the anode
and cathode. The obtained OLEDs could work order when
subjected to 130% stretching strain (Fig. 4f) and 100 stretching-
releasing cycles at 40% strain. Consequently, to obtain truly
stretchable OLEDs with a stretching strain above 100% and a
bending radius below 10 um, the strain-engineering design, the
preparation of intrinsically flexible material, and the improvement
of interface interlayer quality all should be taken into account. In
2020, Kim et al®® proposed a hybrid stretchable platform
comprising a bilayer architecture and an array of rigid islands.
The array of rigid islands on top of the bilayer elastomeric
substrate were formed and connected by a serpentine inter-
connecting configuration. In the bilayer architecture, the bottom
PDMS substrate determined the overall flexibility and stretch-
ability of the OLED device, and the top Silbione layer with an
ultralow Young's modulus of about 0.9 kPa produced an obvious
stress-relieving effect. Based on these advantages, the prepared
OLEDs could be stretched up to 140% strain with insignificant
change in the sheet resistance (Fig. 4g) and luminance (Fig. 4h).

BENDABLE SMART CARDS

As another reality application of OFET circuits, smart card is a
generic term for a plastic card with embedded microchips. Smart
cards are widely applied in identity recognition, payment
instrument, encryption/decryption, personal financial record,
medical record, and access control. In recent years, bendable
smart cards with light weight, good adhesion, portability, high
memory capacity, high confidentiality, and low cost have been
paid close attention by the industry and the academia. Radio
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frequency identification (RFID) tags, a representative smart card,
are the simplest form of ubiquitous sensor networks to displace
the existing barcode technology®. RFID tags can be attached to
any location of an object to acquire the object information or the
surrounding environment. RFID tags show great potential
applications in supply-chain monitoring, logistics, anticounterfeit-
ing, inventory controlling, pet identification, and healthcare, which
is attributed to their unique benefits such as contactless
identification, high data-storage capability, and desirable remote
and automatic reading'®.

In general, passive RFID systems are composed of a reader and
many passive tags, where an identification tag contains an
antenna and a circuit. The working mechanism of passive RFID
tags is depicted as follows: a reader sends out the required
information to the tags. When receiving the information, all or
some tags transmit their codes to the reader by extracting and
modulating power from the electromagnetic field of this reader.
Subsequently, these codes are sensed and decoded by this reader.
It is noteworthy that when many tags response to a reader, their
codes will collide in the RF communication channel, and cannot
be correctly decoded by this reader. Thus, to correctly identify this
tag, the use of a few tags or an anti-collision algorithm is more
efficient for many practical applications'’.

In the future, all the goods should be furnished with their own
RFID tags. Thus, a critical problem is the reduction of the tag cost
(<1 US dollar) to satisfy a ubiquitous tag society. The use of
organic semiconductor and roll-to-roll (R2R) processing techni-
ques can enable low-cost, large-area, flexible RFID tags. Jung
et al.’® employed an all-printed and R2R-printable strategy to
construct a 13.56-MHz-operated 1-bit RF tag on a plastic foil. The
obtained 1-bit RFID tag not only has a low cost of approximately
0.03 dollar per unit, but also demonstrates a high clock signal up
to 102.8 Hz upon the code approaching the reader. Based on the
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R2R printing technology, the 16-bit and 96-bit RFID tags were
achieved as well. Moreover, Yang et al."® also employed an inkjet-
printing technology to construct a RFID tag on a paper substrate.
Fiore and coworkers®” made an important contribution to the
integration of RFID tags. They, for the first time, prepared an
integrated 13.56-MHz RFID tag with more than 250 transistors on a
flexible foil substrate based on a printed organic complementary
thin-film transistor technology. The obtained integrated RFID tags
exhibited a wide reading range of 2-5 cm and a high bit-rate up to
50 bits~'. Although the achievements are far from the practical
application of RF tags, the reported materials and techniques
open up brand-new paths for low-cost and highly flexible
RFID taps.

CONFORMABLE SENSOR AND ITS ARRAY

Conformable sensors have recently gathered much interests due
to their potential for enabling personal healthcare, human activity
monitoring, electronic skin, and human-machine interface'®*.
Conformable sensors require high flexibility and stretchability, and
they can seamlessly adhere to irregular, pliable, and locomotive
objects. The conformal contact greatly depends on the stiffness
and adhesion energy of a sensing device. The detailed conformal
mechanics have been addressed by the Yang's group'®.
Compared with two-terminal-based sensors, the OFET-based
sensors exhibit higher specificity and sensitivity. This is due to
the adjustable non-covalent interaction (such as hydrogen bonds,
van der Waals interaction, dipole-dipole interaction) of organic
semiconductors, and the unique signal amplification and tuning
capacity of OEFT configuration'®, The acceptable sensing
mechanism of OFET-based sensors is expressed as follows: when
the analyte is in contact with the organic semiconductor layer,
more charges in the active channel are generated and a higher
drain current is induced due to the interaction or reaction
between analytes and organic semiconductors. Moreover, the Ips
of a sensor can also be magnified under the applied V. Both the
processes enhance the readable or recordable response signal of
OFET-based sensors®. The sensing performance of a sensor can be
evaluated by comprehensively analyzing its sensitivity, specificity,
stability, and reproducibility.

Current strategies for fabricating high-performance OFET-based
sensors are developed primarily in terms of four categories'%”. The
first category is the most straightforward approach to synthesizing
a novel multi-functional organic semiconductor with excellent
charge-transportation capacity and high specific-sensing perfor-
mance. The introduction of functional backbone or side-chain
groups to induce the interaction or reaction with analytes can
enable this goal. However, the exotic groups easily result in a
noticeable reduction of field-effect performance for OFET-based
sensors. The second category is to incorporate an additional
functional receptor into organic semiconductors to improve the
sensitivity of an OFET-based sensor while retaining its original
field-effect performance. There exist three types of architectures,
that are semiconductor/receptor layer-heterojunction (LHJ) archi-
tecture, semiconductor/receptor bulk-heterojunction (BHJ) archi-
tecture, and semiconductor layer interface-located receptor
assembly. For example, Huang et al.'® employed a tris-(penta-
fluorophenyl)borane (TPFB) CuPc/CoPc BHJ architecture to pre-
pare a OFET-based sensor, which displayed ultrahigh sensitivity to
NH; (limit of detection = 350 ppb) due to the strong hydrogen
interaction between NH; and TPFB. The third category is to
downscale the thickness of the organic semiconductor layer. It is
acknowledged that to ensure the high field-effect performance of
OEFTs, the organic semiconductor layer should be possessed with
a high film thickness of approximately several tens of nanometers.
However, the high semiconductor film thickness severely restricts
the diffusion of analyte molecules across the active layer and
degrades the interaction between analytes and semiconductors.
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Therefore, the exposure of the conductive channel of ultra-thin
organic semiconductor film is more beneficial for improving the
sensitivity and response speed of OFET-based sensors compared
to the thick semiconductor film'%, As a representative example, Li
et al."’® developed an ultra-thin dendritic-microstripe semicon-
ductor film with 4-6 molecular layers based on the dip-coating
approach. The obtained OFET-based sensor demonstrated a
higher sensitivity to NHs; and a shorter response/recovery
compared to the thick film-based devices. This was due to the
one-dimensional continuous, micro-structured and ultra-thin
nature of the low-dimensional semiconductor films. The fourth
category is to optimize the device architecture. As mentioned,
different sensing applications require different device configura-
tions. For example, the BG configuration is more appropriate for
the gas sensor due to the exposure and better contact between
gas analytes and semiconductor layer. The suspended gate
structure with an air gap as the dielectric provides higher
sensitivity to pressure’'’. In addition, various components (gate
electrode, dielectric, semiconductor, S/D electrodes) and inter-
facial quality are also critical factors to improve the sensing
performance of OFET-based sensors. Details and special examples
have been reviewed by Zhu's group'®’. To meet the practical
demands, the majority of conformable sensors (such as pressure,
temperature, stress, gas, chemical, biological, photonic, and
memory sensors) reported thus far have shown ideal sensing
performance and high flexibility. In this review, we will briefly
introduce several commonly used flexible sensors.

Biological sensors

Biological sensors can convert biochemical signals into electronic
signals. Biosensors for sensing various biological substances (such
as DNA, protein, glucose) and biological signals (such as blood
pressure, nerve impulse, wrist pulse, cell behavior) have shown
great potential for achieving health monitoring, cell controlling,
and drug delivery. The realization of biosensors that work order
under various large mechanical deformations is important for the
next-generation smart wearable electronic applications. High-
performance biosensors are characterized by high sensitivity,
excellent specificity, desirable biocompatibility, and high flexibility.
Currently, the advances on OFETs for biological sensing have
lagged behind the OECTs, which is because OECTs have better
work stability in an aqueous environment, lower operation
voltage, and unique label-free detection®. It is acknowledged that
an aqueous environment is essential for human body. Thus, the
first concern is to reduce the effects of aqueous solution on OFET-
based biosensors. To achieve this goal, Yan et al.''? reported an
ion-sensitive field-effect transistors (ISFETs) on inexpensive dis-
posable substrates like glass and plastics. The ISFETs were
fabricated with an extended gate structure and a PECVD SisN,
layer as the pH-sensitive area, which displayed outstanding
stability and durability due to the electrical and chemical isolation
induced by the extended gate structure. Their obtained ISFETs
also demonstrated superior operation stability and nearly ideal pH
sensitivity up to 54 mV pH™" (Fig. 5a). This technology highlights
great potential application in single-use multi-analyte biosensors.

Glucose is an essential monosaccharide in human blood, and
significantly impacts the metabolic homeostasis. Hypoglycemia
and diabetes are the two most common blood sugar-related
chronic diseases. Therefore, enabling the real-time monitoring of
the blood sugar is cardinal significance for human health''". To
enable the highly sensitive and stable glucose detection of OFET-
based biosensors, the separation of the detection area and the
working area, as well as the use of gate electrodes as the sensing
area, are two efficient strategies''3. Elkington et al.''* prepared a
top-gated P3HT-based OFETs using a Nafion film as the gate
electrodes. The Nafion film has a sensing enzyme glucose oxidase.
The polymeric membrane materials function as the recognition
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Fig. 5 Detection sensitivity and strain-tolerance of flexible biosensors, photosensors, and memories. a Gate voltage shift (AVgs) as a
function of gas concentration for the ion-sensitive field-effect transistors. Reproduced with permission''2. Copyright 2005, American Institute
of Physics. b The sensing mechanism of the OFET-based sensor for the detection of glucose. Reproduced with permission''®. Copyright 2014,
American Institute of Physics. ¢ Detection sensitivity of the FOFET-based biosensors when exposed to the cysteine solutions with various
concentrations. Reproduced with permission''. Copyright 2009, Elsevier. d Photograph of a flexible phototransistor placed on the curved
surface with a bending radius of 5 mm. e Transfer characteristics of the flexible transistors when subjected to multiple bending cycles at a
bending radius of 5mm. Reproduced with permission'2°. Copyright 2015, Wiley-VCH. f The time-dependent photoresponse of stretchable
photodetectors with an organic—inorganic heterojunction under a multiaxial stretching strain of 0-30% (Vp=1V, P=142mWcm32).
Reproduced with permission'34. Copyright 2017, American Chemical Society. g Photograph of a flexible phototransistor array (10 x 10).
h Image of a flexible phototransistor array to sense a pentacle pattern. Reproduced with permission#°. Copyright 2016, Wiley-VCH. i Variations
of lon/lof ratio, Vi, shift, and carrier mobility of the FOFET-based memory with the decreased bending radius. Reproduced with permission’>’.
Copyright 2014, Wiley-VCH. j, k Vy, of the low-power flexible memory arrays at the programmed and erased states under multiple bending
cycles with a bending radius of 9 mm. Reproduced with permission'®®. Copyright 2013, Royal Society of Chemistry.
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element of glucose detection for OFET-based sensor. Their
explanation for the sensing processes of the P3HT-based OFETs
includes three steps: (1) the diffusion of glucose to the GOX in the
Nafion matrix and the generation of H,0,; (2) the oxidation of
H,O, and the generation of protons; (3) the diffusion and
activation of protons to the P3HT channel (Fig. 5b). The integrated
sensors showed sensitive respond to a wide range of glucose
concentrations in saliva. As another good example, Bao’s group''®
developed an enzyme-free OFET-based sensor and enabled its
application in chemical and biological signal detection. The OFET-
based sensor was prepared with a p-type polymer 5,5'-bis-(7-
docedyl-9H-fluorene-2-yl)2,2'-bithiophene (DDFTTF) as the organic
semiconductor and a crosslinking poly(4-vinylphenol) (PVP) as the
gate dielectric. These obtained sensors demonstrated stable and
sensitive detection to glucose with low concentrations of parts per
billion in aqueous solutions under a low applied voltage. These
studies open up a door for lost-cost, low-voltage, aqueous-
resistance and highly sensitive biosensors for detection of glucose.

The acidity and alkalinity of the human body are different from
those of other living things. Each organ, blood and body fluid of
human body has different healthy acidity and alkalinity. The
human body has a certain capability to adjust the balance of pH
values. However, once this balance is broken, the human body will
be out of balance and the human health will be seriously
threatened. Therefore, enabling a real-time and sensitive pH value
monitoring is significant for human health. Roberts et al.''®
prepared a flexible, transparent OFET-based biological sensor with
a BGTC configuration. Polymer 5,5'-bis-(7-dodecyl-9H-fluoren-2-yl)
2,2'-bithiophene (DDFTTF) was used as the organic semiconductor
and patterned PEDOT:PSS was used as the S/D electrodes. A
crosslinked poly(4-vinylphenol) (PVP) with 4.4’-(hexafluoroisopro-
pylidene)diphthalic anhydride (HDA) was employed as the gate
dielectric, which efficiently avoided the solvent damage to
dielectric materials and decreased the operation voltage to <1V.
The obtained sensors exhibited high sensitivity to cysteine (LOD =
100 ppb), 2,4,6-trinitrobenzene (LOD = 100 ppb) (Fig. 5¢) and pH
value (pH 3-11). Moreover, the sensor also demonstrated low
input power and good operation stability in air and water
environments. This device assembly techniques take a step
toward the low-cost, high-sensitivity, and multi-functional
biosensors.

In addition to the above-mentioned glucose detection and pH
detection, the sensing of some other biological substances and
signals have also highlighted great potential for enabling
implantable medical monitoring and treatment. For example,
flexible OFET-based biosensors for detection of ions (such as K,
H™) in a human body can indirectly indicate the cardiovascular
diseases''”. Flexible OFET-based biosensors for detection of
electrical stimulation can be used as the neural prostheses to
simulate the human body functions''®. However, there exist two
challenges meriting further consideration: (1) the sensing stability
of flexible OFET-based biosensors should be improved; (2) the
integration of flexible OFET-based biosensors into complex
systems for enabling multiple point of care (POC) diagnostics
should be developed.

Photonic sensors

Photonic sensors can convert photons into electrical signals3®.
Phototransistors (PTs), as one significant type of optical transdu-
cers based on FET configuration, can combine the light-detection
capability of photodiodes and signal-amplification function of
transistors. The charge-carrier density in the active channel of PTs
can be modulated by both the applied Vs and incident light
illumination'™12°, In contrast with other photosensors such as
photodiodes and photoconductors, PTs show higher light
sensitivity, lower noise level, and highly tunable photosensing
performance, and they can be readily integrated into the
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electronic circuitry due to their CMOS-like configuration'®'.
Moreover, organic PTs (OPTs) are characterized with inherent
compliance, light weight, good compatibility with a flexible
substrate, large-area, and low-temperature solution manufactur-
ing'?2. These advantages together make them a promising
candidate for medical imaging, optical communications, artificial
retina, remote control, night surveillance, and biological health
monitoring™1%°,

In general, the operation mechanism of OPTs can be explained
by four physical processes, that are photo-exciton generation,
exciton dissociation, hole transport, and electron trapping,
respectively (for a p-channel device)'?*'%%, The photocurrent
induced by light illumination was primarily on basis of the
generation of electron-hole pairs and the shift of V,'%.
Specifically, when the OPTs operate in the accumulation (V<
Vi for a p-channel device), the photovoltaic effect is dominant,
whereas when the OPTs operate in the depletion (V> V4,), the
photoconductive is dominant'?%, The photosensing performance
of OPTs is determined with regard to a comprehensive
consideration of photocurrent (photo), Photocurrent/dark current
(hight/laari) ratio, photosensitivity (P), photoresponsivity (R), detec-
tivity (D*), and external quantum efficiency (EQE).

In the past few years, the photosensing performance of OPTs
were improved by developing highly sensitive photoactive layer
materials, optimizing device configurations and designing inter-
facial engineering''®. Among them, organic photoactive layer
materials are directly correlative with the sensing performance of
OPTs. These photoactive materials are classified into single-
component photoresponse materials (small molecules and con-
jugated polymers), heterojunctions (layer- and bulk-heterojunc-
tion), and D-A cocrystals (or copolymers). As mentioned,
comparing with organic small molecules, polymers are more
suitable for flexible electronics’?’. Organic small molecules (such
as pentacene, DNTT, C8-BTBT) are extensively employed in rigid
photodetectors due to high carrier mobility and certain light
sensitivity, but the high-crystallinity nature seriously restricts their
use in flexible and stretchable OPTs. The application of organic
small molecules in OPTs have been summarized in detail by Hu's
group''®. For polymer semiconductors, high exciton binding
energy (0.2-1eV) limits their application in OPTs. Therefore, it
remains a considerable challenge to simultaneously improve the
carrier mobility, photosensitivity and flexibility of polymer
semiconductors. Next, we will summarize the reported strategies
to achieve this goal.

The first strategy is to prepare novel donor-acceptor (D-A)-
conjugated polymers with strong photosensitive capability due to
the low bandgap. Regulating the amount and position of the
donor and acceptor units can effectively improve the optoelec-
trical performance of D-A-conjugated polymers. The incorporation
of the alternating electron-rich and electron-deficient units is
beneficial for the decrease of bandgap'?2. Liu et al."*® synthesized
a D-A-conjugated polymer PFTBT by the Suzuki coupling
polymerization, and further prepared high-quality, large-scale
PFTBT nanowires using a template dipping method. The polymer
nanowires are amorphous and flexible, and possess good
photosensitivity and reliable reproducibility. Zhu et al.”*° synthe-
sized a single-component D-A-conjugated polymer (PBIBDF-TT),
which displayed obvious ambipolar characteristics and sensitive
photoresponse to NIR illumination. These two research results also
indicated that the polymer NWs could afford OPTs with higher
photosensing performance compared with their thin-film counter-
parts. This is because large surface-to-volume of polymer NWs
easily form more trap sites, thereby facilitating the injection of
photo-induced carriers.

The second strategy is to form p-n junction in the BHJ structure.
The p-n junction consists of donor molecules and acceptor
molecules'®'. Under light illumination, the photo-induced excitons
diffuse to the D/A interface, followed by the exciton dissociation
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into holes and electrons. Subsequently, the holes accumulate in
the HOMO of the donor, while the electrons accumulate in the
LUMO of the acceptor. Yang’s group'?° prepared an organic BHJ
by combining low bandgap-conjugated polymer poly[2,6’-4,8-di
(5-ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-alt-5-dibuty-
loctyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-clpyrrole-1,4-
dione] (PBDTT-DPP) and [6,6]-phenyl C61 butyric acid methyl ester
(PCg1BM). Polymer PBDTT-DPP and PCg:BM were employed as the
electron donor and electron acceptor, respectively. The resulting
BHJ displayed broad harvesting of UV and NIR photons with a high
detectivity up to 102 Jones. Moreover, the devices sustained 800
bending cycles at a bending radius of 2.5mm with minimal
degradation of optoelectrical properties (Fig. 5d, e).

The third strategy is to construct a LHJ structure by preparing
the photosensitive layer on the top/bottom of the organic
semiconductor layer. The working mechanism of the LHJ structure
(for a p-type device) is interpreted as follows: under light
illumination, majority of excitons are instantaneously generated
in the photosensitive layer, followed by approaching the
photosensitive-semiconductor layer interface, and are rapidly
dissociated into holes and electrons. Holes incline to diffuse to
the semiconductor layer, whereas electrons squint towards
accumulation in the photosensitive layer owing to the shallow
valence band and high electron injection barrier between
photosensitive and semiconductor layer. Consequently, the
increasing amounts of holes in the active channel will substantially
lower the effective barrier height and facilitate the charge
tunneling and transportation, thereby enhancing the photocur-
rent'32133 Trung et al.’®* constructed an organic-inorganic LHJ
structure by fabricating free-standing ZnO nanorods onto the
PEDOT:PSS transporting layer. The LHJ showed highly sensitive
respond to UV illumination due to both photovoltage and
photogating effects. Subsequently, an LHJ-based phototransistor
was prepared on a 3D micropatterned stretchable substrate with
plenty of bumps and valleys, which could still remain good
electrical properties when subjected to uniaxial and multiaxial
strains of 30% for 15,000 stretching cycles (Fig. 5f). Furthermore,
these devices also demonstrated potential wearability and
desirable photodetection capability on the human body. In
2020, our groups'® prepared an intrinsically stretchable organic
phototransistors (STOPTs) based on a LHJ of hybrid polymer
semiconductor and C60. The obtained STOPTs exhibited a high
photosensitivity of ~1500, and could endure high stretching strain
up to 100% with little sacrifice of photosensitivity. It is worth
noting that perovskites have recently been extensively used as the
photosensitive layer materials for photosensors. Currently
reported phototransistors based on perovskite/organic semicon-
ductor LHJ architecture showed superb photosensing perfor-
mance, such as DNTT/CPB QD LHJ'?® and DPP-DTT/CPI QD LHJ'%,
However, it is difficult to pioneer the application of perovskites
into highly flexible phototransistors due to their high-crystallinity
nature.

In addition to the modification of photosensitive layer,
optimizing the device configuration (such as dual-gate'S, short
channel'®’, and vertical device configuration'®®) and interfacial
quality (such as electrode-semiconductor layer interface') are
also seen as two efficient strategies to improve the photosensing
performance of flexible OPTs. In term of the reported high-
performance OPTs, enabling the transistor array is imperative for
the flexible image-sensor application. Huang's group'*® used
polylactide (PLA) as the gate dielectric and DNTT as the organic
semiconductor to construct a photosensitive and flexible OPT. The
interface charge-trapping effect between PLA and DNTT afforded
the OPTs with high photosensitivity up to 10* Furthermore, they
successfully incorporated the device into a 10x10 phototransistor
array to sense a pentacle pattern (Fig. 5g) and achieved a high-
resolution imaging for a star-shaped object (Fig. 5h). The same
year, Lee et al.™" also reported a 10 x 10 phototransistor array for
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use as highly flexible image-sensors with high-resolution 2D
spatial response to incident photonic signals.

Memory sensors

Memory, as a fundamental component of future electronic
computing systems, is responsible for data processing, storage,
and communication. Developing highly flexible, high-density, low-
voltage, and non-volatile memories are the future goal. Never-
theless, currently reported inorganic memories are irreconcilable
with flexible substrates. Based on these reasons, OFET-based
memories stand out because of their unique advantages with low
cost, light weight, non-destructive readout, high data-storage
density, structural flexibility and multi-bit storage in a single cell as
well as overall integration compatibility with complementary logic
circuits'*>'3, In terms of the charge storage and polarization of
the gate dielectrics, the OFET-based memories are generally
classified into three categories, viz, floating-gate transistor
memory, charge-trapping transistor memory, and ferroelectric
transistor memory'#*. To satisfy the requirement of product
wearability, miniaturization and high density, several memory
parameters such as memory window, retention, endurance,
flexibility, and integration need to be taken into account.

Floating-gate transistor memory (FGTM) is the most common
type of non-volatile memory because of the non-destructive
readout and direct integration in transistor-based circuits. For
FGTM, the charge carriers from the active channel are preserved in
the floating-gate layer under programming operation by applying
an external bias on the gate electrode. Moreover, the preserved
charge carriers in the floating-gate layer are removed back to the
active channel layer under erasing operation by applying a reverse
bias on the gate electrode. The preservation and removal of
charge carriers in the floating-gate layer determines the channel
conductance and thereby manipulates the V4. Accordingly, the
change in Vi, and Ips can be used to evaluate the memory
performance of the FGTM'*>. Considering the FGTM architecture,
the floating-gate layer and the (blocking and tunneling) dielectric
layer significantly impact the charge-retention time and program-
ming/erasing speed.

To obtain high-speed, long-term-retention, and low-energy-
consumption flexible FGTMs, choosing suitable floating-gate
materials with desirable mechanical compliance, high dielectric
constant, and defect-free interface is of crucial importance. At
present, the reported floating-gate materials mainly contain the
following four types. The first type is the conventional metal (such
as gold (Au), copper (Cu), aluminum (Al) film, and metal
nanoparticles (such as Au NPs, Ag NPs)'“%. However, the
unavoidable penetration of metal atoms into the gate dielectric
layer during high-vacuum vapor deposition easily causes large
charge leakage, low coupling ratio, and inferior charge-retention.
Meanwhile, the thickness-dependent film quality, as well as the
uncontrollable particle size and spacing, largely degrade the
memory performance’¥’'*8, The alternate charge-storage ele-
ments with high binding energy and large-area density can
effectively regulate the self-assembly behavior and film morphol-
ogy of metal nanoparticles, thus reducing the number of charge
tunneling between nanoparticles. Semiconducting nano-floating
gate (such as C60, rGO, and SWCNTs), as the second type of
floating-gate material, have attracted people’s attention. Unlike
conventional metallic floating gate, the semiconducting nano-
floating gate provides adjustable charge-trapping capacity, tun-
able functional memory characteristics, and good compatibility
with large-area printing techniques for enabling multi-functional
flexible FGTMs'#°, But it is imperative to develop convenient
solution-processing methods to fabricating high-quality semicon-
ducting nano-floating-gate materials. The third type is based on
the separated molecular microdomains induced by phase separa-
tion. To fabricate high-quality separated molecular microdomains,
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Wu et al."*° attempted to blend poly(styrene) (PS) with 6,13-bis
(triisopropylsilylethynyl)pentacene (TIPS-Pen) in a solution. During
spin-coating, TIPS-Pen tends to aggregate and form plenty of
evenly distributed separated microdomains in the PS matrix. With
separated microdomains as the charge-trapping sites, their
prepared FGTMs exhibited large memory window (=26V), low
reading voltage (=0 V), high memory on/off ratio (>3500), reliable
P/E switching endurance (>500 cycles) and long charge-storage
retention time (>5000 s). The fourth type is to take advantage of
the synergistic effect of various floating-gate materials, such as
hybrid layer-heterojunction (CuPc/N-Cgo'”’, rGO sheets/Au NPs'>?)
and core-shell structure (Au NP-SiO, complexes'>3). This strategy
can integrate the advantages of various floating-gate materials,
and provide superior memory performance to single floating-gate
material.

Charge-trapping transistor memory (CTTM) requires an electret
layer to adjust the charge density of the active channel'**. An
electret is an insulating dielectric material with quasi-permanent
electrical charges or dipolar polarization'*2. Unlike FGTMs, the
electrical charges can be permanently stored in the electret layer
of CTTMs during memory operation. Although the charge trapping
is detrimental for the carrier transport of an OFET, it is conducive
to enable the memory behavior in a simpler approach comparing
with the floating gate'>. CTTMs exhibit high data-storage density,
long retention time, good operation reliability, quick P/E speed,
and desirable integration compatibility’*>. Among electret materi-
als, polymer electrets show greater potential for achieving flexible,
non-volatile OFET-based memories due to their cost-effective
solution processing, low-temperature manufacturing, and good
compatibility with a flexible substrate. Meanwhile, the mechanical
and physical characteristics of polymer electrets can be controlled
by optimizing the polymer molecular structure such as side-chain
moieties and m-conjugation length. Therefore, the physical
characteristics of polymer electrets, including hydrophobicity,
polarity, dielectric constant, surface morphology, and interface
barrier energy, produce a decisive effect on the memory
performance of CTTMs'43156,

At present, commonly used polymer electrets are classified into
three categories: (1) non-polar hydrophobic polymer electrets,
such as PS, poly(2-vinynaphthalene) (PVN), poly(4-methylstyrene)
(P4MS), and PaMSs; (2) polar hydrophilic polymer electrets, such as
poly(vinyl alcohol) (PVA), poly(2-vinylpyridine) (PVPyr), and poly(4-
vinylphenol) (PVP); (3) bilayer polymer electrets, such as PS/poly
(vinylidenefluoridetrifluoroethylene) (P(VDF-TrFE)) and PVN/P(VDF-
TrFE). Baeg et al.'*® systematically explored the effects of
hydrophobicity and polarity of polymer electrets on the memory
performance of OFET-based CTTMs. They found that the non-polar
and hydrophobic nature was beneficial for achieving efficient
charge trapping and improving memory behavior. This is because
non-polar and hydrophobic polymer electrets could form strong
interaction with organic semiconductor. However, non-polar and
hydrophobic polymer electrets easily caused a rapid dissipation of
transferred charges from the conductive channels due to the
negative effects of dipoles, residual moisture, or ions. Yu et al.'>”
employed polyimide (Pl) electrets with identical electron donor
and different building blocks to explore the charge-transfer effects
on the memory behavior of multi-level non-volatile CTTMs. The
results indicated that the memory device with strong electron-
donating capacity showed only hole-trapping behavior, whereas
the ones with relatively weak electron-donating capacity exhibited
ideal programmable flash-type characteristics. Furthermore, they
prepared flexible CTTMs with multileveled memory behavior,
which displayed reliable memory performance even when bent to
a small curvature radius of 5 mm (Fig. 5i).

Ferroelectric transistor memory (FETM) using ferroelectric layers
as the gate insulators has been extensively explored. The FETMs
show high programming speed, non-destructive speed, long data
retention, low-operation voltage, and scalable feature size
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(=4F?)158159_ Ferroelectric is referred as the spontaneous electric
polarization of polymers or inorganic crystalline materials, and can
be reversed upon suffering from the external electric stimulation.
The polarization state of the ferroelectric dielectric layer can be
controlled by modulating the P/E gate voltages, thereby adjusting
the channel conductance of semiconductors, and enabling the
memory behavior of FETMs'°. A suitable ferroelectric material
typically shows a polarized electric-field hysteresis loop, which is
identical to the magnetized magnetic-field hysteresis loop for the
magnetic materials. A substantial amount of inorganic perovskite
materials, such as BiFeOs, Pb(Zr,Ti)Os, Sr(Bi,Ta),0, Pb-Zr-Ti oxide,
and Hfys5Zrg50,, have been used as the ferroelectric dielectric
materials due to their large spontaneous polarization, high
polarization switching, low coercive field, high Curie temperature,
excellent thermal stability, and available epitaxial growth's'.
However, the high-temperature growth, poor film crystallinity,
and incompatibility with flexible substrate seriously restricts the
application of inorganic ferroelectric materials in flexible FETMs.
Moreover, their charge injection, trapping, and depolarization are
readily suppressed under the depolarization field'2. Ferroelectric
polymers represented by poly(vinylidenefluoride) (PVDF) and its
copolymers, are frequently applied in flexible non-volatile FETMs
due to their high dielectric constant (k=10.3), good structural
pliability, large spontaneous polarization (~0.1Cm™2), high
polarization stability, desirable switching speed, and convenient
solution processability'®>'%%, In addition, the strong ~C-F- dipolar
polarization in the B-crystalline phase significantly increases the
bias hysteresis of ferroelectric polymers'®®,

P(VDF-TrFE), as one of PVDF derivatives, is fabricated by
incorporating TrEE side groups in the PVDF molecular chains.
The induced steric effect is advantageous to form a full cis-
conformation and crystallize into the B-phase’®®. The P(VDF-TrFE)
not only has better memory performance than the PVDF, but also
exhibits desirable low-temperature solution processing and good
compatibility with flexible/stretchable substrate. Hwang et al.’”®
reported a flexible multileveled non-volatile FETMs by employing
a ferroelectric polymer PVDF-TrFE as the gate dielectric. Each level
of the prepared FETMs showed a long data retention over 10°s
and a repeated P/E endurance over 10% cycles. Moreover, these
devices could sustain small bending radius of 5.8 mm and multiple
bending cycles more than 1000 with minimal degradation of
memory performance. However, currently reported FETMs based
on P(VDF-TrFE) as the ferroelectric dielectric layer usually showed
high operation voltage (30-100V) due to high coercive field and
high dielectric film thickness'®*'%’, To address this issue, Xu
et al."®° developed a low-operation-voltage flexible FETM using
double-layer ultra-thin AlO, films to sandwich an ultra-thin
ferroelectric polymer P(VDF-TrFE-CTFE) film. The obtained flexible
FETMs showed super memory performance with a high carrier
mobility up to 3.3 cm? V! s, a reliable memory switching
endurance over 2700 cycles, a high data-retention capability over
80,0005, a high memory on-off ratio over 100, and a record-low-
operation voltage of only 4V. Meanwhile, these devices could
retain relatively stable memory performance when subjected to a
bending radius of 5.5 mm for 750 bending cycles.

For stretchable OFETSs, the stretching strain significantly impact
their field-effect performance. Therefore, the effects of mechanical
deformations on the memory performance merit further attention.
Zhou and co-workers'%8 established a qualitative relation between
bending behavior and electrical characteristics of a flexible
memory transistor. Under the programming process, the tensile
strain induced the V4, to shift to a negative direction, whereas the
compressive strain induced the V4, to shift to a positive direction
(Fig. 5j, k). This is attributed to the decreased carrier mobility and
dielectric thickness under tensile strain, and the increased carrier
mobility and dielectric thickness under compressive strain. Taking
a step forward, Hu’s groups'®® prepared high-performance flexible
FGTMs with a vertical device architecture, which displayed much
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higher memory performances than conventional planar FGTMs.
The ultrashort channel length reduced the carrier migration
distance and degraded the effects of the grain boundary and
defects on the carrier transmission, thereby ensuring high driving
capability and operating speed. Meanwhile, they also found that
the vertical architecture has better mechanical stability compared
with their planar counterparts, attributing to the reason why the
carrier transmission along the channel direction is less influenced
by the cracks and dislocation formed during mechanical bending
deformations. Consequently, comparing with memory transistors
with a planar architecture, the ones with a vertical architecture
possess much higher mechanical stability and memory
performance.

ARTIFICIAL SKIN

Human skin, the biggest organ of a human being, plays a
significant role in shaping our connections with the outside
environments. Skin is composed of many integrated sensors,
which can effectively feel various external stimuli and make an
instant respond'’®. Specifically, upon suffering from various
external stimuli, the highly specialized sensing receptors in human
skin can instantaneously transduce external stimuli into electrical
signals, and then send the electrical signals to the central nervous
systems for further identification and processing. Lastly, the
collected signals are interpreted by the somatosensory cortex. As
such, people are able to keep healthy and safe activities in a
complex environment'”". Inspired by human skin, artificial skin
(also termed as sensitive skin, smart skin, or e-skin) has recently
attracted considerable attention from the medicine and the
academia, attributed to their similar physical characteristics to
human skin and higher sensory capabilities. These artificial
intelligent e-skins with multiple sensing modules can simulta-
neously respond to various external stimuli and signals, such as
impedance, pressure, temperature, humidity, strain, twisting, and
imaging'’2.  Moreover, ideal artificial skin is also able to
continuously and efficiently monitor the biopotentials of the
human body irrespective of time and location for ensuring an
earlier and accurate disease diagnosis. The history, design
consideration, and recent progress of artificial skin have been
reviewed by Bao and coworkers'73174,

Artificial skin with human-like sensory capabilities is unleashing
a potential for enabling medical diagnostics, autonomous
intelligent robots, and biomimetic prosthetics. The design and
synthesis of functional materials, as well as the development of
device assembly techniques for high-performance artificial skin
have been carefully summarized'’3. To imitate or even surpass the
functionalities of human skin, the following performance bench-
marks for evaluating artificial skins should be comprehensively
addressed.

Flexibility and stretchability

Good flexibility and stretchability are of crucial importance to
retain stable sensory capabilities of artificial skin under various
complex mechanical deformations, such as bending, stretching,
compressing, and twisting. It is acknowledged that 20%-30%
stretching strain is enough for the most practical applications of
artificial skins. Thus, developing a sensing system bearing a
bending radius below 2 mm and bearing a stretching strain above
30% is highly desirable for artificial skin.

Sensory specificity and sensitivity

The specificity can help a sensing system to correctly detect the
target analyte from all the interferent analytes in the environment.
For example, Lee and coworkers'’®> reported a textile-based
pressure sensor based on rubbery dielectric-coated highly
conductive fibers, which was afforded with ultrahigh sensitivity,
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superior mechanical durability and fast response speed. Moreover,
their prepared four textile-based pressure sensors worn on the
fingers of the glove could exactly control the motion behavior of a
quad-rotor aircraft (Fig. 6a). High sensitivity can facilitate the
sensing system to precisely and quickly detect the target analytes
with low concentration or sense the external stimuli with runt
pulse, so as to prevent the stimuli damage to human health.

Adhesion and conformability

To improve the sensing accuracy of skin-like electronics, they
should have good adhesion, and can adhere seamlessly to
irregular, pliable, and locomotive objects’. For example, the skin-
like OFETs, prepared by Bao's group?®, could be seamlessly
attached on the back of the human hand (Fig. 6b).

Easy integration

Like human skins, the artificial skins should have an ability to
discriminate various bio-signals and physical stimuli from the
surrounding environment. Thus, multi-functional smart e-skin with
diverse sensory modules is the future research focus (Fig. 6¢)'”S.
However, to enable high-resolution sensing, each device should
be efficiently connected. Kim and coworkers'’” constructed a
prosthetic artificial skin to sense multiple external stimuli,
including temperature, humidity, strain, and pressure.

Low-cost and large-area manufacturing

Low-cost and high-density sensory array is a prerequisite for
commercialization and application of intelligent artificial skin and
wearable electronics. Some researchers have been committed to
preparing high-density flexible sensory array. For example, Pei and
coworkers'’8 reported fully printed 10 x 6 flexible transistor arrays
based on their developed water-based silver-nanowires screen-
printed ink and high-resolution printed patterns of AQNWs on the
PET substrate. The obtained transistor could be worn on a finger
(Fig. 6d). Bao’s group'”? constructed a stretchable and low-voltage
synaptic transistor array with a device density of 20 device cm—2
based on the inkjet-printed method (Fig. 6e). Taking a ground-
breaking step, they developed an intrinsically stretchable transis-
tor array with an unprecedented device density of 347 transistors
per square centimeter, and could endure high stretching strain up
to 100% and multiple stretching cycles of 1000 with minimal
degradation of carrier mobility®'. These studies illustrated that the
obtained high-density transistor array could be employed as a
backplane for high-resolution touch sensing in the conformal
e-skin.

Self-healing

Like human skin, artificial skins should also have an ability to repair
its initial appearance and nearly original sensing capabilities after
suffering from external damage'®°. At present, various self-healing
materials have been successfully fabricated based on the
introduction of healing agents and the incorporation of dynamic
reversible bonds'®'. Both the strategies can induce the energy
dissipation in polymers through bond breakage when subjected
to stretching strain, while maintaining the original charge
transport capability. Bao’s group'® reported a supramolecular
PDMS-MPU,-IU; _, polymer film with notch-insensitive high
stretchability (1200%) and autonomous self-healing even in
artificial sweat (Fig. 6f). This was mainly due to the incorporation
of a mixture of strong and weak dynamic crosslinking hydrogen
bonds into the elastomer matrix. Based on this self-healing
polymer film, they further prepared a 7 x 7 strain sensor array to
precisely sense the mechanical deformations caused by external
stimuli (Fig. 6g). Years later, Oh and coworkers'® incorporated
chemical moieties into the conjugated polymers to increase the
amorphous fraction and decrease the relative crystallinity, thereby
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Fig. 6 Multi-functional characteristics of artificial skin. a Photographs showing the remote controlling of a quad-rotor aircraft by the textile-
based pressure sensors. Reproduced with permission'”®. Copyright 2015, Wiley-VCH. b Images showing the good adhesion and
conformability of the intrinsically stretchable OFETs on the back of a hand. Reproduced with permission®. Copyright 2017, American
Association for the Advancement of Science. ¢ An integrative platform consisting of an ultra-thin display layer and an ultra-thin electronic
sensor layer for smart skin. Reproduced with permission'”%. Copyright 2018, Wiley-VCH. d Photograph of a fully printed 10x6 flexible transistor
arrays worn on a finger. Reproduced with permission'”8, Copyright 2016, Wiley-VCH. e Photograph of an intrinsically stretchable inkjet-printed
synaptic transistor array attached on a hand. Reproduced with permission'”®. Copyright 2019, Springer Nature. f Self-healing behavior of the
damaged PDMS-MPU,~IU;_, polymer film under water environment (top), and high stretching strain of the self-healed polymer film.
g Optical microscope of a 7 x 7 strain sensor array based on the PDMS-MPU,~IU; _, polymer film for the detection of a metal ball. Reproduced
with permission®. Copyright 2018, Wiley-VCH. h Transfer characteristics curves of an edible OFET on a rigid gelatine capsule substrate.

Reproduced with permission'®*. Copyright 2010, Wiley-VCH.

increasing the dynamic non-covalent crosslinking of polymer
semiconductor film.

Biocompatibility and biodegradability

Good biocompatibility ensures an intimate association between
e-skins and soft body tissues, and good biodegradability ensures a
spontaneous degradation of e-skins in or on human body without
the additional risk associated with secondary surgeries. For
organic materials, the chemical composition, surface charge, and
pH value significantly impact their biocompatibility owing to the
increased cytotoxicity'®2. PEDOT and its derivatives are desirable
biocompatible materials'®3. The substrate, dielectric, and semi-
conductor materials from nature showed a great potential for
enabling fully biocompatible and biodegradable organic electro-
nics. Irimia-Vladu and coworkers'®* have reported an edible OFET
with good biocompatibility, biodegradability, and electrical
properties using a wide range of natural materials (Fig. 6h).

Self-powering

The demand for persistent power consumption largely limits the
practical application of e-skin. Therefore, preparing a self-powered
electronic device is a significant consideration for these e-skins.
Some existing electronic devices, such as solar cells, super-
capacitors, wireless antennas, piezoelectric nanogenerators and
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triboelectric generators, have distinct advantages in self-powering
application8>186,

SUMMARY AND PERSPECTIVE

In the past twenty years, a great deal of research efforts on
material design, device architecture, and processing technologies
have facilitated the rapid development of flexible electronics. The
performance of a few reported flexible electronic systems,
including displays and biosensors, has reached the same level of
the rigid counterparts. Their mechanical compliance and stability
can also satisfy the requirements for practical applications.
However, there is still a long way to go before the extensive
practical applications of FOFETs with regard to the following
technical limitations and issues.

Firstly, it remains a considerable challenge to balance the
electrical performance and mechanical compliance of organic
semiconductors. Geometric engineering is the most commonly
used strategy to increase the mechanical flexibility of organic
semiconductors, but this strategy usually requires complicated
manufacturing processes and is detrimental to the large-area array
and integration. Blending with elastomers is considered as an
efficient approach to improving the flexibility and stretchability of
organic semiconductors with little of sacrifice of the electrical
performance. However, current reports only involved the specific
elastomers (PDMS, SEBS) and polymer semiconductors (DPP-based
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polymers, P3HT), and the blending mechanism is still not clear.
Thus, determining the effects of blending conditions (including
molecular weight, surface energy, solubility coefficient, phase
separation, etc.) on hybrid polymer semiconductor can provide a
clear guideline for enabling highly stretchable organic semicon-
ductors. The crosslinking of polymer dielectrics is a feasible
method to improve their stretchability and solvent tolerance. In
addition, the required intrinsic flexibility and stretchability for all
the components largely restrict the application of some rigid
functional materials (such as perovskite with excellent light
sensitivity) in the stretchable electronic devices due to their
high-crystallinity nature. Therefore, how to develop a wide range
of multi-functional materials with high flexibility and stretchability
is a focus.

Secondly, developing large-scale, low-voltage and solution-
processable organic circuits are highly desirable for flexible
electronic applications. Most of the reported organic circuits is
prepared with organic molecules as the active layer, whereas
polymer semiconductors are rarely used in the organic circuits.
Moreover, due to the lack of high-performance, air-stable n-type
and ambipolar-conjugated polymers, the development of com-
plementary organic circuits lags far behind the unipolar organic
circuits. Nowadays, there are two major issues deserving to be
addressed: the one is to fabricate high-performance and air-stable
n-type and ambipolar polymer semiconductors for solution-
processable complementary organic circuits, and the other is to
construct highly flexible and stretchable organic circuitry system
on ultra-thin plastic or elastomeric substrate.

Thirdly, researchers are encouraged to pioneer the application
of FOFETs into complicated integrated systems and subsequent
practically applicable e-skins. The commonly used device manu-
facturing technologies such as spin-coating and vacuum evapora-
tion cannot meet the requirements of large-area and integrated
electronic circuitry. Thus, researchers should attach their impor-
tance to develop new processing technologies, such as R2R
manufacturing. Low-thickness, light weight, high-density and
highly flexible electronic devices are also a significant develop-
ment direction in the future. Moreover, current researches only
stayed in the stretchable OFETSs, but the preparation of stretchable
OFET-based sensors is rarely achieved. Most stretchable OFETs
reported are prepared typically based on the continuous thermal
lamination-transfer procedures to avoid the solvent damage to
adjacent layer. But the complicated manufacturing procedures are
also detrimental to the high density and integration. For
fabrication of high-performance e-skins, the crosslinking polymer
layer is seen as a feasible strategy to overcome this problem.

Fourthly, to surpass the multifunctionalities of human skin and
follow the advent of the era of artificial intelligence, e-skins
propose higher requirements for flexible electronics and circuits,
not just high flexibility and electrical characteristics. Using novel
materials and developing efficient device architecture to open up
more potential applications in biomedical fields is highly required.
For example, how to exploit the existing materials from nature
and human body (such as protein, starches and glucose) to
prepare highly sensitive and easily degradable biosensors. How to
enable the real-time detection of the wound by a highly sensitive,
self-healing, and biocompatible OFET-based biosensors. How to
integrate various types of FOFET-based biosensors into a device to
achieve multivariate change detection. How to achieve a long-
lasting sensing and detection for human body by preparing a self-
powering FOFET-based sensors. All of these challenges give us
more opportunities to explore more innovative applications for
flexible electronics. We believe that the application of FOFETs and
their circuits in rollable displays, smart cards, and artificial skins
will be an increasingly significant interdisciplinary topic in the
near future.
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