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Abstract: The life expectancy of humans has been significantly elevated due to advancements in
medical knowledge and skills over the past few decades. Although a lot of knowledge and skills
are disseminated to the general public, electronic devices that quantitatively diagnose one’s own
body condition still require specialized semiconductor devices which are huge and not portable. In
this regard, semiconductor materials that are lightweight and have low power consumption and
high performance should be developed with low cost for mass production. Organic semiconductors
are one of the promising materials in biomedical applications due to their functionalities, solution-
processability and excellent mechanical properties in terms of flexibility. In this review, we discuss
organic semiconductor materials that are widely utilized in biomedical devices. Some advantageous
and unique properties of organic semiconductors compared to inorganic semiconductors are reviewed.
By critically assessing the fabrication process and device structures in organic-based biomedical
devices, the potential merits and future aspects of the organic biomedical devices are pinpointed
compared to inorganic devices.

Keywords: organic semiconductors; biomedical engineering; chemical sensors; biosensors; field-
effect transistors

1. Introduction

Organic semiconductors are materials that can replace inorganic silicon semiconduc-
tors owing to their flexibility and lightness, tunable optoelectronic properties [1] through
sophisticated molecular structure control, and low-cost processes. On the other hand,
the commercialization of organic transistors and organic biosensors as next-generation
electronic devices has been impeded by their lower charge carrier mobility than that of
inorganic transistors and their intrinsically operational instability. This low charge carrier
mobility has been attributed to poor transfer integral and significant energy loss when
charge carriers transport through molecules [2]. Recently, research on the development
and the improvement of high-performance organic electronics based on organic molecules
and polymer semiconductors has been very active, and considerable advances in their
electrical properties have been made. Scientific reports on improving the charge carrier
mobility of organic semiconductors have revealed a variety of fundamental and technical
approaches that exceeded the mobility of 10 cm2·V−1·s−1, or even higher than that of amor-
phous silicon [3]. For example, high-performance organic/polymer semiconductors are
realized by modifying their π-conjugation length and degree at the molecular level. In ad-
dition, the energy loss in organic/polymer semiconductors is reduced further by inducing
a high degree of molecular packing and minimizing their grain boundaries in fabrication
steps. Thus, organic semiconductors are a key material for implementing next-generation
flexible/wearable displays, smart cards, and chemical and biosensors.

One of the key advantages of using organic semiconductors in biomedical engineering
applications is their better chemical compatibility in various synthesis steps compared
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to inorganic material-based semiconductors [4–6]. Therefore, electrical properties can
be modified through synthetic routes depending on the selection of organic solvents,
biodegradability with a proper molecular design, and the selection of functional groups in
a molecular structure with a large degree of freedom (Figure 1).
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Low-cost manufacturing techniques are an ongoing and ever-present research topic
in the modern electronics industry. Conventional Si-based electronic devices require high-
tech resources and time-consuming fabrication processes for high performance. Normally,
high temperatures, around over 500 ◦C, are used in the film formation process (such
as physical/chemical vapor deposition) to form inorganic electronic component layers
on the top of a heterogeneous component. In contrast, the film formation conditions of
organic semiconductors are less harsh than those used for inorganic semiconductors. A low
temperature (under 200 ◦C) and simple fabrication processes are utilized widely for organic
thin film formation, e.g., drop casting, spin coating, and dip coating. A low temperature
allows the fabrication of flexible/wearable devices using polymeric substrates prone to
damage by high temperature. Thus, the low-cost mass production of flexible/wearable
devices for biomedical applications could be realized.

In contrast to inorganic semiconductors, organic/polymer semiconductors are intrinsi-
cally flexible or stretchable, depending on their chemical structure. The Young’s modulus
of organic/polymer semiconductors ranges from 0.1 to 1 GPa [7]. On the other hand, the
Young’s modulus of inorganic semiconductors ranges from several tens to hundreds of GPa,
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depending on their mechanical structure. Organic/polymer semiconductors are promising
materials in biomedical applications in which flexibility and stretchability are prerequisites.
In terms of the mechanical properties, organic/polymer semiconductors are much lighter
than inorganic ones. The lightness allows devices based on the organic/polymer semi-
conductors to become mechanically imperceptible when fabricated into thin-film-based
wearable devices [8].

One of the important advantages of organic/polymer semiconductors is their chem/
biosensing characteristics in electrochemical applications to detect biological analytes from
a human body. A variety of electrochemical sensing is performed in aqueous systems,
in which reduction and oxidation (redox) reactions generate electrical signals. Electrical
signal characteristics are influenced significantly by morphological structure, the molecular
design of organic semiconductors, and the interaction between the semiconductor and
the biomolecular analytes [9]. The main electrical signal detection mechanisms can be
categorized into direct and indirect detections. An electrical signal can be generated by
either a direct or indirect interaction between an organic semiconductor and a biomolecular
analyte. The former can measure a clear electrical signal well because of direct sensing
and low cost (no further functionalization is needed on the active channel). The latter
has the advantage of the chemical modifiability of the organic semiconductor and long-
term use, because it can avoid direct contact between the organic semiconductor and the
biomolecular analyte.

Conventional Si-based biomedical devices show poor biocompatibility owing to their
toxicity and short reliability in an in vivo system [10]. The most distinguishable merit
of organic/polymer semiconductor devices in biomedical applications is their implan-
tation in a human body without rejection. For example, functionalizing organic semi-
conductors with amine groups improves biocompatibility because of cationic charging
around the amine group [10–13]. In addition, the biocompatibility of a variety of or-
ganic/polymer semiconductors and conductors (such as poly(3-hexylthiophene-2,5-diyl)
(P3HT), 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene), 3,6-bis(5-(benzofuran-
2-yl)thiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo [3,4-c]pyrrole-1,4-dione (DPP(TBFu)2), and
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)) was evaluated in
terms of stability and cell adhesion [14]. All the materials were electrically stable in an
aqueous medium with sufficient protection. The cell adhesion ability for each organic semi-
conductor depends on chemical structure and composition. Although the cell adhesion
of organic semiconductors is intrinsically not as good as that of standard culture plastics
owing to their hydrophobicity, the cell adhesion property can be improved by surface
functionalization with a self-assembled deposition of collagen IV.

Although organic/polymer semiconductors are still far from commercialization for
high-end electronic devices because of their poorer electrical performance than their inor-
ganic counterparts, research on organic/polymer semiconductors is growing because of
their tailorable charge transport characteristics according to their surrounding environment,
which means that they have potential for chem/bio sensors and logic devices. Many differ-
ent types of bioanalytes can be detected by changing the major charge carrier polarity (hole
or electron) of organic semiconductors. Various external stimulations, such as light, heat,
pressure, and chemicals, plus the fine control of the interfacial conditions, can change the
polarity of organic semiconductors. For example, self-assembled monolayers (SAMs) can
be used as an interfacial layer between the organic semiconductor and metal electrodes [15].
A thiol-terminated SAM can functionalize an Ag electrode in a solution-processable way.
The functionalized Ag electrode alters the injection property of the organic semiconductor,
which results in the polarity change.

The practical utilization of organic semiconductors is still in its infancy. Especially, the
detection of biosignals using an organic semiconductor as an active component is not com-
parable to the use of inorganic counterparts [4,16]. However, the electrical performance of
organic semiconductors can be enhanced by applying the three-terminal electrode system,
e.g., transistors. This review outlines the recent development of various organic polymer
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semiconductors that are mainly used in field-effect transistors in biomedical applications
compared to previous papers. Section 2 presents the organic semiconductors used in
biomedical applications using p- and n-type charge transport. In addition, ways to enhance
the electrical performance of organic semiconductors are also presented. Some fabrication
techniques for organic semiconductors are introduced in terms of low-cost solution pro-
cesses and large-area fabrication in Section 3. Section 4 reports a variety of device structures
of organic field-effect transistors (OFETs) and organic semiconductor-based chemical sen-
sors. Organic semiconductors can transduce several external stimuli into electrical signals.
In Section 5, various device platforms, including OFETs on unconventional substrates and
OFET-based biomedical sensors, will be presented. Finally, the critical issues of organic
semiconductors in biomedical engineering applications will be discussed in the Conclusion.

2. Materials: Organic Semiconductors in Biomedical Engineering

Research on organic semiconductors in biomedical engineering has focused on syn-
thesizing high-performance organic semiconductor materials. Recently, improved device
performance in biomedical engineering has been reported via various thin film forma-
tion technologies, the development of an insulating layer, the optimization of the device
structure, and improvement of the synthetic material routes.

The electrical properties of organic semiconductors can vary significantly depend-
ing on their molecular structures and molecular arrangement in the active channel. In
particular, the polarity (e.g., p-type, n-type, and ambipolar) of organic semiconductors
can be modulated by how they are stacked at the molecular level. In addition, using
one-dimensional (1D) organic semiconductor structures formed by supramolecular self-
assembly (SA) can enhance electrical performance by increasing the molecular crystallinity
in which a misaligned molecular packing is minimized within the structure.

The research trends and prospects on various organic semiconductor materials used
widely in biomedical electronic devices are discussed in this section. This section is mainly
divided into the introduction of p-type organic semiconductors and n-type organic semi-
conductors. Their fundamental chemical structure design according to their polarity and
functional groups constituting the molecule will be discussed at the molecular level. Owing
to the maturity of organic semiconductors in FETs and biosensors, this paper introduces the
technological trends of organic semiconductors in high-performance OFETs and biosensors.

2.1. p-Type Organic Semiconductors in Biomedical Engineering

Organic semiconductor materials are classified into p-type and n-type semiconductors
according to the type of charge carriers (polarity) that contribute to the flow of current,
and unipolar and ambipolar semiconductors are classified according to the combination of
carriers. In addition, organic semiconductor materials are classified into molecular (Figure 2)
and polymeric (Figure 3) semiconductors according to the repeated units contained.

In p-type semiconductors, a hole is used as a major charge carrier. The hole injected
from the source electrode moves through the molecular orbital with the highest occupied
molecular orbital (HOMO) energy level, allowing the current to flow into the electronic
device. In general, the HOMO level, ranging from –4.5 to –5.5 eV, of organic semiconductor
materials, is similar to the work function (WF) value of many commercially available
metals (e.g., Ag, Au, Cu, Ti, Cr, Ni, and Pt), so hole injection from these metal electrodes
is reliable. Therefore, stable charge transfer is possible compared to an electron in air.
For this reason, in the development of organic semiconductor materials thus far, p-type
semiconductors have outperformed n-type semiconductors, and relatively higher hole
mobility has been reported compared to that of its counterparts. Representative p-type
organic semiconductors include pentacene, fused aromatic compounds, oligothiophene,
and rubrene. The thin-film formation of p-type organic semiconductors or the fabrication
of their single crystals through vacuum deposition, solution processing, or physical vapor
deposition have been used to employ these p-type organic semiconductors in devices as an
active layer.
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Research into designing the molecular structure, the morphology control of semicon-
ductor thin films, modification at the dielectric–semiconductor interface, and the formation
of microstructures and process optimization improves the electrical performance of p-type
organic semiconductor-based transistors and biosensors. In particular, in the 2000s, high-
performance organic semiconductors surpassing the charge mobility of amorphous silicon
(1 cm2·V−1·s−1) were reported. For example, pentacene, a representative example of a
p-type organic semiconductor, exhibits a hole mobility ranging from 1 to 10 cm2·V−1·s−1

depending on the deposition and dielectric–semiconductor conditions [17].
A research team at Pohang University of Science and Technology introduced a small

molecule called m-bis(triphenylsilyl)benzene (TSB3) as a molecular insulator to improve the
interfacial properties between the insulating layer and pentacene in semiconductors [18]. A
high hole mobility of 6.3 cm2·V−1·s−1 was realized in the TSB3/pentacene heterojunction
structure in the active channel. A low glass transition temperature (Tg, 33 ◦C) of TSB3
induces a soft rubbery phase at the interface between TSB3 and pentacene. The soft rubbery
phase helps reduce the number of crystal grains, improving the electrical performance.
In particular, the surface phase separation formed a spontaneous nanoporous pentacene
thin film, which can be applied as a high-performance chemical sensor. In a similar
study, a record hole mobility of 15–40 cm2·V−1·s−1 was reported in a pentacene single-
crystal thin film grown through physical vapor deposition (PVD) by introducing 6,13-
pentacenequinone with a molecular structure similar to pentacene as an interface control
material [19].

Fused aromatic compounds of organic semiconductors offer strengthened air stabil-
ity by improving the degree of crystal packing and molecular orientation. Typically, a
thienothiophene-based compound fused with benzene and naphthalene shows excellent
electrical performance because of the improved crystal packing [20]. In addition, thin films
can be manufactured via a solution process because they have an alkyl chain substituent
as a solubilizing group at the benzene end group. Unlike pentacene, the lateral CH-π
intermolecular interaction is disturbed by the influence of the alkyl chain in the molecules,
resulting in a two-dimensional π-stack structure. Therefore, thus, more improved mobility
can be expected than that of pentacene derivatives.

A solution-processable p-type organic semiconductor, 2,7-Dioctyl [1]benzothieno [3,2-
b][1]benzothiophene (C8-BTBT), can be fabricated into a single-crystal thin film by inkjet
printing. The maximum hole mobility from a single crystal is 31.3 cm2·V−1·s−1 [21]. Profes-
sor J. Huang and Z. Bao’s research team reported very high hole mobility of 43 cm2·V−1·s−1

in C8-BTBT thin films using a novel off-center spin-coating method [22]. They induced
molecular orientation using centrifugal force generated when the organic semiconductor
solution was dropped outside the spin-coater chuck on a rotating substrate. Furthermore,
improved electrical performance was obtained by reducing the electrical trapping sites
at their interface by introducing a vertical phase separation of a solution blended with
C8-BTBT and polystyrene (PS). In a similar study, a research team led by Professor K.
Takimiya and J. Takeya in Japan developed an air-stable p-type organic semiconductor
derivative of dinaphtho [2,3-b:2′,3′-f]thieno [3,2-b]thiophene (DNTT). They fabricated a
patterned crystalline thin film with a hole mobility of 11 cm2·V−1·s−1, in which the gradual
movement of the liquid–air boundary when the solvent evaporated could simultaneously
control the direction and location of crystal growth. The hole mobility was improved by
a factor of four compared to the spin-coated one. A rubrene single crystal was used as a
p-type organic semiconductor to understand the anisotropic property of charge transfer ac-
cording to the lattice orientation of the crystal. The dielectric contact-free intrinsic mobility
reached 40 cm2·V−1·s−1 [23]. In one biosensing application, an electrolyte gate FET was
fabricated using C8-BTBT/polystyrene as a semiconductor and a blend of BTBT-biotin and
a siloxane dimer of BTBT as an influenza virus-detecting layer, which was modified with
streptavidin and the DNA aptamer RHA0385 [24].

Although polymer semiconductors have relatively low crystallinity compared to
organic molecules, large-area printing is possible through solution processing, such as
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inkjet printing. Their excellent mechanical properties make them highly attractive as next-
generation electronic materials. Poly(3-hexylthiophene) (P3HT), a representative p-type
polymer semiconductor, is used widely in transistors and various applications, such as
solar cells and sensors, because of its excellent optical and electrical properties [5,6]. In
general, P3HT shows a low hole mobility of 0.001–0.1 cm2·V−1·s−1. Many studies have
examined the molecular weight, regioregularity, solvent, thin-film morphology, thickness,
manufacturing processes, humidity control, and design of side chain groups to improve
the fundamental charge mobility. As a result, many new high-performance conjugated
structures in polymer semiconductors have been developed.

Organic dye-based diketopyrrolopyrrole (DPP) and thienoisoindigo (TIIG) structures
are based on a conjugated bicyclic lactam structure. Hence, their planar structures facilitate
backbone alignment and induce strong intermolecular π-bonding. They were mainly
introduced as backbone units of polymer semiconductors. Most polymer semiconductors
are developed through donor(D)–acceptor(A)-type molecular design; electron-deficient
DPP and IIG structures have been used as effective acceptors. A donor–acceptor polymer
in the alternating structure can form a partial charge transfer state in the ground state
and induce a very small π–interplanar distance. Furthermore, a thienyl-DPP structure
in which thiophenes are linked covalently on both sides of the DPP structure has been
designed, further inducing the flattening of the main chain in the molecule and improving
intermolecular packing through the intra-interaction between oxygen in the carbonyl group
and sulfur in the thiophene.

On the other hand, a commercially available conducting polymer, PEDOT:PSS (Figure 4),
has been utilized in organic electrochemical transistors for the application of biomedical
engineering.
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The PEDOT:PSS is solution-processable with water and is a blended system of PEDOT
as a conducting polymer and PSS as a dopant. The PEDOT:PSS, originally, is in an oxidized
state with high conductivity, but its conductivity can be modulated (decreased) by a gating
effect in the electrochemical transistor. Below is a typical reaction equation of PEDOT:PSS
in an electrochemical transistor depending on the gate voltage condition:

PEDOT:PSS + M+ + e−
 PEDOT + M:PSS

where M is a cation and e− is an electron in the electrolyte of the electrochemical transistor.
Under the zero-gate voltage, a high concentration of M+ in the electrolyte is presented,
which results in high conductivity in PEDOT:PSS. On the other hand, applying (increasing)
the gate voltage, PSSs are oxidized with Ms, and PEDOT:PSS becomes less conducting
compared to the one without a gate voltage applied, as shown in Figure 4b. During the
operation of the PEDOT:PSS-based organic electrochemical transistor, a steady state of
redox reaction occurs throughout the interfaces of the PEDOT–electrolyte and the source–
PEDOT–drain region. In particular, both electronic species (electrons and holes) and ionic
species are transported to the region of the PEDOT–electrolyte. On the other hand, only
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electronic species are transported to the region of the source–PEDOT–drain. Achieving a
high on/off ratio in a PEDOT:PSS-based organic electrochemical transistor is troublesome.
Intrinsically, PEDOT:PSS is an organic conductor material that can flow an electrical current
under a zero-gate bias. Thus, the on/off ratio with respect to the gate voltage is not as high
as that of a typical organic semiconductor material. Increasing the width of the gate channel
while maintaining the length of the gate channel would improve the on/off ratio [25]. The
highest on/off ratio obtained was up to 103 when a width-to-length ratio of the channel
was larger than 10 times.

A recent research paper reported that crosslinked PEDOT:PSS-based organic electro-
chemical sensors are chemically robust in various organic solvents, such as dimethyl sul-
foxide (DMSO), n-methyl-2-pyrrolidone (NMP), and acetone [26,27]. 3-Glycidyloxypropyl
trimethoxysilane (GPOS) was mixed as a crosslinker in the solution of PEDOT:PSS to
crosslink the PEDOT:PSS. The crosslinked PEDOT:PSS film as the active channel in an
organic electrochemical transistor was used to detect methylene blue (MB), a biomarker
for a certain redox activation in response to a change in the potential of the electrolyte
with respect to the gate voltage. Moreover, during patterning a thin film of crosslinked
PEDOT:PSS conventional photolithography techniques can be applied without damaging
the film, providing a degree of freedom in device fabrication.

2.2. n-Type Organic Semiconductors in Biomedical Engineering

Research on n-type organic semiconductors for biomedical engineering applications
has lagged far behind that on p-type organic semiconductors. An n-type organic semicon-
ductor in which electrons are major charge carriers is oxidized easily by oxygen, moisture,
and ozone molecules under ambient conditions, and its performance tends to deteriorate
significantly, making it relatively difficult to develop. On the other hand, since the develop-
ment of n-type organic semiconductors is essential for manufacturing p-n junction solar
cells and high-performance complementary circuits for medical use, many studies have
reported improved molecular designs, device performance, and the air stability of n-type
organic semiconductors.

The electrons in an n-type semiconductor device are the major charge carriers that flow
through the lowest unoccupied molecular orbital (LUMO) energy level of an organic semi-
conductor, so the energy level engineering of the LUMO level of the organic semiconductor
and the proper selection of metal electrodes is important. In general, an electron-deficient
group typically has low reduction potential, resulting in a low LUMO level in n-type
organic semiconductors. In particular, perylene diimides (PDIs) and naphthalene diimides
(NDIs), representative n-type semiconductors, have relatively high electron affinity, high
electron mobility, and chemical and thermal stability. Hence, they are being applied as
the most promising electron-deficient group unit thus far. In addition, air stability can be
increased by lowering the LUMO level further through the functionalization of the core or
end group, or by producing high-performance n-type semiconductors that are stable in air
by enhancing molecular packing.

The first PDI-based n-type low-molecular organic semiconductor-based transistor
was announced by Horowitz et al. [28]. Based on vacuum-deposited PDI thin films, in
which the phenyl group was substituted at the N,N′ position, the electrical performance
in FETs was only 10−4 cm2·V−1·s−1 in electron mobility. On the other hand, N,N′-bis(2-
phenylethyl)-perylene-3,4:9,10-tetracarboxylic diimide (BPE-PTCDI), in which the center
of the PDI was replaced with an ethyl group material, exhibited a highly π-conjugated
structure, reaching an electron mobility up to 0.1 cm2·V−1·s−1 in FETs. Furthermore, the
electron mobility was improved to 1.4 cm2·V−1·s−1 by fabricating single-crystal nanowires
by recrystallization [28].

The alkyl chains are substituted at the N,N’ position of PDI to be soluble in organic
solvents and enable the solution processing of low-molecular-weight PDI derivatives. In
this case, an electron mobility up to 2.1 cm2·V−1·s−1 was reported by improving the molec-
ular crystallinity and optimizing the thin-film morphology. In addition, the air stability
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of the n-type organic semiconductor device was significantly improved by introducing a
fluorocarbon substituent at the N,N′ position or an electron-withdrawing substituent with
a high electronegativity, such as –CN, –F, or –Cl at the center position [29].

Facchetti and Morpurgo et al. synthesized N,N’-bis(n-alkyl)-(1,7 and 1,6)-dicyanoperylene-
3,4:9,10-bis(dicarboximide)s (PDIF-CN2), which achieved high electron affinity and ex-
cellent air stability by substituting an electron-withdrawing group, –CN, to an aromatic
center in a PDI derivative substituted with a fluorinated alkyl chain. A record-high electron
mobility of 10.8 cm2·V−1·s−1 was reported in the low-temperature region (230K) in a device
structure using a vacuum gap as a dielectric layer after PDIF-CN2 was grown as a single
crystal using the physical vapor transport method [30].

The first NDI molecule-based transistor with an electron mobility of 10−4 cm2·V−1·s−1

has been reported [31]. Subsequently, the NDI-based molecular semiconductor N,N′-
bis(cyclohexyl) naphthalene-1,4,5,8-bis (dicarboximide) showed a high electron mobility
of 7.5 cm2·V−1·s−1 under an argon atmosphere [32]. Typically, the molecular packing and
electromagnetic movement characteristics in the solid phase of the organic semiconductor
can be controlled by substituting the N,N′ position and the aromatic π–central region of
the imide group.

Würthner et al. developed an n-type semiconductor that introduced an electron-
withdrawing group, i.e., a fluorinated alkyl chain, in the NDI main chain that enhanced the
air stability. The observation of the optical anisotropy of the fluorinated NDI demonstrated
the self-aggregation of the fluorinate group in the sheared thin film, which resulted in
enhanced electrical properties. An NDI-Cl2 single crystal was synthesized by solvent evap-
oration. The crystal growth direction of NDI-Cl2 affected the charge transfer and charge
injection directions. As a result, in transistor applications, it was possible to achieve an elec-
tron mobility (8.6 cm2·V−1·s−1) that was more than twice that of a thin-film transistor [33].

On the other hand, the electron mobility of a typical n-type organic molecular semi-
conductor, fullerene (C60), was low (0.08 cm2·V−1·s−1). On the other hand, a single crystal
of C60 was fabricated using a droplet-pinned crystallization (DPC) method developed by
Bao et al. The maximum electron mobility of a single crystal of C60 using this method
was 11 cm2·V−1·s−1 [34]. In the DPC process, a small piece of a Si substrate was placed
on another silicon substrate onto which was polymer insulator was coated. A droplet
of the fullerene solution evaporated slowly by controlling the annealing temperature to
form a single crystal bundle around the small piece of Si substrate. The solvent was com-
prised of either a single or dual solvent to handle the morphology of the single crystal. In
particular, in the case of the dual-solvent-based system, in which the boiling point and
surface tension were different in both solvents, solvent circulation occurred inside of the
solution, and the concentration distribution became uniform inside the droplet, resulting in
a ribbon-like single crystal of C60. This single crystal exhibited an excellent electron mobility
up to 11 cm2·V−1·s−1 in transistors. Similar to the DPC, one-dimensional self-assembly
induced by a π–π interaction of the n-type organic molecular semiconductor is a promising
methodology to enhance electrical performance.

Many reports on high-performance PDI and NDI-based n-type polymer semiconduc-
tors have been published in the form of transistors and biosensors with excellent air and
operational stability and electron mobility. As an example of PDI-based polymers, Marder
et al. and Lee et al. synthesized poly{[N,N′-dioctylperylene-3,4,9,10-bis(dicarboximide)-
1,7(6)-diyl]-alt-[(2,5-bis(2) -ethyl-hexyl)-1,4-phenylene)bis(ethyn-2,1-diyl]} (PDIC8-EB) by
coupling brominated PDI with diethynylbenzene. A nanowire suspension of PDIC8-EB
can be prepared after complete dissolution, filtration, and recrystallization. An electron
mobility of 0.1 cm2·V−1·s−1 was reported in a PDIC8-EB nanowire-based transistor [35].

The electrical performances of NDI- and PDI-based polymer semiconductors were com-
pared using a typical NDI-based polymer semiconductor, poly([N,N′-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)) (P(NDI2OD-
T2)), that shows a higher electron mobility than P(PDI2OD-T2), a PDI-based polymer
semiconductor. This is due to the extended conjugated structure of NDI with a higher elec-
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tron affinity than PDI, and the high stereoregularity of the main chain. In particular, Kim
and Noh et al. reported the major charge carrier polarity modification of the P(NDI2OD-T2)
ambipolar polymer and the enhanced electron mobility by blending with a small amount
of an organic dopant, bis(cyclopentadienyl)–cobalt(II) (cobaltocene, CoCp2) [36].

In addition, an NDI-derived semiconductor copolymerized with an electron-donating
group, poly{N,N′′-bis(2-octyl-dodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-5,5′-
(2,2′-thienylenevinylene-thienylene)} (PNDI-TVT), was developed. A high charge mobility
up to 1.8 cm2·V−1·s−1 was obtained [37]. In particular, although the PNDI-TVT exhib-
ited ambipolar transport behavior with Au electrodes, n-type transport behavior with
cesium carbonate-treated Au electrodes were obtained. This was attributed to the slightly
increased polymer crystallinity under electrode regions, improved electron injection, and
hole-blocking properties with cesium carbonate-treated metal electrodes.

Many synthetic routes for n-type polymer semiconductors have been reported by
introducing amide or ester groups to the polymer core. For example, in the case of a
benzodifurandione-based polymer, poly(p-phenylene vinylene) (BDPPV), with the electron-
accepting group in the core, its high electron mobility of 1.1 cm2·V−1·s−1 has been reported
with a top-gated transistor [38].

Electron-deficient units, including IIG and DPP, have been utilized as effective electron-
accepting units. In particular, IIG can be copolymerized with electron-deficient cores to
form acceptor–acceptor-type copolymers. An electron mobility of 0.22 cm2·V−1·s−1 was
reported in a copolymer with benzothiazole [39]. A nitrile (CN) group was introduced to
the p-type polymer semiconductor (PDPP-TVT) to synthesize a high-performance n-type
polymer semiconductor (PDPP-CNTVT). The CN group is an electron-withdrawing group
that enhances n-type charge transport behavior [39]. Therefore, the highest electron mobility
of 7 cm2·V−1·s−1 was achieved by controlling thin-film thickness and the concentration of
the solution of the transistor.

This insightful point suggests the importance of systematic molecular design and
the optimization of thin-film formation conditions for realizing high-performance n-type
organic transistors and sensors [40].

In summary, we have included a comparison table of key advantages (pros) and
current challenges (cons) for the representative organic semiconductor and inorganic
semiconductors that are utilized in biomedical applications (Table 1). The overall electrical
performance of organic semiconductors, including conductivity and charge carrier mobility,
etc., lags behind inorganic alternatives. However, their optical and synthetic properties can
satisfy the demands of biomedical devices.

Table 1. A comparison table of key advantages and challenges for representative organic semicon-
ductors and inorganic semiconductors.

Materials Examples Key Advantages Challenges

Organic
semiconductor

TIPS-pentacene
P3HT

PEDOT:PSS
C10-DNTT
C8-BTBT

Low cost, low temperature,
large area solution process,

light weight,
flexibility and stretchability,

tunable optical and electrical
properties by synthetic routes.

Generally lower conductivity,
lower field-effect mobility,

lower thermal stability,
lower lifetime.

Inorganic
semiconductor

Si, Ge
Oxide (e.g., In-Ga-Zn-O)

III-V (e.g., GaAs, GaN, InN, AlN)
II-VI (e.g., CdSe, CdS, ZnSe, ZnS, ZnTe)

Better conductivity,
better field-effect mobility,

thermal stability,
long lifetime.

Hard,
heavy,

high-cost vacuum process.

3. Fabrication

In terms of optimizing thin-film formation conditions, aligning the semiconducting
molecules in a certain direction with respect to source/drain electrodes in a FET architecture
is important because the molecules have intrinsically anisotropic structures and the main
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charge transport pathways are in the π–π stacking direction [41]. In addition, the organic
semiconductor films need to be patterned to reduce leakage current and prevent crosstalk
between the neighboring FETs [42,43]. Several efforts have been made to align and pattern
the organic semiconducting crystal films using various solution printing techniques, such as
solution shearing, slot-die coating, soft lithography, and direct writing techniques [44–48].
This section introduces how these techniques work to fabricate organic semiconductor
arrays for possible application to flexible biomedical devices.

3.1. Soft Lithography

Soft lithography is a patterning method that utilizes elastomeric stamps, such as poly-
dimethylsiloxane (PDMS) and polyurethane acrylate (PUA) molds, to replicate structures.
This technique has attracted considerable attention and has been investigated widely for
decades because it enables high-resolution patterns that range from nanometer to microm-
eter precision; it also has low cost and high-throughput fabrication. The patterning of
organic semiconductor films using soft lithography is performed by contacting PDMS
stamps onto the film and increasing the substrate temperature so that the crystals in contact
with the stamps can be absorbed into the stamps [49,50]. When the stamps are removed
from the substrate, the film regions that were not in contact with the stamps remain on the
substrate, and high-resolution patterns can be obtained. On the other hand, this method
has a disadvantage in that the size or orientation of the remaining semiconductor patterns
cannot be controlled because the molecules are already crystallized before the patterning
process. When the molecules are not oriented in the desired direction, the OFET perfor-
mance is degraded. The performance variation over the OFET array increases, and the
further application of the OFET array into the biomedical application is restricted.

Methods in which organic semiconductors can be patterned and oriented in the de-
sired direction over a large area have been devised to solve this problem (Figure 5a) [51].
First, soft lithography capable of patterning and crystallization simultaneously was intro-
duced for organic semiconductors using solvent vapor annealing. The PDMS stamps were
immersed in the solvent reservoirs to allow the stamps to absorb the solvent, and then put
into contact with the as-cast amorphous semiconductor film. At this time, the film in contact
with the stamps was dissolved in the solvent, and then absorbed into the stamp while
the remaining patterns were crystallized by the solvent vapor in the stamps. Uniformly
oriented semiconductor patterns could be induced by crystallizing each linear pattern
divided into micrometer-scale lengths rather than random nucleation and crystallization
for an unpatterned film over a large area. The crystal size and uniformity of the crystal
orientation were improved when the aspect ratio of the patterns increased (i.e., a decrease
in pattern widths), as confirmed by polarized optical microscopy and grazing-incidence
wide-angle X-ray scattering (Figure 5b). An OFET array comprising the patterned semi-
conducting crystals exhibited a higher average field-effect mobility (µFET) compared to the
unpatterned one. In addition, the coefficient of variation decreased over an entire array,
indicating that the electrical performance of the array was improved, and a reliable OFET
array was achieved by virtue of uniform organic semiconductor patterns (Figure 5c,d).

As an alternative to absorbing organic semiconductor molecules into elastomeric
stamps, there is another soft lithography method that uses capillary force. The concept
of capillary force lithography is that pattern replication is achieved by annealing the
constituent polymer film beyond the glass transition temperature (Tg) while placing the
elastomeric stamps onto the polymer film [52]. Wetting the stamp wall with the polymer
melt lowers the total free energy. Thus, the polymer melt can rise to fill up the voids
between the polymer and the mold. This patterning method using capillary force can
also be applied to a small molecule semiconductor/solvent system so that the organic
semiconductor solution sandwiched between the substrate and the stamp rises up the mold
wall. As the solvent evaporates, the semiconductor molecules self-assemble and crystallize.



Polymers 2022, 14, 2960 12 of 27

Polymers 2022, 14, x FOR PEER REVIEW 12 of 28 
 

immersed in the solvent reservoirs to allow the stamps to absorb the solvent, and then put 
into contact with the as-cast amorphous semiconductor film. At this time, the film in con-
tact with the stamps was dissolved in the solvent, and then absorbed into the stamp while 
the remaining patterns were crystallized by the solvent vapor in the stamps. Uniformly 
oriented semiconductor patterns could be induced by crystallizing each linear pattern di-
vided into micrometer-scale lengths rather than random nucleation and crystallization for 
an unpatterned film over a large area. The crystal size and uniformity of the crystal orien-
tation were improved when the aspect ratio of the patterns increased (i.e., a decrease in 
pattern widths), as confirmed by polarized optical microscopy and grazing-incidence 
wide-angle X-ray scattering (Figure 5b). An OFET array comprising the patterned semi-
conducting crystals exhibited a higher average field-effect mobility (µFET) compared to the 
unpatterned one. In addition, the coefficient of variation decreased over an entire array, 
indicating that the electrical performance of the array was improved, and a reliable OFET 
array was achieved by virtue of uniform organic semiconductor patterns (Figure 5c,d). 

 
Figure 5. (a) Schematic illustration of the patterning process using PDMS stamp with 1,2-dichloro-
ethane solvent. (b) An optical microscope image of the patterned TES-ADT semiconductor. (c) Dis-
tribution of µFETs of TES-ADT-based OFETs and (d) the corresponding coefficient of variation (CV) 
values. (e) Schematic illustration of the patterning process using solvent-assisted capillary lithogra-
phy with a PDMS stamp. (f) Optical microscope images of the patterned C8-BTBT semiconductor. 
(g) Transfer characteristic of the OFETs with C8-BTBT patterns. (h) Distribution of µFETs of C8-BTBT-

Figure 5. (a) Schematic illustration of the patterning process using PDMS stamp with 1,2-
dichloroethane solvent. (b) An optical microscope image of the patterned TES-ADT semiconductor.
(c) Distribution of µFETs of TES-ADT-based OFETs and (d) the corresponding coefficient of variation
(CV) values. (e) Schematic illustration of the patterning process using solvent-assisted capillary
lithography with a PDMS stamp. (f) Optical microscope images of the patterned C8-BTBT semicon-
ductor. (g) Transfer characteristic of the OFETs with C8-BTBT patterns. (h) Distribution of µFETs of
C8-BTBT-based OFETs. Reprinted from [51], Copyright 2016 with permission from Royal Society
of Chemistry.

For example, C8-BTBT, which is a well-known solution-processable small molecule
semiconductor, was dissolved in 1,2,4-trichlorobenzene, and the solution was confined
between the target substrate and pre-patterned PDMS stamp (Figure 5e) [53]. As the small
molecule did not have Tg, the authors applied capillary force lithography to the C8-BTBT
solution by heating the sample to 50 ◦C, giving sufficient mobility to the C8-BTBT molecules
during solidification within the trenches. The confined solution formed a meniscus and rose
up the mold. After solvent evaporation, the width of the resulting C8-BTBT line patterns
ranged from 5 to 20 µm (Figure 5f). In-plane X-ray diffraction and selected area electron
diffraction analysis of the patterns showed that C8-BTBT crystals nucleated at the walls
of the PDMS stamps, which induced the directional growth of the organic crystals. At the
bottom gate, top-contact OFETs with C8-BTBT patterns and a 200 nm thick SiO2 dielectric
layer exhibited an average µFET of 0.9 cm2·V−1·s−1 and a highest µFET of 2.6 cm2·V−1·s−1,
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indicating moderately high and uniform electrical performance (Figure 5g,h). Hence, the
crystalline orientation could be controlled over a large area during the patterning of the
organic semiconductor films.

In addition, various capillary force lithography techniques employing PUA molds
have been introduced. The PUA mold provides more accurate and high-resolution pattern-
ing because of its higher hardness than that of PDMS, and it does not swell in the presence
of a solvent (i.e., impermeable) [54–56].

3.2. Direct Writing Techniques

Although soft lithography has many advantages, as described above, it requires high-
cost photo- or e-beam lithography to produce a master mold. This process can also leave
low-molecular-weight oligomers on the surface after making contact with the elastomeric
stamp with the substrate [57]. Such contamination may alter surface roughness, surface
energy, or both, affecting the subsequent process. Therefore, in recent years, direct writing
techniques that print organic semiconductors in a non-contact manner without complicated
and high-cost patterning processes over a large area have been investigated extensively.
Among the various direct writing techniques, aerosol jet printing, inkjet printing, capillary
pen printing, and electrohydrodynamic jet printing have been used to print an array of
organic semiconductors.

A capillary pen writing paradigm offers an efficient patterning approach for the print-
ing of organic semiconductors because it is simple, and dispensing organic ink is unaffected
by the printing environment (e.g., ambient temperature, humidity) (Figure 6a) [58]. The
capillary pen is combined with a three-axis motorized position controller for the automated
and programmed printing of organic semiconductor crystal arrays. Two hundred and
fifty-three dots of TIPS-pentacene and poly(dimethyl-triarylamine) (PTAA) blended semi-
conductor crystals and five hundred and six dots of PEDOT:PSS electrodes were printed on
a 2 × 2 cm2 flexible polymer substrate to fabricate bottom-contact OFETs (Figure 6b). The
average µFET was 0.025 cm2·V−1·s−1 with a standard deviation of 0.01 cm2·V−1·s−1 and an
overall device yield of more than 80% (Figure 6c,d). Hence, the direct writing of organic
semiconducting crystals using the capillary pen is reproducible.

In aerosol jet printing, a functional ink is aerosolized and ejected to the substrate by a
carrier gas, providing high resolution as narrow as 10 µm (Figure 6e) [59]. P3HT polymer
semiconductor, ion gel electrolyte gate dielectric, and PEDOT:PSS electrode materials have
been printed on SiO2 and plastic substrates by aerosol jet printing to fabricate 45 transistors.
By optimizing the printing conditions and post-annealing process for each material (e.g.,
thickness and width), the P3HT-based transistors showed a high average µFET of 1.38 and
1.35 cm2·V−1·s−1 on SiO2 and plastic substrates, respectively. Furthermore, the printed
transistors exhibited stability upon gate bias stress and bending stress on a plastic sub-
strate, suggesting that aerosol jet printing can print high-quality organic semiconductors
(Figure 6f,g).

The electrohydrodynamic jet (E-jet) printing technique has attracted considerable at-
tention recently because of its high-resolution printing. E-jet printing ejects a functional ink
from the nozzle by applying a strong electric field between the nozzle and the substrate [60].
When the ink is subjected to an electric field, electric charges accumulate on the meniscus.
At the critical limit of the electric field, surface charge repulsion exceeds the surface tension,
changing the circular meniscus to a Taylor cone. Thus, a droplet of fluid is ejected towards
the substrate. The formation of a Taylor cone makes it possible to print fine-line patterns
with widths narrower than the nozzle size. For example, although the nozzle diameter is
on the micrometer scale, printing hundreds of nm wide organic semiconducting nanowires
has been reported.
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To print organic semiconductors such as poly(9-vinyl carbazole) (PVK), P3HT, and
poly{[N,N0-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50-
(2,20-bithiophene)} (N2200) using E-jet printing, Lee et al. set the nozzle-to-substrate
distance at less than 1 cm to suppress the chaotic whipping motion of the ejected ink com-
monly observed when performing electrospinning. Organic semiconducting nanowires
were printed and oriented along the desired directions using computerized x-y stage move-
ment. Printing 3.96 wt.% PVK solution in styrene using an E-jet printer resulted in 289 nm
wide PVK nanowires with a regular spacing of 50 µm. Printing approximately 15 nm long
nanowires took only 2 min. p-Type P3HT and n-type N2200 semiconducting nanowires
were printed by mixing their solutions with poly(ethylene oxide) and PVK, respectively, to
increase the viscosity. P3HT and N2200 nanowires, 780 and 248 nm wide, respectively, were
printed on SiO2 (100 nm)/Si substrates, and their bottom-gate FETs exhibited a µFET of 0.015
and 0.03 cm2·V−1·s−1, respectively, which were comparable to those of pure P3HT and
N2200-based FETs. These FETs with well-aligned p- and n-type polymer semiconducting
nanowires highlight the promising applications of E-jet printing in large-area electronic
applications.

4. Device Structure

Organic semiconductor-based devices are used in various biomedical electronic sys-
tems through structural modifications. This section revisits the recent advances in the
development of biomedical applications through the structural engineering of nanoscale
device geometry. Rather than using the conventional film structure of organic semicon-
ductors, various dimensional modifications to materials have been attempted. Nanotubes,
nanomeshes, nanopores, and nanofillers have allowed organic semiconductors to detect
biosensing signals with enhanced sensitivity. In 2020, Park et al. presented carboxylated
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polypyrrole nanotubes (CPNTs) and dopamine-specific aptamers for improved biosensors
(Figure 7a) [61].
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permission from Springer Nature. (b) Enlarged image of PEDOT:PSS on nanomesh. (c) Nanomesh
organic electrochemical transistor structure. Reprinted from [62], copyright (2020) with permission
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Through their experiments, they showed that the smaller diameter CPNTs with a
diameter size of 120 nm exhibited 100 times higher sensitivity and selectivity than the
counterparts in the wider CPNTs with a diameter size of 200 nm. They implemented
an electrical-detection liquid-ion-gated biosensor based on exogenous dopamine-specific
aptamer-release detection where cellular dopamine-specific aptamers are released by Ca2+

transport through the calcium ion channels. Someya et al. presented another structure engi-
neered for biomedical organic devices, a nanomesh PEDOT:PSS structure on polyurethane
nanofibers (Figure 7b,c) [62]. Electrophysiological detection, such as electrocardiogram
(ECG) signals, was demonstrated using the proposed nanomesh PEDOT:PSS electrochemi-
cal transistors, enabling on-skin electrodes with local amplification to collect high-quality
physiological signals [62]. In 2021, a nanofiller-based triboelectric nanogenerator for poly-
mer electrolytes was reported as another healthcare monitoring application using nanos-
tructured organic devices [63]. Li et al. presented polycation-modified carbon dot-assisted
polyvinyl alcohol nanocomposite polymer electrolytes, providing triboelectric effects that
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responded to different mechanical stimuli (Figure 7d,e) [63]. An impressive demonstration
in this study was the monitoring of physiological signals and the full joint range of motion
in a fast, real-time, and non-invasive manner.

A porous structure has been proposed in recent years to increase the ability of biosens-
ing remarkably. Salleo et al. presented molecularly selective membrane-based electrochem-
ical transistors in a nanoporous structure to allow the real-time monitoring of the human
stress hormone cortisol. The device detected the cortisol hormone selectively with the
analysis of real body samples [64]. In 2021, Moon et al. also proposed a porous structure
with a porous ion gel composed of poly(ethyl acrylate-ran-styrene-randivinylbenzene) and
the ionic liquid (IL) of 1-ethyl-3 methylimidazolium bis(trifluoromethylsulfonyl) imide
((EMI)(TFSI)), formed by a crosslinking polymerization. Owing to pressure-dependent
electrochemical properties in the proposed porous ion gel, the monitoring of various human
motions, such as finger bending, was demonstrated (Figure 8) [65].
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Rather than the above-revisited nanostructures in organic materials, efforts to perform
structural engineering at a device level were also made. In 2022, Minami et al. reported
oxytocin detection at pg·mL−1 (part per trillion level) using an extended-gate structure with
OFETs [66]. An anti-oxytocin antibody-attached self-assembled monolayer (SAM) was used
in their devices; modified streptavidin on SAM was applied to immobilize biotinylated
anti-oxytocin antibodies via biotin-avidin interaction. A floating-gate-structured organic
device has also been proposed as another biomedical application in which temperature-
and pressure-sensing are available (Figure 9a) [67].
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Figure 9. Extended gate/floating gate/3D-stacked. (a) Schematic of organic charge-modulated
transistors. (b) Measured current variation recorded in real time as a function of the temperature.
Reprinted from [67], copyright (2018) with permission from MDPI. (c) Measured image of the 3D
inverter and extended-gated structured lactate detector. (d) Schematic of the extended-gate-type
lactate detector using the complementary inverter. Reprinted from [68], Copyright (2020) with
permission from John Wiley and Sons.

Depending on the variation in temperature in the range of 18.5–50 ◦C and pressure
in the range of 102–103 Pa, the measured current was linearly changed in the presented
floating-gate organic device (Figure 9b). In contrast to the conventional planar-type organic
device structure, a vertically integrated biosensor based on organic semiconductors was
reported. In 2020, Jung et al. presented a vertically integrated inverter circuit compromising
a bottom n-type poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis-(dicarboximide)-
2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} (P[NDI2OD-T2])-based transistor and a top p-type
poly(N-alkyl diketopyrrolo-pyrrole dithienylthieno-[3,2-b]thiophene (DPP-DTT)-based
transistor [68]. As an interesting approach, this study used the shared gate, located between
the two transistors, for both p-type and n-type transistors (Figure 9c). The shared gate was
connected to an extended gate where the detection of the lactate was carried out (Figure 9d).

5. Applications

The techniques for synthesizing high-mobility organic semiconductors and the large-
area printing of uniformly oriented organic semiconductors have matured. Various ap-
plications using organic semiconductor-based electronics, such as driving circuits of flexi-
ble/rollable display, photodetector array, radio frequency identification tags, and wearable
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biomedical sensors, have been demonstrated. Among them, considerable research is be-
ing conducted on wearable biomedical sensors because of the recent increase in medical
spending and the interest in personal healthcare. Devices on various substrates, such
as flexible/stretchable substrates, cylindrical metal wires, or fibers, have been used as
wearable biomedical sensors.

5.1. OFETs on a Flexible Substrate

OFETs printed on a flexible substrate have been developed as pressure sensors and for
sensing the pulse of the wrist. Monolithic OFETs that directly possess pressure-sensitive
components can work actively as pressure sensors. This active matrix sensor array is ad-
vantageous in reducing power consumption. Lim et al. proposed a unique OFET structure
that combined centro-apically self-organized organic semiconductors on top of printed
hemispheric microstructures and an elastomeric PDMS top-gate dielectric (Figure 10a) [69].
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Figure 10. Schematic illustration of (a) the fabrication process of the pressure sensor, (b) the self-
organization of the organic semiconductor, (c) the cross-sectional structure of the OFETs, and (d) the
operation mechanism of OFETs as pressure sensors. (e) A photograph and a schematic illustration of
the wrist wearing the pressure sensor using a PDMS band. (f) Current response to real-time pulse at
constant source–drain (−60 V) and source–gate (−40 V) voltages. Three distinguishable peaks were
detected. Reprinted from [69], copyright 2017 with permission from the American Chemical Society.

A 2,8-Difluoro-5,11-bis(triethylsilylethynyl)-anthradithiophene (diF-TESADT) semi-
conductor and poly(methyl methacrylate) (PMMA) insulator blended solution was line-
printed using a dispenser printer. During solidification, diF-TESADT molecules were
segregated vertically on top of PMMA, and self-assembled to form semiconducting crystals
(Figure 10b). The three-dimensional (3D) semiconductor array was prepared on a bottom
polyethylene terephthalate (PET) flexible substrate directly contacted with the PDMS gate
dielectric on indium-tin-oxide (ITO)-coated top PET substrates (Figure 10c). In this struc-
ture, the OFETs operated as pressure sensors. The capacitance increased due to the decrease
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in elastomeric PDMS gate dielectric thickness when external pressure was applied to the
OFETs. As a result, the drain current of the OFETs increased (Figure 10d). The combination
of 3D microstructured organic semiconductors with a flat elastomeric dielectric layer would
improve the sensitivity of the sensors, as reported previously. The proposed pressure
sensors exhibited a high sensitivity of 1.07 kPa−1, a rapid response and a short relaxation
time of 18 ms, and good stability over 1000 cycles, which satisfied the conditions for the
real-time monitoring of the pulse of the wrist artery. Fabrication on the flexible substrate
enabled the wearing of sensors on the wrist (Figure 10e). When observing the current
modulation of the sensors integrated on the wrist, a typical pulse shape was obtained
with three prominent peaks, which can be used to assess the subjects’ health (Figure 10f).
Therefore, the sensors introduced in this study have demonstrated the low-cost, large-area
fabrication of FET-based pressure sensors.

5.2. OFETs on Unconventional Substrates

The intrinsic electronic and mechanical properties of organic materials enable their
integration onto a cylindrical fiber-shaped substrate, a key component of the newly emerg-
ing electronic textiles (e-textile) for wearable electronics. The fabrication of OFETs on the
cylindrical substrates can be obtained using: (1) the fabrication of OFETs at the intersection
of two fibers using an electrolyte gate dielectric; and (2) the fabrication of OFETs on a
single-fiber substrate.

Jang et al. fabricated cylindrical OFETs using an Al single metallic fiber as a cylindrical
gate substrate, cross-linkable insulating poly(4-vinylphenol) (PVP), poly(vinyl cinnamate)
(PVCN) polymers as gate dielectrics, vacuum-deposited pentacene as a semiconductor,
and a thermally evaporated Au as a source/drain electrode [70]. Al metallic fiber was
electropolished to a lower surface roughness before being used as a gate substrate. The
surface roughness was smoothed gradually for up to 10 min and increased afterward. PVP
and PVCN polymer gate dielectrics were coated on the Al wire surface by a dip-coating
process and crosslinked by thermal annealing and UV illumination. Dip-coated dielectric
films showed a surface roughness of approximately 0.3 nm, which was low enough to
grow high-quality pentacene semiconductor crystals on the surface without disturbance.
Pentacene crystals vacuum-sublimed on the wire showed similar grain sizes of 1 µm
compared to the ones deposited on the flat substrates. The thermal evaporation of Au with
a stencil mask defined the source/drain electrodes, and the resulting OFETs showed typical
hysteresis-free transfer and output characteristics with average µFETs of 0.24 (with PVP)
and 0.53 cm2·V−1·s−1 (with PVCN). Under bending stress, the OFETs with PVCN dielectric
exhibited excellent stability compared to the OFETs with the PVP dielectric. OFETs with
PVCN dielectric maintained their electrical performance even at the smallest bending
radius of 1.0 cm. The superior bending stability of the OFETs with the PVCN dielectric was
attributed to the more rigid and stiff thermally crosslinked PVP than photo-cured PVCN,
and the main chain of PVCN may be more flexible than that of PVP.

Kim et al. also reported fibriform OFETs using Au microfibers as a gate electrode
(Figure 11a) [71].

The Au microfibers were treated with polydopamine to promote adhesion. An organic
semiconductor/dielectric blend solution comprising 2,8-difluoro-5,11-bis(triethylsilylethynyl)
anthradithiophene (diF-TES-ADT) semiconductor and PMMA dielectric was coated onto
the polydopamine-coated Au fiber. Upon solvent vapor annealing, vertical phase separa-
tion between dif-TES-ADT and PMMA and the crystallization of dif-TES-ADT molecules
occurred. Source/drain electrodes were defined by depositing 100 nm thick Au dots onto
the metal insulator semiconductor microfiber through a transmission electron microscopy
grid mask (Figure 11b). The average µFET and on/off ratio of 30 fibriform OFETs were
0.19 cm2·V−1·s−1 and ~104, respectively. The device performance was maintained up to
80% of the original values when the microfiber was bent with a bending radius down to
3.0 mm. Finally, the authors showed fibriform OFET-embedded textiles by weaving the
OFETs with cotton (Figure 11c). PEDOT:PSS/graphene oxide-coated conducting threads
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worked as source/drain electrodes, and their fibriform OFET showed a reasonable µFET
and on/off ratio of 0.17 cm2·V−1·s−1 and ~103, respectively (Figure 11d).
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Recently, as a more advanced concept of OFETs with an unconventional substrate,
a fiber OFET was introduced. Kim et al. reported a spirally wrapped carbon nanotube
(CNT) microelectrode with the desired dimension using inkjet printing and an agarose-gel-
assisted transfer technique to overcome the previously reported limitations in fabricating
fiber OFETs (e.g., the use of high-cost vacuum-assisted technologies or difficulty in the fine
control of channel length) (Figure 12a) [72].

The dimension of the CNT microelectrode was controlled by the inkjet printing con-
ditions (e.g., the number of printing layers and the interval between patterns). With the
printed CNT microelectrode, the authors fabricated OFETs and organic photodiode. In
particular, the photodiode comprising poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo [1,2-b;3,3-
b]-dithiophene]{3-fluoro-2[(2-ethylhexyl)carbonyl]thieno [3,4-b]thiophenediyl})(PTB7-Th)
and [6,6]-phenyl-C71-butyric-acid methyl ester (PC71BM) organic semiconductors was uti-
lized in wearable biomedical devices measuring photoplethysmography (PPG) (Figure 12b).
The photodiode measured the real-time PPG signals with discernible systolic and diastolic
peaks when integrated into the textile PPG bandage (Figure 12c).

The research group also demonstrated fiber OFETs with the double-stranded assembly
of electrode microfibers (Figure 13a) [73].
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Figure 12. (a) Schematic illustration of the fabrication of CNT microelectrodes using inkjet and rolling-
transfer techniques. (b) Schematic illustration of the device structure of an organic photodiode,
chemical structure of PTB7-Th and PC71BM, and absorption spectrum of the PTB7-Th:PC71BM
photoactive layer. (c) Photographs of green and red light-emitting diodes and photodiodes embedded
in the textiles for the measurement of PPG signals and PPG signals from the photodiodes in the
reflection and transmission modes. Reprinted from [72], copyright 2022 with permission from
American Chemical Society.
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Figure 13. (a) Schematic illustration of a fiber OFET with a double-stranded assembly. (b) Schematic
illustration of the fabrication process of the fiber OFET. (c) Photograph of the fiber OFETs embedded
in the textile. (d) Transfer characteristic of the OFET. (e) Change in transconductance and threshold
voltage according to bending diameter. (f) A photograph of a human subject wearing the fiber OFETs
embedded in the textile for the measurement of ECG signal. (g) Single ECG trace from potentiometric
recording (black line) and drain current (red line) from the fiber OFETs. Reprinted from [73], copyright
2019 with permission from John Wiley and Sons.

Two Au microfibers, 100 µm in diameter for use as source/drain electrodes, were
coated with a P3HT semiconductor using a home-built die-coating system (Figure 13b).
Subsequently, they were twisted so that the P3HT channel could be located between the
source/drain fibers. In addition, they used a poly(vinylidene fluoride-co-hexafluoropropylene)
(P(VDF-HFP)) and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ((EMIM)
(TFSI)) ion–gel gate dielectric material as a solid electrolyte in which an IL was dispersed
in a polymer matrix. The resulting fiber OFETs exhibited typical transfer characteristics
with low voltage operation below 1.3 V and an on/off ratio of 105. After a successful
demonstration, the fiber OFETs were embedded into a textile by weaving (Figure 13c). The
embedded OFETs showed negligible changes in electrical properties because the device
could endure bending deformation (Figure 13d). During bending more than 1000 times,
the electrical properties, including the transconductance and threshold voltage of the fiber
OFETs, were maintained up to 80% with a bending radius of 2 mm (Figure 13e). Finally,
the application of the fiber OFETs for the real-time monitoring of human body signals was
demonstrated (Figure 13f). Among various electrophysiological signals from the human
body, a recording ECG was tested. The contraction and relaxation of the heart muscle
usually results in ECG signals with an amplitude of a few hundred microvolts. Therefore,
the gate and source electrodes of the fiber OFETs were attached to the wrist and chest of the
human subject, respectively, so that the ECG signals could be delivered to the gate electrode



Polymers 2022, 14, 2960 23 of 27

and amplified by the fiber OFETs. When the fiber OFETs were set to the subthreshold swing
regime, where the drain current changed abruptly, the typical ECG signals containing
typical P-Q-R-S-T subwaves were amplified (Figure 13g). This suggests that the fiber OFET
possessed sufficient resolution to record ECG signals; thus, it can be applied to e-textiles
for wearable healthcare devices.

6. Conclusions

This review paper has given an overview of organic semiconductors in biomedical
applications. Table 2 is a summary table to compare the materials, device structures,
fabrication methods, and applications in previously reported organic material-based health-
care devices.

Table 2. Comparison of materials, device structures, fabrication methods, and applications in
previously reported organic material-based healthcare devices.

Material Device Structure Representative
Method Application Refs.

Carbon dots/
polyvinyl alcohol

Fiber triboelectric
nanogenerator

Microwave-assisted
pyrolytic reaction

Monitoring of
physiological signals [63]

Carboxylated polypyrrole
nanotubes Liquid-ion-gated FET Reverse microemulsion

polymerization Dopamine detection [61]

PEDOT:PSS on nanomesh
Organic

electrochemical
transistor

Spray coating of
PEDOT:PSS

On-skin ECG signal
detection [62]

Porous PEA-r-PS-r-PDVB Porous ion gel Use of sugar template Monitoring of human
motions [65]

PEDOT:PSS
Organic

electrochemical
transistor

Laser-patterned
microcapillary Cortisol sensing [64]

PEDOT:PSS/
TIPS-Pentacene Floating-gate transistor Inkjet printing Temperature sensing [67]

DPP-DTT/
P[NDI2OD-T2] Shared-gate structure Spin-coating Lactate sensing [68]

C6-DNT-VW Extended-gate
transistor Printing Oxytocin sensing [66]

diF-TES-ADT Vertical transistor Printing Monitoring of the
radial artery pulse [69]

Organic semiconductors have several advantages in mechanical and electrical aspects
over the inorganic counter parts. There are apparent limitations when it comes to electrical
conductivity and charge carrier mobility compared to inorganic counterparts. They are
molecularly bulky, which hinders the materialization of perfect crystalline structure at a
molecular level, whereas inorganic semiconductors typically consist of atomic crystalline
structures, in which the packing scale is smaller than that of organic semiconductors.
This irresistible material’s nature should differentiate the direction between organic and
inorganic research and development. The development of inorganic semiconductors
might focus on the high performance and large capacity of the final device, whereas
the development of organic semiconductors might focus on the mass production and
multifunctional properties. Thus, inorganic and organic semiconductors could complement
each other.

In addition, recent fabrication methods under the spotlight for organic semiconductors,
including molecules and polymers, have been overviewed in this review. Soft lithography
and direct writing techniques are promising methodologies based on solution processibility.
These enable a precise and fine patterning of organic semiconductors on unconventional
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substrates. Especially, soft lithography utilizes flexible and bendable elastomeric stamps
to transfer certain patterns of organic semiconductors. Flexible and bendable elastomeric
stamps provide the direct printing of organic semiconductors on three-dimensional curva-
tures. The unique processability of those methodologies reduces tremendous fabrication
costs compared to those based on conventional fabrication processes such as chemical
and physical vapor deposition, and thermal and e-beam evaporators, which require high-
vacuum systems.

Through the survey on material properties and fabrication advantages, organic semi-
conductors have great potential in biomedical applications in terms of flexible and wearable
medical devices. Owing to the excellent mechanical properties of organic semiconduc-
tors, intrinsically flexible electronic devices can be realized. However, several practical
challenges of organic semiconductors have blocked their commercialization.

First, their unsatisfactory robustness hinders their commercialization. Organic semi-
conductors are physically and chemically vulnerable. The hardness—the resistance of
a material to allow plastic deformation—of organic semiconductors is too low to with-
stand the scratches formed during daily activities. Thus, organic semiconductors with
intrinsically physical robustness should be developed. Several approaches are proposed,
for example, making composite materials, mixing inorganic dielectric materials, and the
modification of functional groups in organic semiconductors. On the other hand, apply-
ing an encapsulation layer on organic semiconductors is a good approach to protect the
underlying layers, but additional processes are needed.

Second, the reliability of organic semiconductors has fallen far behind for long-term
operation and fabrication uniformity. Owing to the intrinsic degradation of organic semi-
conductors over continuous operation, organic biomedical devices could deliver wrong
information and sensing signals over a long period of time. This is a critical flaw of organic
semiconductors in biomedical applications. In addition, fabrication uniformity should
be achieved for the reliability of large-area and multi-array devices. Especially, organic
semiconductors in biomedical applications can be utilized in active layers of multi-sensing
components by applying functionalization to organic semiconductors. In this respect, an
array of unit devices are inevitable.

Lastly, biodegradability and biocompatibility are important challenges that must be
managed. With increasing demand for the mass production of organic biomedical devices,
technologies for the natural disposal of organic biomedical devices should be developed.
One of the approaches to solve this issue is natural dissolution on the human skin surface
by environmentally friendly solvents such as water. In addition, the devices are normally
attached to the human body to record biosignals. Imperceptibility and aesthetic points are
of great significance. In order to achieve this, reducing the device thickness and improving
transparency should be studied. By focusing on the uniqueness of organic semiconductors
rather than their disadvantages, organic semiconductor-based biomedical devices could be
expanded for more advanced applications.
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semiconductors’ biocompatibility towards fibroblasts and cardiomyocytes. Sens. Actuators B Chem. 2018, 260, 418–425. [CrossRef]

15. Roh, J.; Lee, T.; Kang, C.-M.; Kwak, J.; Lang, P.; Horowitz, G.; Kim, H.; Lee, C. Injection-modulated polarity conversion by charge
carrier density control via a self-assembled monolayer for all-solution-processed organic field-effect transistors. Sci. Rep. 2017, 7, 46365.
[CrossRef]

16. Zeglio, E.; Rutz, A.L.; Winkler, T.E.; Malliaras, G.G.; Herland, A. Conjugated Polymers for Assessing and Controlling Biological
Functions. Adv. Mater. 2019, 31, 1806712. [CrossRef]

17. Dong, H.; Fu, X.; Liu, J.; Wang, Z.; Hu, W. 25th anniversary article: Key points for high-mobility organic field-effect transistors.
Adv. Mater. 2013, 25, 6158–6183. [CrossRef]

18. Kang, B.; Jang, M.; Chung, Y.; Kim, H.; Kwak, S.K.; Oh, J.H.; Cho, K. Enhancing 2D growth of organic semiconductor thin films
with macroporous structures via a small-molecule heterointerface. Nat. Commun. 2014, 5, 4752. [CrossRef]

19. Jurchescu, O.D.; Popinciuc, M.; van Wees, B.J.; Palstra, T. Interface-Controlled, High-Mobility Organic Transistors. Adv. Mater.
2007, 19, 688–692. [CrossRef]

20. Ebata, H.; Izawa, T.; Miyazaki, E.; Takimiya, K.; Ikeda, M.; Kuwabara, H.; Yui, T. Highly soluble [1]benzothieno[3,2-
b]benzothiophene (BTBT) derivatives for high-performance, solution-processed organic field-effect transistors. J. Am. Chem. Soc.
2007, 129, 15732–15733. [CrossRef]

21. Minemawari, H.; Yamada, T.; Matsui, H.; Tsutsumi, J.Y.; Haas, S.; Chiba, R.; Kumai, R.; Hasegawa, T. Inkjet printing of
single-crystal films. Nature 2011, 475, 364–367. [CrossRef] [PubMed]

22. Yuan, Y.; Giri, G.; Ayzner, A.L.; Zoombelt, A.P.; Mannsfeld, S.C.B.; Chen, J.; Nordlund, D.; Toney, M.F.; Huang, J.; Bao, Z. Ultra-high
mobility transparent organic thin film transistors grown by an off-centre spin-coating method. Nat. Commun. 2014, 5, 3005. [CrossRef]
[PubMed]

23. Takeya, J.; Yamagishi, M.; Tominari, Y.; Hirahara, R.; Nakazawa, Y.; Nishikawa, T.; Kawase, T.; Shimoda, T.; Ogawa, S. Very
high-mobility organic single-crystal transistors with in-crystal conduction channels. Appl. Phys. Lett. 2007, 90, 102120. [CrossRef]

24. Poimanova, E.Y.; Shaposhnik, P.A.; Anisimov, D.S.; Zavyalova, E.G.; Trul, A.A.; Skorotetcky, M.S.; Borshchev, O.V.; Vinnitskiy, D.Z.;
Polinskaya, M.S.; Krylov, V.B.; et al. Biorecognition Layer Based On Biotin-Containing [1]Benzothieno[3,2-b][1]benzothiophene
Derivative for Biosensing by Electrolyte-Gated Organic Field-Effect Transistors. ACS Appl. Mater. Interfaces 2022, 14, 16462–16476.
[CrossRef] [PubMed]

25. Khodagholy, D.; Rivnay, J.; Sessolo, M.; Gurfinkel, M.; Leleux, P.; Jimison, L.H.; Stavrinidou, E.; Hervé, T.; Sanaur, S.; Owens,
R.M.; et al. High transconductance organic electrochemical transistors. Nat. Commun. 2013, 4, 2133. [CrossRef]

http://doi.org/10.1002/admt.201900361
http://doi.org/10.1021/acs.accounts.1c00675
http://www.ncbi.nlm.nih.gov/pubmed/35196456
http://doi.org/10.1002/adma.201801079
http://www.ncbi.nlm.nih.gov/pubmed/30022536
http://doi.org/10.1002/adma.202001439
http://doi.org/10.1149/2162-8777/abeed1
http://doi.org/10.1007/s00604-021-05153-w
http://doi.org/10.1021/acs.chemmater.6b00525
http://doi.org/10.1021/acs.chemrev.7b00003
http://doi.org/10.3389/fbioe.2019.00237
http://doi.org/10.1038/s41598-019-48041-3
http://doi.org/10.1021/nn2013904
http://www.ncbi.nlm.nih.gov/pubmed/21630682
http://doi.org/10.1002/smll.201805400
http://www.ncbi.nlm.nih.gov/pubmed/30721573
http://doi.org/10.1016/j.toxlet.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/26562768
http://doi.org/10.1016/j.snb.2017.12.108
http://doi.org/10.1038/srep46365
http://doi.org/10.1002/adma.201806712
http://doi.org/10.1002/adma.201302514
http://doi.org/10.1038/ncomms5752
http://doi.org/10.1002/adma.200600929
http://doi.org/10.1021/ja074841i
http://doi.org/10.1038/nature10313
http://www.ncbi.nlm.nih.gov/pubmed/21753752
http://doi.org/10.1038/ncomms4005
http://www.ncbi.nlm.nih.gov/pubmed/24398476
http://doi.org/10.1063/1.2711393
http://doi.org/10.1021/acsami.1c24109
http://www.ncbi.nlm.nih.gov/pubmed/35357127
http://doi.org/10.1038/ncomms3133


Polymers 2022, 14, 2960 26 of 27

26. Nguyen-Dang, T.; Chae, S.; Harrison, K.; Llanes, L.C.; Yi, A.; Kim, H.J.; Biswas, S.; Visell, Y.; Bazan, G.C.; Nguyen, T.-Q. Efficient
Fabrication of Organic Electrochemical Transistors via Wet Chemical Processing. ACS Appl. Mater. Interfaces 2022, 14, 12469–12478.
[CrossRef]

27. Tang, K.; Miao, W.; Guo, S. Crosslinked PEDOT:PSS Organic Electrochemical Transistors on Interdigitated Electrodes with
Improved Stability. ACS Appl. Polym. Mater. 2021, 3, 1436–1444. [CrossRef]

28. Oh, J.H.; Lee, H.W.; Mannsfeld, S.C.B.; Stoltenberg, R.M.; Jung, E.; Jin, Y.W.; Kim, J.M.; Yoo, J.-B.; Bao, Z. Solution-processed,
high-performance n-channel organic microwire transistors. Proc. Natl. Acad. Sci. USA 2009, 106, 6065–6070. [CrossRef]

29. Schmidt, R.; Oh, J.H.; Sun, Y.S.; Deppisch, M.; Krause, A.M.; Radacki, K.; Braunschweig, H.; Könemann, M.; Erk, P.; Bao, Z.; et al.
High-Performance Air-Stable n-Channel Organic Thin Film Transistors Based on Halogenated Perylene Bisimide Semiconductors.
J. Am. Chem. Soc. 2009, 131, 6215–6228. [CrossRef]

30. Minder, N.A.; Ono, S.; Chen, Z.; Facchetti, A.; Morpurgo, A.F. Band-Like Electron Transport in Organic Transistors and Implication
of the Molecular Structure for Performance Optimization. Adv. Mater. 2011, 24, 503–508. [CrossRef]

31. Laquindanum, J.G.; Katz, H.E.; Dodabalapur, A.; Lovinger, A.J. n-Channel Organic Transistor Materials Based on Naphthalene
Frameworks. J. Am. Chem. Soc. 1996, 118, 11331–11332. [CrossRef]

32. Shukla, D.; Nelson, S.F.; Freeman, D.C.; Rajeswaran, M.; Ahearn, W.G.; Meyer, D.M.; Carey, J.T. Thin-Film Morphology Control in
Naphthalene-Diimide-Based Semiconductors: High Mobility n-Type Semiconductor for Organic Thin-Film Transistors. Chem.
Mater. 2008, 20, 7486–7491. [CrossRef]

33. He, T.; Stolte, M.; Würthner, F. Air-Stable n-Channel Organic Single Crystal Field-Effect Transistors Based on Microribbons of
Core-Chlorinated Naphthalene Diimide. Adv. Mater. 2013, 25, 6951–6955. [CrossRef] [PubMed]

34. Li, H.; Tee, B.C.K.; Cha, J.J.; Cui, Y.; Chung, J.W.; Lee, S.Y.; Bao, Z. High-Mobility Field-Effect Transistors from Large-Area
Solution-Grown Aligned C60 Single Crystals. J. Am. Chem. Soc. 2012, 134, 2760–2765. [CrossRef] [PubMed]

35. Hahm, S.G.; Rho, Y.; Jung, J.; Kim, H.; Sajoto, T.; Kim, F.S.; Barlow, S.; Park, C.E.; Jenekhe, S.A.; Marder, S.R.; et al. High-
Performance n-Channel Thin-Film Field-Effect Transistors Based on a Nanowire-Forming Polymer. Adv. Funct. Mater. 2012, 23,
2060–2071. [CrossRef]

36. Liu, C.; Jang, J.; Xu, Y.; Kim, H.J.; Khim, D.; Park, W.-T.; Noh, Y.-Y.; Kim, J.-J. Effect of Doping Concentration on Microstructure
of Conjugated Polymers and Characteristics in N-Type Polymer Field-Effect Transistors. Adv. Funct. Mater. 2014, 25, 758–767.
[CrossRef]

37. Kim, R.; Amegadze, P.S.K.; Kang, I.; Yun, H.-J.; Noh, Y.-Y.; Kwon, S.-K.; Kim, Y.-H. High-Mobility Air-Stable Naphthalene
Diimide-Based Copolymer Containing Extended π-Conjugation for n-Channel Organic Field Effect Transistors. Adv. Funct. Mater.
2013, 23, 5719–5727. [CrossRef]

38. Ding, L.; Wang, Z.-Y.; Wang, J.-Y.; Pei, J. Organic Semiconducting Materials Based on BDOPV: Structures, Properties, and
Applications. Chin. J. Chem. 2019, 38, 13–24. [CrossRef]

39. Kim, G.; Han, A.R.; Lee, H.R.; Lee, J.; Oh, J.H.; Yang, C. Acceptor–acceptor type isoindigo-based copolymers for high-performance
n-channel field-effect transistors. Chem. Commun. 2014, 50, 2180–2183. [CrossRef]

40. Tang, M.L.; Oh, J.H.; Reichardt, A.D.; Bao, Z. Chlorination: A general route toward electron transport in organic semiconductors.
J. Am. Chem. Soc. 2009, 131, 3733–3740. [CrossRef]

41. Lee, J.Y.; Roth, S.; Park, Y.W. Anisotropic field effect mobility in single crystal pentacene. Appl. Phys. Lett. 2006, 88, 252106.
[CrossRef]

42. Kim, J.; Kim, M.-G.; Kim, J.; Jo, S.; Kang, J.; Jo, J.-W.; Lee, W.; Hwang, C.; Moon, J.; Yang, L.; et al. Scalable Sub-micron Patterning
of Organic Materials Toward High Density Soft Electronics. Sci. Rep. 2015, 5, 14520. [CrossRef] [PubMed]

43. Khim, D.; Baeg, K.-J.; Kim, J.; Kang, M.; Lee, S.-H.; Chen, Z.; Facchetti, A.; Kim, D.-Y.; Noh, Y.-Y. High performance and stable
N-channel organic field-effect transistors by patterned solvent-vapor annealing. ACS Appl. Mater. Interfaces 2013, 5, 10745–10752.
[CrossRef]

44. He, Z.; Chen, J.; Sun, Z.; Szulczewski, G.; Li, D. Air-flow navigated crystal growth for TIPS pentacene-based organic thin-film
transistors. Org. Electron. 2012, 13, 1819–1826. [CrossRef]

45. Sakamoto, K.; Ueno, J.; Bulgarevich, K.D.; Miki, K. Anisotropic charge transport and contact resistance of 6,13-bis(triisopropylsilylethynyl)
pentacene field-effect transistors fabricated by a modified flow-coating method. Appl. Phys. Lett. 2012, 100, 123301. [CrossRef]

46. Giri, G.; Park, S.; Vosgueritchian, M.; Shulaker, M.M.; Bao, Z. High-mobility, aligned crystalline domains of TIPS-pentacene with
metastable polymorphs through lateral confinement of crystal growth. Adv. Mater. 2013, 26, 487–493. [CrossRef]

47. Chang, J.; Chi, C.; Zhang, J.; Wu, J. Controlled growth of large-area high-performance small-molecule organic single-crystalline
transistors by slot-die coating using a mixed solvent system. Adv. Mater. 2013, 25, 6442–6447. [CrossRef] [PubMed]

48. Diao, Y.; Tee, B.C.K.; Giri, G.; Xu, J.; Kim, H.; Becerril, H.A.; Stoltenberg, R.M.; Lee, T.H.; Xue, G.; Mannsfeld, S.C.B.; et al. Solution
coating of large-area organic semiconductor thin films with aligned single-crystalline domains. Nat. Mater. 2013, 12, 665–671.
[CrossRef]

49. Bae, I.; Kang, S.J.; Shin, Y.J.; Park, Y.J.; Kim, R.H.; Mathevet, F.; Park, C. Tailored Single Crystals of Triisopropylsilylethynyl
Pentacene by Selective Contact Evaporation Printing. Adv. Mater. 2011, 23, 3398–3402. [CrossRef]

50. Dickey, K.C.; Subramanian, S.; Anthony, J.E.; Han, L.-H.; Chen, S.; Loo, Y.-L. Large-area patterning of a solution-processable
organic semiconductor to reduce parasitic leakage and off currents in thin-film transistors. Appl. Phys. Lett. 2007, 90, 244103.
[CrossRef]

http://doi.org/10.1021/acsami.1c23626
http://doi.org/10.1021/acsapm.0c01292
http://doi.org/10.1073/pnas.0811923106
http://doi.org/10.1021/ja901077a
http://doi.org/10.1002/adma.201103960
http://doi.org/10.1021/ja962461j
http://doi.org/10.1021/cm802071w
http://doi.org/10.1002/adma.201303392
http://www.ncbi.nlm.nih.gov/pubmed/24105872
http://doi.org/10.1021/ja210430b
http://www.ncbi.nlm.nih.gov/pubmed/22239604
http://doi.org/10.1002/adfm.201202065
http://doi.org/10.1002/adfm.201402321
http://doi.org/10.1002/adfm.201301197
http://doi.org/10.1002/cjoc.201900347
http://doi.org/10.1039/c3cc48013e
http://doi.org/10.1021/ja809045s
http://doi.org/10.1063/1.2216400
http://doi.org/10.1038/srep14520
http://www.ncbi.nlm.nih.gov/pubmed/26411932
http://doi.org/10.1021/am4029075
http://doi.org/10.1016/j.orgel.2012.05.044
http://doi.org/10.1063/1.3695169
http://doi.org/10.1002/adma.201302439
http://doi.org/10.1002/adma.201301267
http://www.ncbi.nlm.nih.gov/pubmed/23982968
http://doi.org/10.1038/nmat3650
http://doi.org/10.1002/adma.201100784
http://doi.org/10.1063/1.2748841


Polymers 2022, 14, 2960 27 of 27

51. Kim, K.; Jang, M.; Lee, M.; An, T.K.; Anthony, J.E.; Kim, H.; Yang, H.; Park, C.E. Unified film patterning and annealing of an
organic semiconductor with micro-grooved wet stamps. J. Mater. Chem. C 2016, 4, 6996–7003. [CrossRef]

52. Suh, K.Y.; Kim, Y.S.; Lee, H. Capillary Force Lithography. Adv. Mater. 2001, 13, 1386–1389. [CrossRef]
53. Jo, P.S.; Vailionis, A.; Park, Y.M.; Salleo, A. Scalable fabrication of strongly textured organic semiconductor micropatterns by

capillary force lithography. Adv. Mater. 2012, 24, 3269–3274. [CrossRef] [PubMed]
54. Park, K.S.; Cho, B.; Baek, J.; Hwang, J.K.; Lee, H.; Sung, M.M. Single-Crystal Organic Nanowire Electronics by Direct Printing

from Molecular Solutions. Adv. Funct. Mater. 2013, 23, 4776–4784. [CrossRef]
55. Hwang, J.K.; Cho, S.; Dang, J.M.; Kwak, E.B.; Song, K.-K.; Moon, J.; Sung, M.M. Direct nanoprinting by liquid-bridge-mediated

nanotransfer moulding. Nat. Nanotechnol. 2010, 5, 742–748. [CrossRef] [PubMed]
56. Kim, K.; Rho, Y.; Kim, Y.; Kim, H.; Hahm, S.G.; Park, C.E. A Lattice-Strained Organic Single-Crystal Nanowire Array Fabricated

via Solution-Phase Nanograting-Assisted Pattern Transfer for Use in High-Mobility Organic Field-Effect Transistors. Adv. Mater.
2016, 28, 3209–3215. [CrossRef]

57. Felmet, K.; Loo, Y.-L.; Sun, Y. Patterning conductive copper by nanotransfer printing. Appl. Phys. Lett. 2004, 85, 3316–3318.
[CrossRef]

58. Kang, B.; Min, H.; Seo, U.; Lee, J.; Park, N.; Cho, K.; Lee, H.S. Directly Drawn Organic Transistors by Capillary Pen: A New Facile
Patterning Method using Capillary Action for Soluble Organic Materials. Adv. Mater. 2013, 25, 4117–4122. [CrossRef]

59. Kim, H.; Hong, K.; Lee, K.H.; Frisbie, C.D. Performance and stability of aerosol-jet-printed electrolyte-gated transistors based on
poly(3-hexylthiophene). ACS Appl. Mater. Interfaces 2013, 5, 6580–6585. [CrossRef]

60. Min, S.-Y.; Kim, T.S.; Kim, B.J.; Cho, H.; Noh, Y.-Y.; Yang, H.; Cho, J.H.; Lee, T.-W. Large-scale organic nanowire lithography and
electronics. Nat. Commun. 2013, 4, 1773. [CrossRef]

61. Park, S.J.; Lee, J.; Seo, S.E.; Kim, K.H.; Park, C.S.; Lee, S.H.; Ban, H.S.; Lee, B.D.; Song, H.S.; Kim, J.; et al. High-Performance
Conducting Polymer Nanotube-based Liquid-Ion Gated Field-Effect Transistor Aptasensor for Dopamine Exocytosis. Sci. Rep.
2020, 10, 3772. [CrossRef] [PubMed]

62. Wang, J.; Lee, S.; Yokota, T.; Jimbo, Y.; Wang, Y.; Nayeem, O.G.; Nishinaka, M.; Someya, T. Nanomesh Organic Electrochemical
Transistor for Comfortable On-Skin Electrodes with Local Amplifying Function. ACS Appl. Electron. Mater. 2020, 2, 3601–3609.
[CrossRef]

63. Li, Z.; Xu, B.; Han, J.; Huang, J.; Fu, H. A Polycation-Modified Nanofillers Tailored Polymer Electrolytes Fiber for Versatile
Biomechanical Energy Harvesting and Full-Range Personal Healthcare Sensing. Adv. Funct. Mater. 2021, 32, 2106731. [CrossRef]

64. Parlak, O.; Keene, S.T.; Marais, A.; Curto, V.F.; Salleo, A. Molecularly selective nanoporous membrane-based wearable organic
electrochemical device for noninvasive cortisol sensing. Sci. Adv. 2018, 4, eaar2904. [CrossRef] [PubMed]

65. Kwon, J.H.; Kim, Y.M.; Moon, H.C. Porous Ion Gel: A Versatile Ionotronic Sensory Platform for High-Performance, Wearable
Ionoskins with Electrical and Optical Dual Output. ACS Nano 2021, 15, 15132–15141. [CrossRef] [PubMed]

66. Ohshiro, K.; Sasaki, Y.; Zhou, Q.; Lyu, X.; Yamanashi, Y.; Nakahara, K.; Nagaoka, H.; Minami, T. Oxytocin detection at ppt level in
human saliva by an extended-gate-type organic field-effect transistor. Analyst 2022, 147, 1055–1059. [CrossRef]

67. Lai, S.; Viola, F.A.; Cosseddu, P.; Bonfiglio, A. Floating Gate, Organic Field-Effect Transistor-Based Sensors towards Biomedical
Applications Fabricated with Large-Area Processes over Flexible Substrates. Sensors 2018, 18, 688. [CrossRef]

68. Baek, S.; Kwon, J.; Mano, T.; Tokito, S.; Jung, S. A Flexible 3D Organic Preamplifier for a Lactate Sensor. Macromol. Biosci. 2020, 20,
2000144. [CrossRef]

69. Yeo, S.Y.; Park, S.; Yi, Y.; Kim, H.; Lim, J.A. Highly Sensitive Flexible Pressure Sensors Based on Printed Organic Transistors
with Centro-Apically Self-Organized Organic Semiconductor Microstructures. ACS Appl. Mater. Interfaces 2017, 9, 42996–43003.
[CrossRef]

70. Jang, J.; Nam, S.; Hwang, J.; Park, J.-J.; Im, J.; Park, C.-E.; Kim, J.M. Photocurable polymer gate dielectrics for cylindrical organic
field-effect transistors with high bending stability. J. Mater. Chem. 2012, 22, 1054–1060. [CrossRef]

71. Kim, H.M.; Kang, H.W.; Hwang, K.; Lim, H.S.; Ju, B.K.; Lim, J.A. Metal–Insulator–Semiconductor Coaxial Microfibers Based on
Self-Organization of Organic Semiconductor:Polymer Blend for Weavable, Fibriform Organic Field-Effect Transistors. Adv. Funct.
Mater. 2016, 26, 2706–2714. [CrossRef]

72. Kim, H.; Kang, T.-H.; Ahn, J.; Han, H.; Park, S.; Kim, S.J.; Park, M.-C.; Paik, S.-H.; Hwang, K.; Yi, H.; et al. Spirally Wrapped
Carbon Nanotube Microelectrodes for Fiber Optoelectronic Devices beyond Geometrical Limitations toward Smart Wearable
E-Textile Applications. ACS Nano 2020, 14, 17213–17223. [CrossRef] [PubMed]

73. Kim, S.J.; Kim, H.; Ahn, J.; Hwang, K.; Ju, H.; Park, M.-C.; Yang, H.; Kim, H.; Jang, H.W.; Lim, J.A. A New Architecture for Fibrous
Organic Transistors Based on a Double-Stranded Assembly of Electrode Microfibers for Electronic Textile Applications. Adv.
Mater. 2019, 31, 1900564. [CrossRef] [PubMed]

http://doi.org/10.1039/C6TC01723A
http://doi.org/10.1002/1521-4095(200109)13:18&lt;1386::AID-ADMA1386&gt;3.0.CO;2-X
http://doi.org/10.1002/adma.201200524
http://www.ncbi.nlm.nih.gov/pubmed/22605625
http://doi.org/10.1002/adfm.201370238
http://doi.org/10.1038/nnano.2010.175
http://www.ncbi.nlm.nih.gov/pubmed/20871613
http://doi.org/10.1002/adma.201506062
http://doi.org/10.1063/1.1803916
http://doi.org/10.1002/adma.201300006
http://doi.org/10.1021/am401200y
http://doi.org/10.1038/ncomms2785
http://doi.org/10.1038/s41598-020-60715-x
http://www.ncbi.nlm.nih.gov/pubmed/32111933
http://doi.org/10.1021/acsaelm.0c00668
http://doi.org/10.1002/adfm.202106731
http://doi.org/10.1126/sciadv.aar2904
http://www.ncbi.nlm.nih.gov/pubmed/30035216
http://doi.org/10.1021/acsnano.1c05570
http://www.ncbi.nlm.nih.gov/pubmed/34427425
http://doi.org/10.1039/D1AN02188E
http://doi.org/10.3390/s18030688
http://doi.org/10.1002/mabi.202000144
http://doi.org/10.1021/acsami.7b15960
http://doi.org/10.1039/C1JM14091D
http://doi.org/10.1002/adfm.201504972
http://doi.org/10.1021/acsnano.0c07143
http://www.ncbi.nlm.nih.gov/pubmed/33295757
http://doi.org/10.1002/adma.201900564
http://www.ncbi.nlm.nih.gov/pubmed/30977567

	Introduction 
	Materials: Organic Semiconductors in Biomedical Engineering 
	p-Type Organic Semiconductors in Biomedical Engineering 
	n-Type Organic Semiconductors in Biomedical Engineering 

	Fabrication 
	Soft Lithography 
	Direct Writing Techniques 

	Device Structure 
	Applications 
	OFETs on a Flexible Substrate 
	OFETs on Unconventional Substrates 

	Conclusions 
	References

