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Flexible electronic devices have attracted a great deal of attention in recent years due to their flexibility,
reduced complexity and lightweight. Such devices can conformably attach themselves to any bendable
surface and can possess diverse transduction mechanisms. Consequently, with continued emphasis on
innovation and development, major technological breakthroughs have been achieved in this area. This
review focuses on the advancements of using organic field-effect transistors (OFETs) in flexible
electronic applications in the past 10 years. In addition, to the above mentioned features, OFETs have
multiple advantages such as low-cost, readout integration, large-area coverage, and power efficiency,
which yield synergy. To begin with, we have introduced organic semiconductors (OSCs), followed by
their applications in various device configurations and their mechanisms. Later, the use of OFETs in
flexible sensor applications is detailed with multiple examples. Special attention is paid to discussing the
effects induced on physical parameters of OFETs with respect to variations in external stimuli. The final
section provides an outlook on the mechanical aspects of OSCs, activation and revival processes of
sensory layers, small area analysis, and pattern recognition techniques for electronic devices.
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1. Introduction

1.1 Importance of flexible and wearable electronics

Wearable electronics have undergone a great evolution in the
past few decades. While these devices have existed for several
centuries—including inventions like portable and wearable
clocks' and Nuremberg eggs in the 16th century’>—only lately
have they attracted significant attention in both academic and
industrial fields. The progress in this technology can be seen,
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for example, by the advancement from pocket watches and
wristwatches to current smartwatches such as the Apple watch
and from phones to smartphones that can perform multiple
modern-day functions. In addition, with ever-growing techno-
logical advancements in the Internet of Things (IoT), the
wearable electronics industry met with increasing demands
regarding futuristic applications that can be comfortably worn
and readily blended into daily life.> The wearable device market
is estimated to be worth approximately $67 billion by 2024,
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and it is expected that more than 1 trillion sensors will be
designed and implemented in wearable electronics.

Wearable electronics is currently becoming increasingly pre-
valent in many aspects of life, including sports, communications,
health and wellness, expenditure tracking and wireless payment,
wireless keys, socialization, and so forth.? Fitness devices, to some
extent, have dominated the wearable electronics market because
of their universality and low cost. Such products not only help
consumers in achieving their fitness goals but also allow them
to conveniently perform numerous other functions such as
listening to music and conducting video conference calls.

Another important application of wearable electronics lies
in the medical area where the flexible sensors can be integrated
into clothes or implanted in the human body to monitor the
health and performance of a patient.” Such wearable sensors
can further allow the detection of glucose, lactic acid, or uric
acid by noninvasive chemical analysis of sweat, tears, or saliva
without disrupting the outermost protective layers of the body’s
skin, which further reduces the risk of harm or infection.

Despite many significant advances, the utilization of rigid
substrates (generally glass) in electronic devices still reduces
the integration density of wearable applications, especially in
skin-like electronics, such as medical treatment and implants,
artificial skin and prosthetics, and biological studies. Therefore,
developing electronic devices with flexible substrates is an
urgent and cutting-edge research topic. Thus, several academic
groups have dedicated their efforts to study devices based on
mechanical flexibility and stretchability of materials.*” The
sensor component in electronic devices plays a significant role
and can be considered the most fundamental part of wearable
electronics. For example, the development of e-skin requires
many sensor components to stimulate the response of human
skin to external stimuli.®

As the examples above illustrate, flexible and wearable sensors
are presently a topic of interest since they can enlarge the applica-
tion scope and accelerate the advancement of wearable electronics.
For instance, development of physical sensors such as strain
sensors for electronic skin (e-skin) platforms has recently gained
more attention. The most pressing challenges in developing e-skin
based sensors stem from the material behavior problems such as
poor mechanical stability, diverse sensing behavior and weak self-
healing power. Unlike other materials, the human skin evolved
from nature is composed of many layers whose sensing functions
such as temperature, pressure, and force are strategically synchro-
nized. This strategy helps the skin to produce logical responses
facilitating the human system to react accordingly. Hence, we need
to develop novel materials or tweak the existing organic materials
which can potentially sense various chemical and physical changes
simultaneously without compromising the individual sensing
performance. In addition to this, we need to propose innovative
device strategies for plausible integration of suitable materials on
low-cost, easily fabricated and biocompatible platforms.” By con-
sidering this, many researchers have used innovative strategies to
develop skin mimic materials and successfully integrated them on
OFET platforms to enable organic based e-skin applications. For
instance, Mannsfeld et al.'® have integrated an organic elastomer
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as a gate dielectric into the OFET platform. Flexibility in tuning
the material properties and the ability to self-heal after heavy
deformations are some of the important properties that attracted
them to use elastomers for tactile/pressure sensing applications.
In the beginning, the elastomer was sandwiched between the
conductive electrodes to realize the capacitance transducer
mode. To augment the sensitivity toward low pressure conditions,
the elastomer was micro-machined to different micro-structures
such as pyramid and horizontally displaced pillars. However, it is
obvious that the classical capacitance mode is not compatible to
achieve electronic skin functions. This is due to the fact that the
function of the epidermis and dermis regions of the human skin
system exactly coincides with the multiple layers of an OFET device
such as the substrate, dielectric, semiconductor and S/D contacts.’
Hence, the authors have successfully integrated a micro-machined
elastomer as a gate dielectric in a top-gate bottom-contact Rubrene
based OFET. Moreover, the elastic properties of the employed
elastomer were tuned in such a way that it can exhibit excellent
sensitivity toward wide applied pressure conditions. The major
drawback of this work is the mono-sensing capability of the OFET
sensor. This problem critically limits the use of reported OFET for
e-skin applications. To solve this problem, recently Hannah et al.*
have successfully demonstrated the multi-sensing capabilities
of an OFET sensor which aligns with the requirement of the
electronic skin applications. To sense different stimulants such
as pressure and temperature, a currently blooming ferroelectric
P(VDF-TrFE) material was chosen due to its promising piezo-electric
and pyro-electric characteristics. The chosen ferroelectric material
was employed as a gate dielectric in a bottom-gate top-contact DNTT
based OFET device platform. Due to the synergistic combination
between P(VDF-TrFE) and DNTT materials, the developed OFET
device was able to sense static force and static and dynamically
changing temperature conditions simultaneously with high
accuracy at low power consumption. Hence, these significant
breakthroughs in the field of electronic skin based sensors strongly
indicate the current research progress in wearable electronics.

It is also important to note that the development of smart
materials with exceptional capabilities alone would not be able
to grow the giant wearable technology sector. We have to also
realize that some of the important aspects such as large-scale
fabrication of flexible organic sensors, the feasibility of wire-
lessly communicating the sensor data and implementation of
the decision-making algorithms are deciding factors too. The
former one is of prime concern because of its core importance
in the whole sensing system. It is important to note that in the
past 5 years, various researchers have successfully demonstrated
that some of the important components of OFET devices such
as organic semiconductors, polymer dielectrics and metal nano-
particles for electrodes can be easily patterned and directly
printed on the desired flexible substrates.">'* This ultimately
led to the fabrication of organic transistor based integrated circuits
for various applications under low cost and room temperature
conditions.™ As a result, in recent years, many innovative printing
techniques emerged such as inksjet, reverse offset, roll-to-roll
gravure offset, screen printing and dispensing printing.'* Spatial/
pattern resolution and film thickness are some of the key

Chem. Soc. Rev., 2020, 49, 3423-3460 | 3425
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parameters that decide the performance of the above mentioned
printing techniques.'” Ink-jet printing techniques have received
higher attention in recent years solely because of two important
reasons such as the plate-free printing process (unlike offset
printers) and low viscous printable inks. The latter one is more
crucial because inks with low viscous nature critically avoid the use
of toxic additives which might damage the intrinsic properties of
inks, thereby the device performance.'® By using this technique,
recently Rei et al.'® have successfully printed a trap-free DTBDT
based OFET device, with 10 pm and 26 pum channel lengths, on a
glass substrate. The fabricated device exhibited low threshold
voltage, negligible hysteresis and good ambient stability.
Interestingly, the ink-jet printer is the only promising technique
that can allow us to deposit the film on flexible substrates with a
thickness down to 10 nm."” The dark side of this technique is
the poor spatial resolution of the OFET device which can be as
low as 10 pm. To solve these issues, many roll-to-roll (R-R)
compatible printing techniques were proposed such as flexo-
graphic based, simple, direct and offset gravure based processes."”
Among them, gravure offset printing is adopted widely because of
(i) uniform film formation capability with relatively low roughness
and (ii) low viscous ink requirements.'®'® The former advantage
helps to improve the film quality such as a dielectric film stacked
on top of low roughness gravure printed electrodes.”® These
important features incredibly pave the way for improving the
overall device performance. However, by using the offset gravure
printing technique, the maximum device resolution achieved to
date is 5 pm."” The development of an R-R based robust printing
technique with excellent spatial resolution, ideally sub-um, is
indispensable to achieve large-scale production of OFET devices
with reliable performance and effectively combine them to
develop compact integrated circuits. To achieve the required
spatial resolution and accuracy, a novel R-R compatible reverse
offset printing (ROP) technique is developed.*’ Basically, the
ROP process is governed by three important process stages
starting from (i) drop-casting ink on the supporting layer
(e.g. - PDMS), (ii) micro-patterning the stamp and using it to
carry the ink from the supporting layer and (iii) finally, the stamp
will transfer the ink to the desired flexible substrate suspended
on top of the rolling cylinder.>"** The successful functioning of
transferred ink on the substrate depends on some of the crucial
parameters such as (i) roughness of the stamp and substrate,
(ii) substrate wettability, (iii) viscosity of ink and (iv) pressure
applied on the ink by the stamp.”* One major obstacle that is
often discarded in any offset printing is the effect of temperature
generated by the high speed running, which in turn increases the
operating temperature altering the properties of ink. Subsequently,
undesirable stiction of the substrate to the cylinders follows due to
such effects. Hence, rigorous optimizations are ideally required
to print the device with high resolution and throughput. By
considering these requirements, recently Ask et al.>* have success-
fully printed organic transistors with a high resolution close to the
sub-um level without compromising the accuracy and reliability.
However, some of the problems such as scalability of the
fabrication process, miniaturization of organic devices and the
corresponding poor electrical performance stand as a barrier for
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the fabrication of organic flexible sensors on a large scale.”**
Hence, more innovative solutions and groundbreaking research
are essential to overcome the major problems in order to realize
the fully organic and flexible devices for wearable electronics
technology in the near future. This article thoroughly reviews
the recent progress made in flexible sensors based on organic
field-effect transistors (OFETs) and provides a systematic summary
of different types of OFET-based flexible sensors, including
chemical sensors, light sensors, biosensors, and pressure sensors.
In addition, the various organic semiconducting materials utilized
in such devices are summarized in detail. Thus, the review serves a
purpose of providing current status and future guidance for the
development of wearable electronics.

1.2 Organic semiconducting materials for flexible OFET devices

There are a wide range of conjugated small molecules, polymers,
and room-temperature liquid crystals used as active channel semi-
conductors in OFET devices. The important criteria in selecting
these materials depend on the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy
levels of these molecules and their closeness to the work function of
metals. The difference between HOMO and LUMO setrves as the
bandgap of organic semiconductors (OSCs) that is extracted from
the cyclic voltammetry data.”® The materials covered in this review
have a bandgap in the range of 1 eV to 3 eV, which are suitable for
flexible device applications. Table 1 lists the wide range of semi-
conducting materials used for flexible OFET platforms, including
various aspects such as chemical name and structure (Scheme 1),
HOMO level, LUMO level, deposition method, and deposition
rate/solvent information.

Among different materials, semiconducting polymers and
liquid crystals proved to be easy for processing by various
techniques such as drop casting, spin coating, and spray coating,
whereas small molecules needed complex deposition systems such
as thermal evaporators, wherein the deposition rates and substrate
temperature must be identified. Due to such controlled deposition
parameters, uniformity and high quality of thin films can be
achieved in these materials. During gas sensing, these ultrathin
films facilitate interaction between the channel region at the
insulator/semiconductor (I/S) interface and gas molecules with
fewer diffusion-related losses, thus contributing to high sensitivities
and specific binding properties. Subsequently, these materials were
modified by means of functionalization on the surface of organic
semiconductors to open up functional groups to interact with the
chemical and bio analytes, or they were doped with other materials
to induce properties such as piezoresistivity/piezoelectricity.
Furthermore, to achieve an array of sensors, nanolithography
is a good patterning solution because of its low complexity in
implementation.

The sections below detail different aspects of organic semi-
conducting materials and their utilization in multiple con-
figurations leading to wearable electronics technology.

1.3 Types of OFET sensors and their working mechanisms

In an OFET, the input signal is voltage, applied to the semi-
conducting channel via a capacitive structure. This signal,

This journal is © The Royal Society of Chemistry 2020
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Table 1 Detailed information regarding the flexible OFET devices fabricated using different OSCs

Materials Class HOMO/LUMO Type Deposition Deposition rate (A min~*)/solvent
1 Small molecule —/— n-Type Spin coating NA/chloroform
2 Small molecule 5.1/3.4 p-Type Spray coating NA/1,2-DCB
3 Polymer 5.35/3.98 p-Type Spin coating NA/1,2-DCB
4 Polymer 5.31/3.3 p-Type Bar coating NA/1,2-DCB
5 Polymer 5.24/3.37 p-Type Bar coating, spin coating NA/1,2-DCB
6 Sing. crystal 5.85/— p-Type Mechanical probe —
7 Polymer 5.24/2.97 p-Type Electro-spinning NA/1,2-DCB
8 Small molecule 5.16/3.35 p-Type Evaporation 0.5/NA
2 Small molecule 5.2/3.14 p-Type Drop coating NA/1,2-DCB
9 Small molecule 5.4/2.5 p-Type Evaporation —
10 Polymer 5.16/3.2 p-Type Spin coating NA/1,2-DCB
11 Small molecule 5.36/2.53 p-Type Evaporation —
12 Polymer 5.35/3.81 p-Type Spin coating NA/toluene
13 Small molecule 6.38/4.38 n-Type Spin coating NA/chloroform
14 Small molecule —/— p-Type Picofilter fluidic dispenser NA/1,2,4-TCB
15 Polymer 5.23/— p-Type Spin coating NA/1,2-DCB
16 Polymer 5.25/2.3 p-Type Spin coating NA/chlorobenzene, chloroform
17 Small molecule 5.33/2.04 p-Type Evaporation 0.4-0.5/NA
18 Small molecule 5.2/3.5 p-Type Evaporation —
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Scheme 1 The chemical structures of some organic semiconducting materials used for flexible OFET platforms.

called gate voltage, modulates the current in a narrow portion
of the OSC layer (the channel) between two contacts, the source
and drain.”” An OFET is typically fabricated in a thin-film multi-
layered structure (Fig. 1a)—initially developed for amorphous

This journal is © The Royal Society of Chemistry 2020

silicon devices**—where the gate capacitor consists of an insulator
sandwiched between a metal (gate) and a thin OSC layer. On the
OSC side, the source and drain contacts are used for, respectively,
injecting and extracting the current flow (Ip), which is dependent
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on both the gate bias (Vgs) and the drain voltage (Vps). The
conductance of the OSC in the channel area is switched between
the on and off states by the gate, which is capacitively coupled
through a thin gate insulating layer. The Vg regulates the I,
between the source and drain electrodes under a constant Vpg.?°

Although transistor electrodes are typically formed from a
metal, nonmetallic electrodes (e.g., those made from conducting
graphite®" or polymers®***?) have also been reported. The low
thickness of the OSC layer is because an OFET does not operate
in inversion mode, i.e., the carriers that accumulate in the OSC
channel are the same, which usually flow in the semiconductor
bulk in the off state. Hence, applying a thick OSC layer would
cause a high off state current,>**” compromising the switching
ability of the OFET. The equations quantifying the I~V char-
acteristics of OFETs are normally derived from the model developed
for metal-insulator-semiconductor FET devices.*® In the saturation-
regime (eqn (1)) and linear regime (eqn (2)), I is given as:

Wuger Gi(Ves — Vr)?
2L ’

Ips = (Vps > Vgs — V1) ®

_ Wiper Gi(Vas — Vr)(Vs)
L

Ipin (Vps < Vas — V1) (2)
where prer corresponds to the field-effect charge carrier mobility,
C; to the capacitance per unit area of the gate insulator, Vr to the
device threshold voltage, and W and L to the length and width of the
OSC channel.

A number of parameters, including urgr, on-off current ratio
(Zon/Iogr), and threshold voltage (Vr), evaluate the performance
of OFET devices. upgr can be defined as the average drift
velocity of a charge carrier per unit electric field and decides
the processing speed and on-currents of OFETs. Typical pggr
values are in the 107> to 10°' cm® V' s™! range, but they
can be greater than 5 cm® V' s for highly ordered 0SCs.**™*"
In/Ioge is defined as the ratio of I at the maximum Vgg value
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Fig. 1 (a) Schematic representation of an OFET device in a typical

bottom-gate configuration. Source is, conventionally, the grounded terminal,
and the biases Vps and Vs control the charge transport (resulting in electric
current Ip) injected from the source and extracted at the drain; (b) output
characteristics (Ip—Vps) and (c) transfer characteristics (/p—Vgs) of OFETs based
on diketopyrrolopyrrole-naphthalene (PDPP-TNT). (b) and (c) are reprinted
with permission from Nawaz et al.*° (copyright 2018, IOP Publishing).
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(in the accumulation mode) to the I, below Vgs — Vr (in the
depletion mode). It indicates the switching performance of the
OFET, and a low off-state current is, in principle, required to
ensure a true switching of the device to the off state. To realize
complementary circuits having large gains and small power
consumption, transistors with large I,/I,¢ are required. Vy is
the minimum required Vgs for the accumulation of free carriers
at the I/S interface to form a channel in the OSC layer between
the source and drain electrodes. Lower Vr helps in reducing the
power consumption of the devices and is, therefore, useful
in manufacturing portable devices. In principle, Vy in OFETSs
arises because of the traps induced by the non-crystalline
structure of OSCs and/or those originating from the surface
of the gate insulator layer.

As an example of the electrical characteristics of OFETs,
Fig. 1b and c show the I-V curves of devices in which diketo-
pyrrolopyrrole-naphthalene (PDPP-TNT) was used as the OSC.>°
The output characteristics (Ip-Vps) in Fig. 1b clearly demon-
strate the linear and saturation regimes, whereas Fig. 1c shows
the transfer characteristics (Ip-Vgs) and the |Ip|"*~Vgs plot,
which can be used to easily extract the Vi and yggr.

OSCs show susceptibility to noncovalent n-interactions,
which allows the detection of external chemical/physical stimuli.
This is because the energy supplied in the form of heat/light can
result in the modulation of conductivity in the effective channel
of OFETSs. In this way, OFETs can be efficiently used as sensing
devices. Mechanical work, such as pressure, can also alter the
output current of OFET devices; such alterations are mainly
related to changes in the distribution of charge carriers among
molecules in the effective conducting channel.

Tremendous advancements in molecular engineering allow
control over the optoelectronic properties of OSCs (electronic
energy levels, electrical/optical band gap, etc.) by chemically
modifying their structures that can regulate the molecular
order and/or morphology.**** Consequently, ad hoc-designed
OSCs, functionalized with particular recognition receptors or
sites, can be used as the sensing layers, providing OFET sensors
with the desired capability of the detection of light or environ-
mental molecules (analytes).***

1.3.1 Organic phototransistors. In organic phototransistors
(OPTs), light absorption modulates the electronic properties in
the conducting channel, which causes transduction of the light-
stimulating states into electrical signals. Fabrication of OPTs is
typically required to enable direct interaction of light with the
photoactive organic layer, which is normally required to demon-
strate a wide absorption spectrum, and enhanced charge transport
properties.*®*”

Similar to conventional OFET devices, the device geometries
of OPTs can be divided into four typical structures: top gate top
contact (TGTC), top gate bottom contact (TGBC), bottom gate
top contact (BGTC), bottom gate bottom contact (BGBC), as
shown in Fig. 2. The light can be illuminated onto the device
from the top side (Fig. 2) or the bottom side (not shown here).
Depending on the device geometry and direction of light
illumination, sufficient transparency of the gate electrode and
gate insulator is required so that the light arriving on the OSC

This journal is © The Royal Society of Chemistry 2020
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layer effectively interacts with the OSC molecules, thereby suffi-
ciently modulating the conductivity in the OFET channel.**

There are typically two operating modes in OPTs, photo-
voltaic mode and photoconductive mode, both of which are
related to photocurrent (I,,) and incident optical power (Pop).**
The photovoltaic mode is dominant when the transistors are
operated in the accumulation regime (Vgs < Vr), whereas the
photoconductive mode is dominant when the transistors are
operated in the depletion regime (Vgs > Vi). Among other
device parameters, photoresponsivity (R) and photosensitivity
(P) are critical for the performance of OPTs. R and P are

expressed as:*”*®
Ip jight — 1
R— D,hghtSP. D,dark’ (3)
1
Ip jieht — Ip d:
P— D, light D,ddrk. (4)
ID,dark

where Ip jighe and Ip gar correspond to drain currents under
illumination and in darkness, respectively. S is the effective
device area, and P; is the incident optical power.

Fig. 3a presents the transfer characteristics of poly(3,3-dido-
decylquaterthiophene):poly(ethylene oxide) (PQT-12:PEO) nanofiber-
based OPTs in darkness and under illumination.*® Similarly, Fig. 3b
shows the results of real-time photo-sensing tests of the same
devices performed by repeatedly turning the light off and on at

@ . » )
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Fig. 3 (a) Ip—Vgs characteristics of PQT-12: PEO nanofiber-based OPTs
under light illumination with different wavelengths, and (b) real-time
photoresponse while the devices were illuminated using a monochromatic
light with two different wavelengths. The inset of (b) shows the photograph
of a flexible phototransistor array upon bending at a radius of ~0.75 mm
(reprinted with permission from Lee et al.,*° copyright 2016, Wiley-VCH).
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470 and 670 nm, respectively. These devices were fabricated on
flexible polyethylene terephthalate (PET) textile substrates and
demonstrated an R of 930 mA W' and P of 2.76 while exposed
to 470 nm wavelength light. The authors also prepared 10 x 10
OPT arrays to be used as flexible image sensors. A red laser
source was exposed to the sensor array, and it was observed that
the OPTs are able to detect incoming signals at a high resolution.
These results highlight the potential of PQT-12:PEO nanofiber OPT
arrays to be applied as wearable photo or image sensors.

A large number of reports on OPTs stress on improving the
optical responsivity by making use of photoactive OSCs, and by
performing optimizations on the device structure.’>>" Neverthe-
less, even after significant advancements, one of the remaining
challenges corresponds to distinguishing lights with different
wavelengths, which is - in fact - the purpose of the photoreceptor
cells in the human eye retina.>* Besides, both effective photodetec-
tion and recording of exposure energy are prerequisites for radia-
tion monitoring in the emerging fields of flexible and wearable
electronics.>® Recent reports have suggested a viable and straight-
forward approach to address this issue by integrating the memory
functionality in OPT devices.”*® This results in the preparation of
a new class of electronic devices, OPT memories, that integrate
photodetection and signal storage in a single device. In this way,
the recording of light exposure can be realized by the nonvolatile
and cumulative photo-assisted charge trapping.”>®® A promising
approach relies on the utilization of molecular photochromics.®*
Chen et al. deposited a self-assembled monolayer (SAM) of diaryl-
ethene (DAE) photochromic onto the high-x dielectric hafnium
dioxide (HfO,) to realize flexible arrays of pentacene-based low-
voltage OPT memories (Fig. 4a).®> The programming and erasing
cycles of I, as a function of light intensity are shown in Fig. 4b.
Firstly, the device was preset to an initial state by UV light
illumination and a gate pulse of —3 V. The programming was
then performed by applying 633 nm light with four different levels
of light intensity. The initial programming signal caused a sudden
increase in Ip. In principle, the UV irradiation resulted in the
creation of photoexcited electrons, and at the same time, the DAE
molecule transformed from its open to closed state via formation
of a C-C bond. The latter phenomenon led to n-electron deloca-
lization and decreased the LUMO energy of DAE to —3.22 €V,
which is lower than that of pentacene. This resulted in the
tunneling of high-energy electrons through the DAE SAM to charge
the DAE/HfO, interface. These trapped electrons provided an
additional electric field, thereby leading to an increase in I,. When
the light was removed, the stored information was retained for at
least 3 hours. This is understandable because the LUMO of DAE in
its closed state is lower than that of pentacene, which effectively
prevented the trapped electrons at the DAE/HfO, interface from
leaking through the pentacene/DAE interface. In order to recover
to the initial state, a gate pulse of —3 V was applied. The authors
also analyzed the changes in Vi to evaluate the memory window
and retention ability of the OPT memories (Fig. 4c). In this case,
the memory window was observed to be as large as 50% of the
operating voltage, whereas the read-current ratios at Vgs = 0 V was
as high as 4.4 x 10 Fig. 4d shows a photograph of a flexible OPT
memotry array (30 x 30 array with 900 memory devices) fabricated
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(a) Schematic illustration of pentacene-based OPT memory device consisting of hybrid DAE/HfO, as the photoactive dielectric layer (molecular

structure and real-space model of DAE bonding to HfO, is shown in the inset); (b) memory characteristics with five representative programming and
erasing cycles as a function of light intensity. Programming is performed by 633 nm light illumination with four different intensities, while erasing is
performed by a gate pulse of =3V (Vps = —100 mV and Vgs = 0 V); (c) Ip x Vs characteristics showing a large memory window and read-current ratio;
(d) photograph of a 30 x 30 OPT memory array fabricated on a flexible PET substrate (the inset shows a zoomed-in image of the array); and

(e) photograph of a butterfly image stored on top of the flexible memory array (reprinted with permission from Chen et a

Chemical Society).

on an ITO-coated 5 x 5 cm® PET substrate. This bendable active-
matrix array was utilized to measure the spatial distribution of the
incident UV light and to store an analogue image. The resetting
and programming was performed in a similar fashion by UV
irradiance (365 nm, 100 pyW cm™?), while erasure was performed
using a gate pulse. The lights were applied in the shape of a
butterfly (Fig. 4e), and an evident shape was observed for up to
24 hours after removing the light and applied voltages. The results
obtained by Chen et al. show the great potential of flexible OPT
memories in practical applications involving environmental
monitoring and health care.

1.3.2 OFET chemical sensors. Initial contributions to OFETs
as chemical sensors were made in the late 1980s.°* OFET
chemical sensors are particularly advantageous because of their
cost-effectiveness, real-time processability, and portability.®®~*°
These devices are commonly fabricated using the bottom-gate
approach (as illustrated in Fig. 1) since it enables direct OSC/
analyte interaction. The working principle of OFET chemical
sensors relies on the analyte-induced changes in electrical char-
acteristics of OFETs, which can be affected by the morphology
and/or energy levels of the corresponding OSC and analyte.”® One
of the main advantages of OFETs is that multiple parameters
(tteeTy Ion/Iofr, and Vi) can be used to evaluate their sensing perfor-
mance. This multi-parametric approach was first introduced in
2000 in an effort to characterize the response of an OFET to a
given gaseous analyte.””*

In addition to the three above-mentioned parameters, change
in the OSC conductivity can also provide important insight into the
sensing performance, which can be measured using an equivalent
two-terminal configuration. Indeed, the multi-parametric response
feature of OFETs has been reported to yield highly sensitive
chemical sensors.”® Similarly, OFET chemical sensors are also

3430 | Chem. Soc. Rev., 2020, 49, 3423-3460
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known to show enhanced recovery behavior after the sensing
activity is completed. Essentially, the charge carriers trapped as
a result of the interaction between the analyte and the OFET
can be detrapped by applying an opposite Vgs.”*”> As a result,
the OFET chemical sensors can be repeatedly used.

The sensing mechanism of OFET gas sensors stems from the
amenability of OSCs to noncovalent m-interactions. The inter-
action between the OSC and analyte molecules can occur at the
surface of the OSC film or at the grain boundaries in the bulk of
the OSC film. At the same time, the analyte molecules can even
reach the I/S interface or the metal/OSC interface by percolating
through the voids between the OSC grains. The interaction can
be detected electrically, intrinsically (via 2D conductivity of the
OSC layer), and extrinsically (via Vr, ppgr, and Ion/lg of the
OFET device). In certain cases, the analyte exposure induces a
shift of Vi, which depends on the analyte redox properties.”®””
This behavior corresponds to the sensitivity of Vr to carriers
injected/extracted from the OSC layer. Since OSCs typically
demonstrate an electron-rich conjugated system, they show
sensitivity to strong oxidants like nitroaromatic compounds
and nitric oxide (NO), which act as electron acceptors and either
trap charge carriers or dope the OSC layer. This results in an
increase in I, and positive Vi shift in p-type OSC materials. Some
studies have proposed that the sensing mechanism originates
from enhanced accumulation of holes due to oxidation of the
0SC’”’ or from the electron traps owing to the reduction of analyte
near the /S interface.”®

In case of the detection of chemicals secreted from the
human body, Liu et al. have demonstrated the development of
nanoribbon semiconductor-based wearable sensors.”® In these
transistors, the source and drain electrodes were modified
with glucose oxidase (GOx), chitosan, and single-walled carbon

This journal is © The Royal Society of Chemistry 2020
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(a) Sensing response of the chitosan and SWNT-modified wearable sensors as a function of glucose concentration in 0.1x PBS, artificial tears,

artificial sweat, and saliva; (b) photographs of the sensors attached to an artificial eyeball and an artificial arm, the real-time response of the glucose level
in the artificial sweat from the sensor attached in (c) artificial eye ball and (d) artificial hand (reprinted with permission from Liu et al.,”® copyright 2018,

American Chemical Society).

nanotubes (SWCNTs) using inkjet printing for the detection of
glucose in human body fluids (tears, saliva, and sweat). The
current responses of glucose in artificial human saliva, sweat,
and tears are reproduced in Fig. 5a. At first, the baseline current
was obtained by submerging the sensors in 0.1x phosphate-
buffered saline (PBS). Sequentially, when the electrolyte was
changed to human body fluids, a variation in the sensing
response was observed (Fig. 5a). This variation was attributed
to the pH difference between human body fluids and 0.1x PBS,
which resulted in changes in the local electric fields (and
eventually the conductance) of the sensors. To test on-body
sensing capability, the sensors were attached to an artificial eyeball
and an artificial arm (Fig. 5b). After connecting the artificial body
parts to the measurement unit, artificial tears spiked with 0.01,
0.1, 1, 10, 100, and 1000 pM glucose were sequentially flowed
(Fig. 5¢ and d). Overall, the authors demonstrated good sensitivity
ranging from 0.1 uM to 1 mM. Among other applications, such
results highlight the potential of this sensing platform to work as
contact lenses for the detection of tear glucose levels.

1.3.3 OFET pressure sensors. In sensor devices where physical
parameters (pressure or deformation) must be detected, the external
stimulus is expected to reversibly affect one of the different
layers of the sensor device, resulting in a variation of its
electronic parameters (uggr, Vr, etc.). In the early reported OFET
pressure sensors, the transistors themselves did not operate as
the sensors but were used to address the matrix reading of the
pressure signals from pressure-sensitive components. In 2004,
Someya et al. reported on OFET-based pressure sensors as a
tentative step toward the realization of an electronic artificial
“skin”.®° The OFETs were used to address the flexible matrix,
which was utilized to read out pressure maps from pressure-
sensitive rubber elements. These devices could detect ~10 kPa
and had a response time of >100 ms. However, the high
operating voltages (100 V) are unrealistic for electronic skin
applications. In 2005, Darlinski et al. reported the pressure
sensors where OFET itself acts as a sensor.®" A mechanical force

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Schematic illustration showing OFETs fabricated on a glass sub-
strate and operating as free-standing pressure sensors (reprinted with
permission from Darlinski et al.,%! copyright 2005, American Institute of
Physics).

was applied on the OFETs using a motor-controlled microneedle
(Fig. 6), and the applied pressures were measured while the
devices were placed on a balance. The change in I, as a function
of induced force was explained to be a consequence of the
variation in the distribution of trap states near the I/S interface.
The main disadvantage of these devices was related to the use of
nonflexible (glass) substrates, which limit their use in wearable
applications like e-skin.

With recent progress regarding OFET pressure Sensors,
innovative methods have been developed to realize high-
performance sensor devices on flexible substrates. For instance,
Mannsfeld et al. and Schwartz et al. have reported on flexible
pressure-sensor platforms in which the sensitivity of the OFET
devices relied on the use of the polydimethylsiloxane (PDMS)
gate insulator.’®®* The regularly structured and compressible
rubber insulator (PDMS) was the main component leading to
high-pressure sensitivity in these devices. In addition, PDMS is
well-known for its biomedical amenability with human tissue,*
which made it a favorable choice since the authors were particularly

Chem. Soc. Rev., 2020, 49, 3423-3460 | 3431
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(a) Scanning electron microscopy images of the PDMS thin films. Pyramidal arrays were etched into the faces of Si-wafer molds to form two-

dimensional arrays of square pyramids (reprinted with permission from Mannsfeld et al.,*° copyright 2010, Nature); (b) Ip—Vgs characteristics of flexible
OFET sensors as a function of different applied external pressures; (c) an image showing a pressure sensor attached to a person’s wrist; and (d) output
signal of radial artery pulse measurement averaged from 16 periods. Vps and Vgs were —100 V, and Ip < 10 mA (reprinted with permission from Schwartz

et al.,®2 copyright 2010, Nature).

aiming for application in health monitoring and artificial skin.
Before applying as the insulator layer in OFET devices, the PDMS
thin films were microstructured with pyramid-shaped features
(Fig. 7a)."® The resultant PDMS film consisted of voids that enabled
the micro-structured surface to elastically deform when external
pressure was applied. The external pressures to the OFET sensors
were applied and measured with a motorized z-stage in combi-
nation with a force gauge, which resulted in an increase in Ip. This
behavior was explained as a result of the compression of the PDMS
layer, which reduced the layer thickness, thereby increasing the gate
capacitance and Ip. The transfer characteristics of OFET sensors at
different pressure loads are reproduced in Fig. 7b. In this case,
polyisoindigobithiophene-siloxane (Pil2T-Si) was used as the OSC.**
These flexible sensors revealed a sensitivity of 8.4 kPa™* and
response time of <10 ms. To validate the functionality of the
OFET sensors in a bending state, the authors performed radial
artery pulse wave measurements, wherein the pressure sensor
was attached to the wrist (Fig. 7c). The measurements were
conducted in the motorized z-stage while the sensor was operated
at constant Vg and Vps. Fig. 7d shows the pulse wave averaged
over 16 periods. The first two peaks, P;(¢,) and P,(t,), can be used
to derive the two most frequently used parameters for arterial
stiffness diagnosis (the radial augmentation index AL, = P,/P;, and
the time delay between the first and second peaks ATpyp =
t, — t,%%). For the test subject, the authors extracted the Al, and
ATpyp values as 59% and 155 ms, respectively,®> which are
considered healthy for an adult male in his mid-thirties.
Considering the importance of the development of wearable
pressure sensors for emerging artificial intelligence and health-
care systems, Zang et al. developed suspended-gate OFETs.®
The devices were fabricated in the TGBC architecture on flexible
PET substrates using poly(diketopyrrolopyrrole-terthiophene)
(PDPP3T) as the OSC layer. Strips of polyimide tape were
laminated onto the substrates and used as supports to form

3432 | Chem. Soc. Rev., 2020, 49, 3423-3460

the suspended gate. The polyimide/Al foil was then transferred
to the support and fixed with tapes (Fig. 8a and b). A force gauge
and a configurable motorized stand were utilized to apply and
measure the external pressure (Fig. 8c). The sensing mechanism
in these devices was explained as a result of the deformation of
the gate when subjected to an external pressure. This modifies
the capacitance of the gate insulator layer as a function of the
applied pressure, thereby resulting in a pressure-dependent I,
(Fig. 8d and e). Sensitivity in this case is expressed as:

Al
= LAP ()

where AI denotes the relative current change, I, denotes the
initial sensor current without pressure loading, and AP gives the
change in applied pressure. The authors observed high sensitivities
(>190 kPa™"), which were found to be sufficient for radial artery
pulse detection.?* Furthermore, when these OFET pressure sen-
sors operated at a low voltage of 6 V, a low power consumption of
<100 nW was achieved, highlighting their potential in wearable
applications.

Yeo et al. reported on flexible OFET-based pressure sensors
by combining a blend of small molecule OSC, 2,8-difluoro-5,11-
bis(triethylsilylethynyl)anthradithiophene (diF-TESADT), and
poly(methyl methacrylate) (PMMA) with an elastomeric top-gate
dielectric, PDMS (Fig. 9a).2® The OSC molecules were observed to
vertically segregate and crystallize three-dimensionally at the apex
of the PMMA baselines (Fig. 9b). The OFET pressure sensor was
essentially prepared with two separate components. A top-gate
component consisting of the PDMS elastomeric film was laminated
to the bottom component of diF-TESADT:PMMA (Fig. 9¢c). The
preparation of bottom component was performed by thermal
deposition of Au source/drain electrodes onto the printed diF-
TESADT:PMMA layer. To perform the sensor characterization,
the authors used a probe station with a motorized stage to apply

This journal is © The Royal Society of Chemistry 2020
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(a) Schematic illustration of the experimental set-up of suspended-gate OFET pressure sensors; (b) an OFET array and magnified view of the

device geometry; (c) optical image of a suspended-gate OFET (scale bar corresponds to 1 mm); Ip—Vps curves of the transistors recorded at (d) O Pa and
(e) 1000 Pa (reprinted with permission from Zang et al.,2> copyright 2015, Nature).
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Fig. 9 Schematics of (a) the printing of the OSC:polymer (diF-TESADT:
PMMA) blend solution on top of the preprinted PMMA baseline;
(b) segregation and crystallization of the diF-TESADT molecules assisted
by solvent evaporation; (c) flexible OFET pressure sensor in which the
bottom component consists of a printed OSC structure, whereas at the
top is the gate component consisting of an elastomer gate dielectric; and
(d) pressure-sensing mechanism of the OFET sensor; photos (e) and (f)
show OFET sensors attached to a prosthetic hand and around the wrist,
respectively (reprinted with permission from Yeo et al.%® copyright 2017,
American Chemical Society).

precise pressures, while a force gauge was used to measure the
pressure-induced deformations, which were reflected by the
change in I, (Fig. 9d). The flexible pressure sensors yielded a
pressure sensitivity of 1.07 kPa~*, which was largely attributed to
the change in capacitance of the gate dielectric layer originated
from the pressure applied to the diF-TESADT layer. To demon-
strate practical applicability of the flexible OFET sensors, the

This journal is © The Royal Society of Chemistry 2020

devices were tested in a prosthetic hand (Fig. 9¢) and were
utilized for the detection of the wrist artery pulse (Fig. 9f). In the case
where the OFET sensor was attached to a prosthetic hand, a water
droplet was dropped on top of the OFET sensor. The pressure load
of the water droplet brought a change in the output current, and the
sensors were found to detect pressures even below 20 Pa. Such
results indicate the potential applicability of these sensors in
healthcare monitoring and electronic skin applications.

In 2019, Liu et al fabricated suspended-gate OFET-based pres-
sure sensors on flexible substrates with poly(indacenodithiophene-
co-benzothiadiazole) (PIDT-BT) as the OSC.*” The devices consisted
of patterned source/drain electrodes, whereas the gate structure
(consisting of the gate electrode, the polyelectrolyte gate dielectric,
and the polymer semiconductor) was kept at a distance of ~310 pm
from the substrate by using a laminated thin tape (Fig. 10a). The
pressure response was obtained by pressing the flexible gate
structure of the OFET sensor, which led to the formation of an
electrical contact between the polymer semiconductor and the
source/drain electrodes. The authors reported high sensitivity values
(452.7 kPa~ "), while the use of eco-friendly and nontoxic materials
allowed the devices to be worn on human skin for spatial pressure
mapping (Fig. 10b and c).

In a recent work, Baek et al reported on OFET-based
pressure sensors prepared on a biocompatible flexible parylene
C substrate with poly(N-alkyl diketopyrrolo-pyrrole dithienylthieno-
[3,2-b]thiophene) (DPP-DTT) as the OSC.*® The pressure-sensing
capability of the devices was enabled via preparation of deformable
source/drain electrodes by embedding conducting carbon nano-
tubes on the surface of microstructured PDMS which was
integrated on top of a staggered OFET (Fig. 11a). The deformation
of the electrodes on the polymer OSC layer modulated the channel
geometry and contact resistance, resulting in pressure-dependent
Ip and a high sensitivity of 18.96 kPa~" (Fig. 11b and c).
In this work, the authors also demonstrated a skin-attachable
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Fig. 10 (a) Schematics of the suspended-gate OFET pressure sensors,
before and after the pressing of the flexible (suspended) gate structure;
(b) photograph of the OFET sensor array affixed to a human arm; and
(c) pressure-sensing response of the devices when touched using the
index and middle fingers (reprinted with permission from Liu et al,®
copyright 2019, Wiley-VCH).

5 x 5 proof-of-concept active matrix transistor array (Fig. 11d)
which highlights these devices as promising candidates for
next-generation wearable electronic skin devices.

1.3.4 OFET temperature sensors. One of the achievements of
the microelectronics industry is the cost-effective manufacturing

(a)

JULLIILT-

S Laser patterning of
SWNT. PDOMS

(b)

View Article Online
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of electronic gadgets and guaranteeing their widespread avail-
ability to millions of people around the world. However, one of
the drawbacks of the commonly manufactured electronic gad-
gets (such as mobile phones and laptops) is related to their
overheating.®*~°! To overcome this critical issue, the integrated
system on chip concept is implemented by industries, which is
specifically designed to handle the overheating issues and
prevent gadgets from being damaged.”>*® To support the function
of this smart chip design, a robust and stable temperature sensor
is required. However, most of the high-performance temperature
sensors are based on inorganic materials that typically require high
processing temperatures and show poor mechanical flexibility.”* %"
Thus, these issues stand as a barrier for employing thermal sensors
to next-generation smart and flexible electronic devices.

Song et al. have recently demonstrated a P3HT-based OFET
device as a flexible thermal sensor.”® The proposed OFET devices
were fabricated using the bottom-gate top-contact configuration,
consisting of P3HT as the OSC, PMMA as the gate dielectric, and
ITO-coated PEN as the flexible substrate (Fig. 12a). It is important
to note that the solvents used for PBHT/PMMA bilayer formation
(toluene/chlorobenzene) are not orthogonal to each other. This,
in turn, increased the probability of chlorobenzene attacking the
P3HT active layer, which can result in the formation of a rough
I/S interface. For this reason, the authors observed a positive
threshold voltage for the p-type OFET device, as seen in Fig. 12b.
Another important characteristic of this device is the deposition
of a reasonably thick aluminum-coated flexible PEN substrate on
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(a) Illustration of an OFET-based flexible pressure sensor consisting of deformable source/drain electrodes integrated on top of a staggered

OFET; (b) schematic illustration of OFET pressure sensors demonstrating parameter changes when pressure is applied. Pressure application results in an
increase of W from the initial width Wy to Wy + Ad, while L decreases from the initial length Ly to Lo — Ad. This leads to an increase in the channel
geometrical parameter, resulting in the pressure dependence of Ip; (c) device transfer characteristics as a function of applied pressures; and
(d) photograph of the flexible OFET array on the back of a human hand as a proof-of-concept of wearable electronic skin; scale bar corresponds

to 2 cm (reprinted with permission from Baek et al.,%®

3434 | Chem. Soc. Rev., 2020, 49, 3423-3460

copyright 2019, American Chemical Society).

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cs00811j

Open Access Article. Published on 19 May 2020. Downloaded on 4/3/2026 9:06:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

View Article Online

Review Article

A1 (100 nm) 107 (=raxi0semive |
: T~
Ag () [Ag (D)] 107} 6%
P3HT (CL, 50 nm) g | 15,
PMMA (GIL, 500 nm) ; —210°%} 14 %
110 (6) \f o /n 04 f 33
PEN ) 2 10°! 21—
(Substrate, 130 pm) i CH3 -0.5 & T 41
NS s g ) sy f [N O o
\ ° T\ s -30-25-20-15-10 -5 0 -30-20-10 0 10 20
Heat Source D VG (V)
o <
() B Does
= Vp=-30V ) s00c t
> 90 e °c 3 P
= & - Vv v v v Vv Is
E 85 .@ t -
P e 100°c %
° 80 -9
= A& Ap/AT =2.34 (x10° cm?V-s-°C) A <
=75 2 -
g & i o
70— . . . . t Vo=-5V
20 40 60 80 100 R \ \ \ Vo=V
Temperature (°C) 1 2 3 4 5

Fig. 12

Cycle Number

(a) Schematic representation, (b) output and transfer characteristics of the fabricated OFET thermal sensor, (c) relation between charge carrier

mobility of the sensor and ambient temperature, (d) drain current response of the sensor for different temperatures (reprinted with permission from Song

et al.,°® copyright 2017, American Chemical Society).

top of the device architecture. This was done to avoid the effect of
ambient light on the photosensitive P3HT material.

The temperature-sensing properties of the proposed device
were investigated by measuring transfer and output characteristics
at different temperatures ranging between 25 and 100 °C. The I,
and uppr showed a gradual and steep increase with temperature
(Fig. 12c). Based on these results, the authors investigated the
robustness and repeatability of the proposed flexible thermal
sensor, the results of which are presented in Fig. 12d. The drain
current was observed to increase rapidly and decline relatively
more slowly when the temperature source was near and far from
the device, respectively. Finally, the as-fabricated flexible thermal
sensor was attached to the finger for demonstrating its real-time
sensing behavior. Interestingly, the drain current of the sensor
remained stable enough while it was attached to the finger.
In addition, the instantaneous increase in I, when the sensor
was attached to the finger was successfully retrieved after the
detachment. Hence, the proposed versatile polymer-based flexible
thermal sensor was shown to be robust and mechanically flexible
and demonstrated good temperature-sensitive properties. These
characteristics make it a good candidate for many artificial skin-
related applications.

One of the significant drawbacks of the sensor devices
proposed by Song et al. is the requirement of a high operating
voltage. This limits the integration of these devices in wearable
healthcare-based applications.””*°* Some of the important
requirements expected from a thermal sensor in medical industries
are high temperature sensitivity with extremely high resolution,
mechanical flexibility and robustness, and the capability to con-
tinuously monitor the temperature changes for an extended period
of time.'*>'** Many researchers have addressed these require-
ments with innovative solutions based on either resistive- or

This journal is © The Royal Society of Chemistry 2020

capacitive-based temperature-sensing devices.'®™%” However,

one of the problems in adapting these available solutions for
the target market is related to their inherent poor sensing
resolution and the utilization of nonflexible substrates. Further-
more, in addition to the usage of devices based on single
parameters such as resistance and capacitance, the concept of
employing a multi-parametric OFET approach constitutes an
interesting choice.

Mandal et al. have recently reported on flexible OFET sensors
in which hexagonal barium titanate nanocrystals (h-BTNC) served
as the temperature-sensing layer with PDMS encapsulation.'®®
The device architecture, as seen in Fig. 13a, was composed of
h-BTNC + Al,O; as the gate dielectric and pentacene as the OSC.
It is worth noting that the bilayer dielectric combination was
proposed for realizing two important requirements: low operating
voltage and low gate leakage current. Interestingly, for the first
time, the h-BTNC material was synthesized at low temperatures, of
around 60 °C, to achieve nanocrystal morphology, which can
significantly reduce the roughness of the surface, thereby
improving the quality of the I/S interface. As seen in the
transfer characteristics (Fig. 13b), the devices demonstrated a
low Vi, of about —1.05 V, which was attributed to the combination
of h-BTNC and Al,O; as a gate dielectric material. In addition to
this, pper and I/l were found to be around 1.46 cm® V' 57!
and 10°, respectively.

The authors initially performed stability tests on the as-fabricated
flexible OFET device. As observed in Fig. 13c, pggr slowly decreased
over a testing period of 200 days. To improve the stability, the
device was encapsulated by a thin PDMS layer. The real-time
response and recovery behavior of the device was tested during
inhalation and exhalation of air by a human subject while
sensing a change in temperature. The results revealed that the

Chem. Soc. Rev., 2020, 49, 3423-3460 | 3435
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Fig. 13 (a) Pictorial representation and (b) transfer characteristics of a
pentacene OFET thermal sensor. (c) Stability in terms of charge carrier
mobility of the OFET device recorded for more than 200 days.
(d) Repeatable thermal sensing performance of the pentacene OFET
sensor (reprinted with permission from Mandal et al.,'°® copyright 2018,
American Chemical Society).

devices were not only able to detect a change in temperature of
about 2 °C but also exhibit quick response and recovery char-
acteristics (Fig. 13d). Subsequently, many real-time tests were
conducted by exposing the as-fabricated device in water, varied
PH, and salt solutions. In all these cases, the as-fabricated
device was able to sense the temperature with a high precision
of around 4 mK over a narrow range of ambient temperatures

View Article Online

Chem Soc Rev

ranging between 20 and 50 °C. In summary, Mandal et al. reported
a temperature sensor that incorporates the essential features such
as low power operation and high precision with quick response
and recovery behavior under versatile environmental conditions.
These features open various channels and opportunities for these
devices to be used for various temperature-sensing applications.

1.3.5 OFET biosensors. A noninvasive, cost-effective, and
consumer-compatible continuous health monitoring system is
an ever-growing requirement in healthcare industries."” In
this context, one of the important strategies is the noninvasive
probing of target analytes from fluids to understand the meta-
bolic activities in the human system."**""'® This strategy has been
used as a vital tool for designing and implementing wearable
biosensing systems. Considering the importance of lactate as one
of the important biomarkers for monitoring the physical condi-
tions of human beings, Minamiki et al. have developed a low-cost
and wearable lactate-sensing platform using an ISFET device."”
The as-fabricated device consists of three main blocks: the signal-
amplifying DNTT-based ISFET device, the reference electrode,
and the extended gate electrode. All these blocks integrated on a
common flexible PEN platform can be seen in Fig. 14a, while the
optical image of the as-fabricated flexible device is presented in
Fig. 14b. The ISFET exhibited a p-type behavior with moderate
peer and I /Iog of around 0.10 ecm® V™' s~ * and 10°, respectively.
As shown in Fig. 14c and d, the rigorous DC bias stress and
lactate-sensing cycle tests revealed good operational stability of
the ISFET, which makes it a suitable candidate for continuous
monitoring.

(€)

(a) V-
[/
Dielectric SAM  Organic Semiconductor 10°
Parylone €I " Analyte Solution
O o\
3600 sec
Vos =1V
3 2 1 0

Lactate Oxidase

(b)

Lactate Detection Part

Fig. 14

Ag/AgCl Paste

| RERIRO
|
0| &

70 10 20 30 4 5 6
Number of cycles

0.00 AR 1

0 25 S0 75 100 125 150 175
Time/s

(a) Schematic representation and (b) photograph of a flexible OFET device; effect of bias stress, (c) transfer behavior of one cycle and (d) current

response toward 60 cycles; (e) transient drain current response of flexible OFET device toward different lactate concentrations (reprinted with permission

{ 109

from Minamiki et a copyright 2019, Analytical Sciences).

3436 | Chem. Soc. Rev., 2020, 49, 3423-3460

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cs00811j

Open Access Article. Published on 19 May 2020. Downloaded on 4/3/2026 9:06:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

The whole device architecture consists of a reference electrode
(Au/Ag/AgCl) and three vertically stacked layers of Au/osmium-
redox polymer/lactate oxidase, connected with each other by the
extended electrode. During lactate detection, the target analyte
solution was drop-cast on the surface of both reference and
extended gate electrodes. When Vs is applied across the refer-
ence electrode, the osmium polymer in the extended electrode
tends to reduce based on the concentration of lactate. This
reduction process results in the formation of positive potential
in the gate electrode of the OFET device. This positive gate voltage
reduces the majority hole-charge carrier concentration in the
DNTT channel region and results in a reduction of I,. Hence,
with the change in lactate concentration from 0.1 mM to 10 mM,
Minamiki et al. observed that the magnitude of negative relative
sensitivity increases with time (Fig. 14e). These results clearly
show that the reported sensing device has the capability to sense
lactate biomolecules at concentrations as low as 0.1 mM.

It must be noted that in this work, the authors have only
used sweat samples for the detection of lactate. Similarly, no
significant information was presented regarding the role of
parylene-C in the flow cell arrangement. In early reports, researchers
have proposed the use of PDMS because of its inherent immunity to
many buffers. In the case of parylene-C, a commonly reported issue
is related to the formation of pinholes smaller than 1 pm.**” Under
such conditions, the sensor platform is vulnerable to non-target
analytes and may influence the outcome. Essentially, the pinholes
alter the sensitivity of the device by absorbing the anlayte and
thereby reducing the limit of detection (LOD) (due to reduced
concentration of the actual analyte interacting with the gate
electrode).

The sensitivity and detection limit toward lactate are improved
by increasing the sensing area and removing the reference
electrode part in the extended gate section.'*® In addition
to this, previously used DNTT material was replaced by a
PbTTT-C16 organic semiconductor to improve the device stability
and transistor performance. To achieve large scale production,
authors have adopted a cost-efficient screen printing technique to
print the proposed extended gate based organic field-effect
transistors on plastic substrates. The synergistic combination
of aluminium/aluminium oxide as gate/gate-dielectric with tetra-
decylphosphonic acid as an SAM layer played a crucial role in
reducing the operating voltage of the device to less than 2 V.
The device also exhibited extremely good selectivity toward lactate
against other common interferents. This is mainly due to
the tailor-made receptor layer composed of both horseshoe
peroxidase and osmium redox polymer, and they are function-
alized on top of the extended gate. This receptor layer specifically
binds with the target lactate species to improve the selectivity of
the device. With these specific improvements, the authors were
able to augment the LOD to 60 nM which is around 40 nM lower
than the previously reported one. Therefore, Minami et al.''® have
successfully developed a room-temperature operating, mass-scale
production feasible, highly sensitive, selective and extremely flex-
ible lactate sensor.

A step forward for early detection of Parkinson’s disease is to
develop an on-site monitoring compatible dopamine biosensor.

This journal is © The Royal Society of Chemistry 2020
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This sensor must be able to detect a wide range of dopamine
concentrations ranging from pM to aM depending on different
aqueous media. By considering these requirements, for the first
time, Jungkyun et al''' have developed a liquid-ion-gate
organic field-effect transistor (LIG-OFET) based dopamine sensor
using the enzyme-free approach. In the beginning, the CVD
process was used to grow high-quality graphene on top of a
flexible PEN substrate. The reason for choosing graphene is to
facilitate the immobilization of Pt nanoparticle decorated
reduced graphene oxide (Pt-rGO). This immobilized material
acts as a receptor layer to specifically bind with the target
dopamine analyte. Then, the non-conventional combination of
PANI:CSA material was screen printed as the source and drain
contacts. The classical buffer solution PBS is deposited on top of
the Pt-rGO immobilized substrate to serve as a liquid ion gate
dielectric. To evaluate the sensing behavior, the fabricated
LIG-OFET was tested toward different dopamine concentrations.
As a result, the sensor exhibited a good linear range from 100 aM
to 10 nM. Moreover, the sensor was able to selectively detect the
target dopamine against other commonly found interferents. High
sensing performance on a good flexible substrate of the demon-
strated dopamine sensor can be easily integrated to develop
wearable and portable sensors.'"

Recently, Khan et al.'** have successfully developed a flex-
ible organic field-effect transistor-based biotin sensor. One of
the critical challenges faced by the authors is to improve the
aqueous stability of the pentacene based OFET device, which is
crucial to detect the target biotin analyte. Interestingly, a water-
stable CuPc organic semiconductor was deposited on top of an
active pentacene layer to serve as a passivation layer. In addi-
tion to this, the water stable polymer played an important role
in electrostatically attracting but not specifically binding the
target biotin molecules from the aqueous medium. Initially, the
electrical characteristics of the OFET device was recorded under
ambient conditions. The charge carrier mobility of the fabri-
cated organic transistor on a flexible substrate was measured to
be around 0.8 cm® V' 57" at a low operating voltage of around
—1V. Afterwards, the device behavior was tested in the presence
of freshly prepared PBS buffer solution. When compared to
ambient conditions, there was a slight up-shift in both ON and
OFF drain current levels with a small decrease in the charge carrier
mobility. Due to the presence of CuPc in between the flow cell and
pentacene channel layer, the device was showing exceptional
stability in the presence of PBS buffer solution. After this, different
concentrations of target biotin molecules were injected into the
buffer solution and the corresponding changes in the drain
current from the OFET device were recorded. As a result,
the CuPc passivated flexible OFET device exhibited excellent
sensitivity toward biotin with LOD measured around 200 nM
concentration."™® These ultra-flexible sensors can be integrated
with the associated circuitry to develop low-cost wearable bio-
sensors. The sensing performances of the above discussed OFET
based flexible biosensors are compiled in Table 2. In summary,
the authors reported a flexible, reliable, low-power, and highly
sensitive lactate sensor that acts as a competitive candidate for
noninvasive continuous health monitoring applications.
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Table 2 Materials used for biosensing and their parameters in as-fabricated devices

Material Bio-analytes Sensitivity Biasing condition Limit of detection Media used Flexibility limit
9 Lactate'® No information Vpi=—25V,Vg"=-25V  0.1mM PEN“ 60 bending cycle tests
5 Lactate*° No information Vp=—1V,Vg=—-1V 66 nM PEN No information
11 Dopamine''* 1% nM ! Vp=1V, Vg =10 mV 100 am PEN No information
8 Biotin''? 6 nApM ! Vp=—-05V,Vg=-1V 200 nM Polyimide No information

“ Vi = gate voltage, Vp, = drain voltage, ;. = reference voltage, PEN = polyethylene naphthalene.

2. Semiconducting materials for
flexible OFET sensors

Different OSCs are in use for OFET devices but for the purpose
of flexibility these materials need to have various physical and
electrical advantages to serve different applications. For example,
they need to be sensitive enough for analytes even under strain
conditions, rigorous application of external forces should not
alter the dynamics in sensing and they should recuperate at faster
rates in case of any deformation. In the following section, we have
described the importance of OSC materials in different sensor
applications. Typically, tuning material’s properties not only
brings more specificity and improved shelf-life but also can
eventually help to reduce multi-faceted problems at the system
level like power consumption and analyte classification.

2.1 Semiconducting materials for chemical sensors

2.1.1 Detection of gaseous pollutants. Gas phase pollutants
emanating from automobiles, factories, and mines are one of the
major causes of deaths in both developed and underdeveloped
countries. Despite the strict actions to curb and limit such
pollutants into the air, replacements exist that are equally dangerous
as the original pollutants.’**'>* These include dangerous gases,
volatile organic compounds (VOCs), and particulate matters (PMs),
and chronic exposure to these can cause detrimental health effects.
The sensing performances of the recently reported OFET based
flexible chemical sensors are compiled in Table 3.

One such dangerous gas is ammonia; so Zhang et al."'® have
proposed highly transparent and flexible n-channel OFET-
based devices for ammonia-sensing applications. They initially
considered OSCs such as 13, 1, PBTTT-C12 (P1), and 10 (with
reference to materials mentioned in Table 1) and investigated their
electrical characteristics for different thicknesses or numbers
of molecular layers. As depicted in Fig. 15a, the piger of n-type
material 13 stayed stable for the thickness ranging between a

Table 3 Materials used for chemical sensors and the sensing parameters

number of 10 and 4 molecular layers. However, the upgr rapidly
decreased for polymer thickness less than 4 molecular layers. This
sudden decrease in pper may be due to the presence of trap states
along the I/S interface region. Unlike material 13, by reducing the
thickness from 60 nm to 4 nm, the upgr of n-type polymer
P2 remains constant. Therefore, to achieve good transistor perfor-
mance, an ultrathin polymer layer is preferred, which, in turn,
reduces the surface roughness and supports the formation of a
large grain size.

Fig. 15b shows the flexible and transparent ambipolar OFET
device fabricated by depositing 4 nm of ultrathin n-type P1
polymer on the surface of 50 nm thick p-channel pentacene
with PMSQ polymer as the gate dielectric layer. It is worth
noting that the purpose of using an ultrathin layer of polymer is
to enhance the interaction of target analytes with the polymer
active channel layer at the I/S interface region. To emphasize
this, ammonia gas-sensing studies were conducted for different
thicknesses of P2 polymer active layers, as shown in Fig. 15c. In
the case of an ultrathin film device, the sensitivity toward
100 ppm of ammonia was around one order of magnitude
higher than the response of the thick film-based device. More-
over, comparatively, the ultrathin film-based device was able to
sense ammonia down to a range of 10 ppm. Many researchers
have reported that the utilization of ultrathin organic films is
one of the most important requirements for achieving good
sensitivities for various gas molecules."®***° Therefore, it is
clear that the sensitivity is solely based on the architecture of
the device and organic film morphology.

One of the most important issues in the proposed work of
Zhang et al. is the use of the spin-coating technique, which has
the potential to damage the surface and increase the roughness
of some of the low-cost and commonly used polymer dielectric
layers.”®® This can, in turn, affect the performance of the
as-fabricated device. Based on this perspective, Yu et al
employed a spray-coating technique to deposit an ultrathin

Limit of

Materials Analyte Sensitivity Voltage bias condition detection (ppm) Flexibility limit

1 NH;'"'"®  Ipg™ 6.25%@10 ppm Vas = 60 V, Vpg = 60 V 10 No information

2 NH;'"°  Ipg: 25%@100 ppm Vs = —40V, Vpg=—40V 10 No information

3 NH;"°  Rc% 100%@0-1000 ppm Ves = =5V, Vps = =5V 29 8.3 mm bending radius

4 NH;"'  Ipg: 82%@10 ppm Vags= =5V, Vps=—5V 10 No information

5 NH,;'*?*  Ipg: 2.8%@1 ppm Vs = =5V, Vps= =5V 1 No information

6 H,S'*  Ipg: 400% [tensile stress]@1 ppm  No information 1 7 mm tensile and 15 mm compressive

% Ing: drain current; Rc: channel resistance.
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glass substrate; and (f and g) ammonia-sensing behavior of the same device on a flexible substrate (reprinted with permission from Yu et a

2013, Royal Society of Chemistry).

layer of high-mobility TIPS-pentacene material on a commonly
used PMMA gate dielectric material (Fig. 16a)."'° From the
electrical characteristics (Fig. 16b and c), the as-deposited
TIPS-pentacene devices showed p-type behavior with prer and
Vr of around 0.068 cm® V' s™! and —4.2 V, respectively. By
increasing the ammonia concentration from 0 to 100 ppm, the
drain saturation current was reduced by four times, and Vr
shifted negatively from —5 V to —20 V (Fig. 16d and e). This is
because when ammonia interacts with an active layer, the incoming
analyte tends to form charge trap sites, which significantly reduces
the charge carrier concentration and mobility at the PMMA/TIPS-
pentacene interface. Under 100 ppm of ammonia exposure, the
response and recovery times of the sensor were around 10 and
240 s, respectively. Subsequently, transistor and sensing beha-
vior of the devices was tested on Arylite/ZITO-based flexible
plastic substrates. The ppgr of the as-fabricated flexible device
was measured to be around 0.0062 cm® V™! s™!. Moreover,
the ammonia-sensing performance of the flexible device coin-
cides with the response of the glass-based device (Fig. 16f).
The photo-image of the as-fabricated device is presented in

This journal is © The Royal Society of Chemistry 2020
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Fig. 16g. These results clearly show that the TIPS-pentacene-
based OFET device is mechanically stable and has good sensitivity
toward ammonia gas.

Important properties of OSCs, such as low-temperature
processing, high mobility, and high environmental stability, are
some of the ideal requirements for achieving reliable OFET-based
gas sensors.'?° To satisfy these requirements, Ryu et al. used P-29-
DPP-SVS, a donor-acceptor (DA) conjugated polymer, as the active
sensing layer in an as-fabricated OFET (Fig. 17a)."*° The transistor
and gas-sensing properties of the reported polymer were investi-
gated by using two different device geometries (TGBC and BGTC,
respectively) on two different substrates, namely glass and flexible
PEN substrates. The pger values were measured to be around 3.48
and 2.98 cm” V" 57" on glass and flexible substrates, respectively.
One of the important characteristics observed by the authors was
the stability of these devices in both N, and air ambient
environments (Fig. 17b). A reasonable explanation lies in the
utilization of the top-gate geometry, which potentially served as
an encapsulation layer, protecting the polymer OSC from envir-
onmental effects.**'*'™'** Subsequently, fabrication of devices

Chem. Soc. Rev., 2020, 49, 3423-3460 | 3439


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cs00811j

Open Access Article. Published on 19 May 2020. Downloaded on 4/3/2026 9:06:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

(a)

—
2

Z12

% —m— Mobility 1.2
< —O0—=VIH =
= 1.0} - . =
= -’-—_!_’__'_; 0 4110 =
é’ 08F — 4} Vos=-20 -
2 < 108
c = N
= 0.6} Ei {06%
- —Bending condition—— = - B
8 1. Before bending g, °
= 0.4} 2 After 100 times bending = 4047
E 3. After 200 times bending 80 60 -40-20 0 20

5 4. After 1200 times beading VGs |V

S 0222 s o2

1 2 3 4

Bending condition

Fig. 17

(b)

View Article Online

Chem Soc Rev

3
210
~<
&~ Stability in \2
£ 0.8} —a—Stability in Air
-
é 0.6} = -4} _Vos=-20V Vs = -20V _(I)"é'in’l
2 = =I1ghr
=04} Z - — 2 hr
= — Y=t —3Shr
Zoa| F Al || =HE
SO02F| 39 — 30 hr
= 9| ~—45hr
E ~80-60-40-20 0 20-80-60-40-20 0 20
£ 0.0F Ves [V]
2 2 2 A " 2
0 1 2 3 4 5
Time |Hour|
1.1
=@ P-type (P-29-DPP-SVS)
1.0 === N-type (P(NDI2OD-T2))
0.9}
()
L)
[In Air

e
9
T

Il ""::..”:ﬂi

e
S

Normalized drain current
=
*®

e
n
L

20 40 60 80
Time [min|

(a) Schematic representation of a P-29-DPP-SVS-based OFET device. Relationship between the normalized mobility and the effect of (b) air and

N, ambient, and (c) bending radius of the flexible OFET device. (d) Ammonia-sensing behavior of both p-type P-29-DPP-SVS and n-type (P(NDI2OD-T2))
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on flexible PEN substrates was considered for investigating their
mechanical stability. As seen in Fig. 17¢, some of the parameters
such as Vr and pper remained constant even after 1200 bending
sequences (bending radius: 8.3 mm). This clearly shows that the
reported device is a good candidate for flexible platform-based
applications.

To test the gas-sensing properties of the P-29-DPP-SVS-based
OFETs (Fig. 17d), the devices were exposed to ammonia. It was
observed that an increase in the concentration of ammonia
from 29 to 1000 ppm results in a decrease of I, and a negative shift
of Vr. The sensing mechanism was further tested under ammonia
exposure for both p-type P-29-DPP-SVS and n-type P(NDI20OD-T2)
materials. The results revealed an abrupt decrease and a gradual
increase in I, for the p-type and n-type devices, respectively, which
was attributed to the electron donor doping effect of ammonia.

Compared to the spin-coating method, deposition techniques
with added advantages such as compatibility with industrial
processing routes, large-scale production, and precise film
thickness control are required to fabricate arrays of polymer-
based flexible and transparent OFET architectures.'®*** To
fulfill this requirement, Khim et al."*® reported the fabrication
of ultrathin, uniform, and highly transparent devices based on
p-channel (DPPT-TT) and n-channel (P(NDI20OD-T2))-based
polymers. Devices were fabricated on flexible substrates with
the help of a homemade bar coating solution-processed method.
Primarily, the charge transport behavior of the reported polymers
was investigated by embedding them as an active semiconductor
layer in TGBC geometry. The results showed that the maximum gy
of DPPT-TT and P(NDI2OD-T2) is around 1.78 and 0.34 cm®V ‘s,
respectively, which decreased with their thickness. In contrast, the
Vr of both polymers exhibited positive shifts by reducing their

3440 | Chem. Soc. Rev., 2020, 49, 3423-3460

thickness. In addition, a BGBC device geometry on a PEN substrate
was adapted for studying the gas-sensing properties of a DPPT-TT
polymer. This study was performed by exposing the DPPT-TT-based
device to ammonia (10 ppm), ethanol (1000 ppm), and ethylene
(1000 ppm). In this case, the DPPT-TT polymer having a thickness of
around 2 nm showed sensitivity toward ammonia of about 80%,
which was 4 and 8 times greater than the respective responses of
5 and 12 nm-thick polymer-based devices. Nevertheless, one of the
main issues in employing ultrathin polymers for sensing purposes
is the poor stability of the OSCs.™** Due to this issue, I, showed a
rapid decay over a short span of time when compared to their thick
polymer counterparts.®> Moreover, the proposed ultrathin device
also tends to show significant sensing responses toward ethylene
and ethanol vapors.

Notably, the devices reported above have two important
setbacks—namely, low ambient stability and low selectivity
toward target ammonia analyte. Hence, further development
in this area would require careful optimization of the polymer film
thickness without compromising the device performance.'* This
could eventually lead to a more robust sensing platform for
ammonia and ethylene sensing, whereas the latter problem may
be solved by employing fluorinated n-conjugated polymers.'*¢%8
One solution was proposed by Benjamin et al., who reported on
highly sensitive ammonia sensors.'”’ The OFET sensors were
prepared in BGTC geometry and were composed of an ultrathin
PDFDT polymer as the active layer (Fig. 18a).

To augment the analyte-semiconductor channel interaction,
ultrathin (<9 nm) poly(4-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:
4,5-b']dithiophen-2-yl)-7-(4,4-bis(2-ethylhexyl)-6-(thiophen-2-yl)-
4H-silolo[3,2-b:4,5-b"]dithiophen-2-yl)-5,6-difluorobenzolc][1,2,5]-
thiadiazole) (PDFDT) active polymer was deposited with the help

This journal is © The Royal Society of Chemistry 2020
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(a) Schematic representation of PDFDT OFET sensor arrays on flexible substrates; (b) spin-coated and (c) bar-coated OFET sensing behavior to

10, 5, and 1 ppm ammonia gas; (d) ammonia-sensing mechanism and associated transfer behavior in BGTC and BGBC device geometry (reprinted with
permission from Yawson et al.,*** copyright 2017, American Chemical Society).

of both bar-coating and spin-coating techniques. The ammonia
gas-sensing properties of the reported device were investigated at
different exposure levels (10, 5, and 1 ppm). When compared to
its bar-coating counterpart, the spin-coating-based OFET device
showed good sensitivity of around 13, 5, and 1% for 10, 5, and
1 ppm, respectively (Fig. 18b and c). Under ammonia exposure,
the density of the dominant hole charge carrier in the PDFDT
OSC channel reduced, which affected the flow of the drain
current. To understand the interaction between ammonia and
PDFDT molecules, density functional theory (DFT) calculations
were performed in three different modes of operations. The
results showed that both hydrogen and electrostatic interactions
were the two dominant effects that resulted in the sensing of
ammonia gas vapors at low concentrations.

To understand the effect of different device architectures on
sensing performance, two devices were fabricated in BGBC and
BGTC geometries. As shown in Fig. 18d, the former device
geometry showed a significant sensing response toward ammonia
gas exposure when compared to its BGTC counterpart. This is
because in the case of BGBC geometry, the area of the semicon-
ductor exposed to the ammonia gas is relatively high. This, in turn,
increased the trap density and, hence, the density of hole charge
carriers at the I/S interface, influenced by the physically adsorbed
ammonia gas molecules.

One of the drawbacks of most of the flexible gas-sensor
reports that have been discussed is the absence of data regarding the
effect of mechanical flexibility on gas-sensing performance.'*®">"1%>
This problem stands as a barrier for the commercial market in
understanding the capability of a given flexible device for real-time

This journal is © The Royal Society of Chemistry 2020

sensing applications. To overcome this obstacle, Tang et al. studied
the mechanical deformation effects of a dinaphtho[3,4-d:3’,4'-
d'lbenzo[1,2-b:4,5-b'|dithiophene (Ph5T2) single-crystal-based
OFET device under H,S gas exposure.'** The devices were
fabricated on PET substrates, while the single crystalline Ph5T2
layer was deposited on the surface of PMMA gate dielectric with
the help of the vapor-transport method. The authors justified the
use of Ph5T2 for testing gas-sensing properties because of its
good electrical characteristics and ultrathin film formation cap-
ability with the added advantages of appreciable mechanical and
environmental stability.”**'*° The reported device architecture is
presented in Fig. 19a and b. In the first stage of investigation, the
effect of substrate bending on the electrical characteristics of the
OFET device was studied. This study showed that the drain
saturation current decreased steeply and slowly ramped up under
tensile and compressive states, respectively. Under non-stress
conditions, the uggr of the device was measured to be around
0.07 ecm® V' s7*, which is about seven times greater and four
times smaller than the tensile and compressive counterparts.
Subsequently, the effect of stress conditions on the device’s
gas-sensing behavior under exposure of H,S gas was investi-
gated. As shown in Fig. 19c, under 1 ppm H,S gas exposure, the
device with high tensile stress exhibited good sensitivity of
around 400%, which is approximately 10 times greater than the
response from compressive and non-stress state conditions.
Moreover, the authors also performed a selectivity study by
exposing the testing device to three different gases: NO
(25 ppm), NO, (10 ppm), and H,S (5 ppm). Among these, the
device responded to H,S with a sensitivity of around 438%

Chem. Soc. Rev., 2020, 49, 3423-3460 | 3441
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(d) 5 ppm H,S, 10 ppm NO,, and 25 ppm NO (reprinted with permission
from Tang et al.,*?2 copyright 2017, IEEE).

under compressive stress conditions (Fig. 19d). The study
by Tang et al clearly depicts the effect of different stress
conditions on the sensitivity of the device to H,S gas. The
proposed device showed good mechanical flexibility, high
sensitivity, and selective H,S gas-sensing capability. These
features highlight the suitability of the reported device for future
flexible and wearable electronics applications.

To improve the sensitivity and selectivity of target analytes,
one of the important factors to account for is the efficient
interaction between the analyte and OSC materials. This inter-
action mechanism is mainly guided by two important para-
meters: the aspect ratio of the sensing layer and the availability
of functional groups for selective interaction with target
analytes.’*'"*> These requirements triggered Young et al. to propose
the combination of nanostructure and surface functionalization
strategy for augmenting the sensing performance of flexible
and transparent sensing devices.'>®* Formation of nanofibers in
a polymer solution may be considered a challenging task,
especially with an electro-spin deposition technique.

Thus, Young et al. started with the investigation of sensing
capability by using a synergistic combination of PQT-12 nano-
fibers and polyethylene oxide (PEO). In this work, OTS-modified
Si/SiO, substrates were utilized, and Au source/drain contacts
were patterned on top using conventional photolithography.
Subsequently, an organic polymer solution was prepared by
blending PQT-12, calix[8]arene and poly(e-caprolactone) mole-
cules, which served as the active material, functionalizing agent,
and high molecular weight polymers, respectively. The resultant
solution was carefully electro-spun, with optimized parameters
on the surface of the as-fabricated device to obtain PQT-12-
based nanofibers. The schematic representation and the optical
micrograph of the as-fabricated device are presented in Fig. 20a
and b. The electrical properties of both p-type PQT-12 and
PQT-12/calix[8]arene OSC-based devices were performed and
tabulated. In principle, the nanofibers protrude out of the surface

3442 | Chem. Soc. Rev., 2020, 49, 3423-3460

View Article Online

Chem Soc Rev

(@)
o]

- VDS
T PaTi2CEANE ¢
Tae T— |

o,

[

n**Si Gate
Vg &9

Analyte  No Analyte
Injection

Injection

(c)

0.8

o/ lease

0.6

0.4

0.2 10°
0 100 200 300 400 500 600

Initial 10 5 Recovered
Bending Radius (mm)

Time (s)

Sty
®)

Fig. 20 (a) Schematic illustration of a PQT-12/C[8]A NF-based OFET
device; (b) optical image along with SEM (inset) image of nanofibers;
(c) transient response toward n-hexane, ethanol, and toluene vapors;
(d) effect of bending radius on both “off” and “on” current of the device;
(e) real-time demonstration of the OFET sensor for an loT-based monitoring
system (reprinted with permission from Kweon et al,*?* copyright 2019,
Royal Society of Chemistry).

of the sensor device and can readily interact with the incoming
analytes. The calix[8]arene-functionalized device exhibited higher
hole mobility and Vy when compared to its pristine PQT-12
counterpart.

The chemical-sensing properties of PQT-12/calix[8]arene
were tested under different electron-donating VOCs such as
ethanol, n-hexane, and toluene. Toward these VOCs, the device
exhibited a negative relative sensitivity trend, as shown in
Fig. 20c. This is because, under VOC exposure, these electron-
donating vapors tend to trap the majority hole-charge carriers from
the active OSC. Consequently, I, is reduced, which contributes to
negative relative sensitivity. With the addition of calix[8]arene
molecules, the host PQT-12 materials tend to show good sensitivity
for ethanol and toluene of around 192% and 229%, respectively,
when compared to counterpart n-hexane. This response can be
attributed to the improved physical adsorption of the exposed
analytes on the surface of calix[8]arene receptor layers, which
significantly affected the I of the as-fabricated device. Subse-
quently, the PQT-12-based flexible sensing device was fabricated,
and its electrical behavior was tested as a function of the bending
radius. As seen in Fig. 20d, by increasing the bending radius from
0 to 12.5 mm and then releasing it back to the normal condition,
I, and I remain constant at 107 A and 10~ ° A, respectively.
Moreover, the effect of bending was found to be negligible on the
chemical-sensing response of the modified PQT-12 flexible
sensor device. This clearly shows that the reported flexible
device exhibits not only good mechanical stability but also
exceptional operational stability.

This journal is © The Royal Society of Chemistry 2020
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In addition, the authors also demonstrated the use of a
flexible sensor for ethanol detection and wireless transferring
of data to a smartphone with the help of customizable data
processing board (Fig. 20e). However, one of the drawbacks of
this work is related to the use of SiO, as the gate dielectric,
which significantly increased the device’s operating voltage.
This would eventually require frequent battery recharge as the
whole setup is based on a Li-ion battery. One viable solution is
the utilization of a high-x dielectric that guarantees low power
consumption. Nevertheless, the reported flexible device is a good
product to match the current requirement in smart sensing
applications. The reported sensor has some of the important
properties—namely, good stability under ambient conditions
and high chemical-sensing capability—which makes it a suitable
candidate for IoT smart-sensing applications.

2.1.2 Humidity sensor. Historically, a humidity-sensing
mechanism was proposed around two centuries ago, based on
the conduction of protons during the physical adsorption of
water molecules on the surface of active materials."**'** Owing
to their good thermal and operational stability, metal oxides,
such as A1203’145—147 In203’148—150 Sn02,151—156 and Tioz,157—162
are typically preferred materials for this kind of sensing. One of
the important morphological parameters achieved in all the
explored oxide-based humidity sensors is porosity, which effectively
improves the adsorption of water molecules on the surface of oxide
layers.">*'®° However, the intrinsic limitation of using metal oxides
for humidity-sensing applications is that usually high temperatures
are required to achieve good sensing performance.'*> A viable
solution is the use of conjugated polymers that can be processed
at room temperature, thus facilitating the development of next-
generation smart humidity sensors.'®*'®* In the case of poly-
mers, three commonly reported transducing mechanisms are
chemiresistive,"®> chemi-capacitive,'®® and OFET"®”'® based
concepts. The devices based on the first two concepts are
relatively simple to fabricate. In either case, the complete
sensing performance rests within a single parameter, which
stands as a barrier to understand the detailed humidity-sensing
mechanism of the employed active material. Alternatively,
transduction based on an OFET device promises the characterization
of humidity-sensing performance with the help of many parameters
such as Ip, Vo, Ion/l, and SS.**”'°® Moreover, an OFET-based
transducing mechanism is one of the preferred solutions for
augmenting sensitivity to humidity analytes.

The common sensing mechanism proposed in the majority
of the reported literature follows three important steps: (1) physical
adsorption of humidity analyte at the interface between air and the
organic layer, (2) diffusion of analyte molecules from the OSC
surface to the I/S interface, and (3) the modulation of charge
carrier density at the I/S interface and consequent variation of the
OFET electrical behavior. However, the sensitivity of the device
mainly depends on the efficiency of the second step in the
proposed mechanism. To improve this efficiency, the utilization
of ultrathin OSC films has been suggested to augment the
interaction between the analyte and the OFET I/S interface.
Nevertheless, the main bottleneck in the proposed solution is
related to poor mechanical stability.’**'”° To overcome this,
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Park et al. reported ultrasensitive humidity sensors with the
help of a unique sensing mechanism based on an analyte-
induced doping phenomenon.’”’ In this work, the authors
considered Si/SiO, substrates for the device fabrication process.
The unique part of this study was the inclusion of a polyelectrolyte
layer whose electrical conductivity changed with respect to the
ambient humidity condition.

The important aspect addressed by the authors is related to
the diffusion of analytes into the sensing medium."”* They adopted
a supporting material into the system that can enhance the diffu-
sion of the analyte to the I/S interface. The dielectric polyelectrolyte
layer was spin-coated and successfully sandwiched between the top
OSC layer of pentacene and the bottom dielectric layer of SiO,. The
transistor behavior of the as-fabricated device was tested under
different humidity conditions. It was observed that the response
improves due to the enhancement of ion migration in the polyelec-
trolyte upon absorption of moisture. The transfer characteristics
showed a linear increase in I, from 10~'' to 10~* when the
humidity was increased from 0 to18% (Fig. 21a). This increase in
I, was attributed to the release of negative chlorine ions triggered by
humidity. Due to the electrostatic effect, these free chlorine ions
tend to attract the majority of hole-charge carriers at the polymer/
polyelectrolyte interface. As a result, the hole-charge carriers
facilitate the increase in I, as shown in Fig. 21b. In addition
to this, as shown in Fig. 21c, the as-fabricated device showed
good repeatability and reliable performance with exceptional
response (10 s) and recovery (40 s) times.
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Fig. 21 (a) Effect of different humidity levels on the transfer behavior of an

OFET device. At Vp = =40 V and Vg = 10V, (b) relationship between the
device drain current and humidity, and (c) repeatable behavior of the
device toward 13% humidity. (d) Flexible OFET device behavior and (inset)
transient response toward different humidity levels at Vp = -5 V and
Vo = 3V (reprinted with permission from Park et al.,*”* copyright 2013,
American Chemical Society).
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To develop a transparent and flexible sensor, the rigid Si/
SiO, substrate was replaced by a flexible PEN substrate. In this
case, alumina was employed as the gate dielectric, whereas
graphene was used as the top source/drain contact electrode.
Because of the use of high-k dielectric materials, the operating
voltage of the devices drastically decreased by ten times without
compromising the unique sensing performance. An interesting
feature is the sensing window extension by impeding the CI™
ions into the polyelectrolyte, which reduces the humidity inter-
action. Furthermore, the authors observed an abrupt increase in
I, at low humidity levels. In the case of alumina dielectric, the
sensor window doubled as compared to SiO,, and the current
increased continuously up to a relative humidity of 30% as
shown in Fig. 21d.

The integration of microelectromechanical systems (MEMS)
with the standard OFET model is another novel strategy for
augmenting the performance of a humidity-sensing device.'”>"”
For instance, Thuau et al. have proposed a novel combination of
organic MEMS cantilever and OFET-based transducer architecture
as a humidity sensor."”* Poling of the dielectric layer was achieved
with the application of an electric field, which essentially helps in
inducing the piezoelectric nature into the gate dielectric. Polarized
devices can exhibit high sensitivity since this doubles the I
current in comparison to a nonpolarized dielectric. The device’s
working mechanism is similar to a cantiFET"" in that when there
is a mechanical load, the cantilever bends, and the change in the
piezoelectric property of the gate dielectric brings a change of the
semiconducting channel.

The schematic and SEM images of the as-fabricated device
presented by Thuau et al. are shown in Fig. 22a and b, respectively.
The authors prepared a humidity-sensitive hydrogel layer and
deposited it on the surface of the microcantilever. Under humid-
ity exposure, the hydrogel layer initially tends to swell and
develop strain on the surface of the cantilever, and the cantilever
tends to oscillate due to the bilayer. This oscillation influences
the piezoelectric gate dielectric, P(VDF-TrFE)/PVT polymer,
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Fig. 22 (a) Schematic representation and (b) SEM image of an OFET-
integrated MEMS sensor device; (c) (above) relative humidity introduced
and (below) corresponding current response of the device; (d) repeatable
behavior of the device in an 80% RH environment (reprinted with permis-
sion from Thuau et al.,””* copyright 2016, Nature).
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to induce the polarization effect. This effect, in turn, influences
the transistor channel properties and, hence, the drain current.
As a result, the sensitivity and limit of detection (LOD) of the
proposed humidity sensor was around 7500 ppm per % RH and
0.2% RH, respectively, as shown in Fig. 22c. Moreover, the
reported humidity sensor exhibited good reversible and repea-
table behavior under the humidity exposure levels ranging from
20% to 80%, as seen in Fig. 22d. The authors reported a high
sensitivity of 607 for the combination of polarized P(VDF-TrFE)/
PVT and pentacene; however, the combinations of DNTT, PMMA,
and pentacene showed poor results. Similarly, the capacitor
devices prepared with P(VDF-TrFE) and tested under the same
tensile strain showed a lower response. In this configuration, a
40% (AC/C) response was recorded in comparison to the 170%
change in I, with the OFET configuration. In addition, some of
the important limitations of the ultrathin film-based flexible
OFET device sensing behavior were effectively improved by
adding special transducing features without compromising
the sensing performance and device simplicity.

2.2 Semiconducting materials for light sensing
(phototransistors)

The preparation of flexible phototransistors for wearable electronics
(e.g, in healthcare and environment monitoring systems)
requires the use of semiconducting materials that simultaneously
show a degree of mechanical flexibility,”® nontoxicity, and bio-
degradability.'”>'”® Indigo and its brominated derivative (6,6'-
dibromoindigo (6-BrIG)) can be considered classic examples of
safe and nontoxic organic semiconducting materials.'”>""”
Indigo and 6-BrIG were known to be the subjects of the world’s
oldest chemical industry, being manufactured from natural
sources and valued as much as gold."*'%® Among these,
6-BrIG is of particular interest since it demonstrates the opto-
electronic properties desired for the successful functionality
of a phototransistor.'”>'87183 ¢.BrIG exhibits strong inter- and
intramolecular hydrogen bonding between its carbonyl and
amine groups, which decreases the m-m stacking distances
and induces planarity, both of which are favorable for effective
charge transport. Air-stable electron transport is promoted by its
low-lying LUMO level (3.7 eV), whereas the ambipolar charge
injection is enabled by the small bandgap (1.8 eV). The addition
of a broad absorption band (350-700 nm) of 6-BrIG implies
facile electronic excitation upon exposure to visible light. Hence,
6-BrIG can be considered an attractive candidate to be used as a
photoactive material. For instance, Kim et al. have recently
reported on the fabrication and characterization of 6-BrIG-
based ambipolar OPTs, having n-channel photoresponsivity and
external quantum efficiency of 10.3 A W " and 2437%, respectively,
and p-channel photoresponsivity and external quantum efficiency of
0.0554 A W' and 13.1%, respectively.'®*

In the OSC family, n-conjugated polymers show improved
solution-processability, and better compatibility with flexible
substrates. Furthermore, from a molecular viewpoint, polymers
exhibit broader optical absorption, and much larger conjugation
lengths which renders them more valuable for optoelectronic
devices,** compared to small molecules."**'> For application

This journal is © The Royal Society of Chemistry 2020
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Fig. 23 (a) Schematic illustration of PDPP-DBTE-based OPTs and photo-
graph of devices fabricated on flexible substrates; (b) Ip x Vgs character-
istics in the dark and under illumination at various light intensities;
(c) energy band diagram of PDPP-DBTE-based OPTs under illumination
conditions with a negative Vgs; and (d) photoresponsivity and sensitivity as
a function of Vgs (reprinted with permission from Kim et al.,**” copyright
2014, Elsevier).

in OPTs, polymers are essentially required to demonstrate
wide absorption and high pggr, such that the process of effective
light absorption, exciton dissociation and charge transport is
facilitated.*>'®® Kim et al. used the photoactive polymer,
poly[2,5-bis(2-octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione-
(E)-1,2-di(2,20-bithiophen-5-yl)ethene] (PDPP-DBTE), to fabricate
OPTs in a TGBC architecture with PMMA as the gate dielectric
(Fig. 23a)."® Under illumination intensities of 3, 5, 9 and
15 mW cm™ 2, the OPTs showed a substantial increase in Ip
and shift of Vy to positive values (Fig. 23b). In principle, following
the photogeneration of charge carriers in the PDPP-DBTE layer,
holes flow to the drain electrode whereas electrons mostly
accumulate under the source electrode (Fig. 23c). The latter
phenomenon can cause lowering of the hole injection barrier,
leading to a positive shift in Vr. Overall, owing to the favorable
optical properties of PDPP-DBTE, the OPTs developed by Kim
et al. showed promising results with a photo-to-dark current ratio
exceeding 5 orders. In addition, the devices showed an on-state
photoresponsivity of ~2.5 A W', and off-state photosensitivity
of ~1.54 x 10° (Fig. 23d).

Pentacene is a desirable choice as far as wearable electronic
applications are concerned since it is nontoxic, biocompatible,
biodegradable, and mechanically flexible."*®'®* Thin films of
this small molecule formed via evaporation consist of a highly
ordered molecular structure in a “herringbone” arrangement.**%*!
The solid-state structure is dominated by strong intermolecular
interactions, which promotes a high degree of crystallinity and
efficient charge transport properties.'*> Pentacene is typically known
to yield pgpr values of ~1 em® V- * s in OFETs,"?*'** while the
devices in which single crystals of pentacene are utilized are reported
to show a piger of ~60 cm? V' s 1."* In the case of phototransistor
applications, pentacene is widely utilized in the research industry
because of its small bandgap (2 eV) and relatively broad
absorption band (300-600 nm). In SiO,/pentacene-type devices,

This journal is © The Royal Society of Chemistry 2020
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Debucquoy et al. have attributed the phototransistor effect to
the trapping of photogenerated electrons by OH groups at the
I/S interface.'®® Moreover, in a recent work, Park et al. have
combined the nontoxic OSC (pentacene) with the biodegrad-
able and flexible substrate (cellulose nanofibrillated fiber) to
prepare high-performance phototransistors."®® The devices with-
stood over 2000 bending cycles, and the use of environmentally
friendly materials resulted in exceptional biodegradability char-
acteristics, as confirmed by the fungal biodegradation test.
Similarly, it was reported that the use of highly transparent
nonmetallic electrodes (molybdenum trioxide-buffered indium
zinc oxide) lead to phototransistor transmittance over 70%. This
study not only further asserts the potential of pentacene-based
phototransistors in wearable electronics but also highlights the
advantage of combining biodegradable substrates for the realization
of ecofriendly disposable systems.

Recent studies have highlighted DA copolymers as promising
materials for OPT applications because of their low bandgap,
which facilitates the harvesting of incident photons for effective
charge carrier generation.'””>°° Wang et al. used a PBTIDBIBDF
copolymer, blended with poly(1,4-butylene adipate) (PBA), to
fabricate low-voltage and flexible OPTs (Fig. 24a).”" The devices
showed P and R values of 5.7 x 10* and 180 mA W ", respectively,
while an increase in the illumination intensity was observed to
induce a higher I, and larger V- shifts (Fig. 24b). Furthermore, the
devices showed fairly stable photocurrent behavior under various
on/off illumination cycles. The efficient photoresponse of these
OPTs was attributed to the utilization of the PBTIDBIBDF
copolymer as the photoactive layer, which exhibits highly
ordered molecular packing, assisting in the effective transport
of separated charge carriers under illumination. Similarly, the
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Fig. 24 (a) Flexible PBTIDBIBDF-based OPTs fabricated in the BGTC
architecture; (b) Ip x Vs characteristics of OPTs under various illumination
intensities (Vps = —5 V); and (c) schematic illustration of the OPTs and
energy band diagrams elucidating the photoresponse behavior (reprinted
with permission from Wang et al.,?°* copyright 2019, Wiley-VCH).
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polar groups in the PBA molecules induced the charge trapping
effects at the I/S interface, which improved the photosensitivity
by causing significant shifts in Vi (Fig. 24b). The photoresponse
behavior of PBTIDBIBDF-based OPTs can be further understood
by the energy band diagram in Fig. 24c. The application of Vgg
results in the accumulation of holes (that form positive donor
areas) at the I/S interface. When the device is illuminated, free
electrons and holes are generated in the PBTIDBIBDF layer,
and the recombination of electrons and holes causes a positive
shift in V. The increase in illumination intensities causes an
increase in the recombination ratio, thereby resulting in a larger
Vi shift. This also reveals that the PBTIDBIBDF-based OPTs
operated in the photovoltaic mode.

2.3 Semiconducting materials for pH sensing

A pH sensor plays an important role in maintaining quality
control in laboratory experimentation within a wide range of
scientific areas, including bioelectronics,?*>%* agriculture,>*
0il,2°® water quality,°” and drug delivery industries.>’® Although
researchers around the world have been developing state-of-the-
art pH sensors, there is still difficulty in making them cheap
and easy to use. A good example is the paper-based colorimetric
sensor, which is both low in cost and easy to make and use.**°
However, some cases require more stable devices where the
temperature exceeds the room ambience. In this context, OFET
has proved to be a promising candidate since it can be operated
at low voltages and provides enhanced sensitivities in various
sensing conditions.>'**'? It is important to note that bottom-
gate OFET geometries are commonly preferred to avoid any kind
of damage induced by the gate dielectric on the surface of the
0SC.13%213 One of the important drawbacks in this architecture,
however, is the direct contact of the organic materials with the
ambient conditions. To overcome these issues, Diallo et al
reported on a top-gated OFET-based ion-sensitive pH sensor
prepared on Kapton flexible substrates using pentacene as the
0SC.*'* This sensor consists of chemically inert parylene as the
gate dielectric material, deposited on the surface of a pentacene
active layer. The schematic representation of the as-fabricated
device is shown in Fig. 25a.

In the initial stage of investigation, an increase in I, was
observed when the pH level was increased from 4 to 10 (Fig. 25b).
In addition, the reported device showed good response and
recovery behaviors (Fig. 25¢), attributed to the use of the parlyene

(a) (b)
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dielectric and due to the slow annealing process of SiN:H.”**
Although the devices demonstrated good sensitivity to a wide pH
range, the successful device operation relied on the use of a
reference electrode (Ag/AgCl in Fig. 25a), which can be considered
a barrier for integrating such devices in wearable and disposable
applications. To overcome this issue, unique counter-electrodeless
or freestanding ion-sensitive FET (ISFET) architecture was proposed
by Caboni et al**® The proposed architecture consisted of two
independent devices: a capacitor (Fig. 26a) and a pentacene-based
OFET (Fig. 26b).

In this intricate device architecture, the capacitor and OFET
devices are connected by the floating gate. The device mechanism
is dominated by the electric field applied at the control gate and
common source terminals, respectively. The electric field applied
at the control gate terminal influences the biasing condition of the
adjacent OFET via the floating gate terminal. The device operation
mechanism takes the effect of pH sensing, which manifests itself
by a change in I, of the OFET device. One of the most crucial parts
of this device is the effective functionalization of the floating gate
surface with thio-aminic groups, which helps in determining the
pH of the solution. When the test solution is exposed to the
modified floating gate, a desired protonation and deprotonation
cycle takes place based on the pH of the solution. Such chemical
cycles change the charge density of either holes or electrons in the
floating gate terminal. This, in turn, modifies the charge carrier
concentration in the semiconducting channel of the adjacent
OFET device. This process can be well understood with the help
of the pH-sensing mechanism shown in Fig. 26b. The results
obtained by Cobini et al. while using the ISFET sensor architecture
are shown in Fig. 26c and d. The device showed good sensitivity
behavior between pH levels 3 and 5, which is evident by the
significant variation of both I, and Vr of the OFET.

Although the authors successfully demonstrated a highly
sensitive and reproducible pH-sensing device,*'® the high
operating voltage makes it inappropriate for wearable device
applications. This issue has been recently addressed by Li et al.,
who developed a low-voltage, highly sensitive, and flexible pH
sensor platform using the ISFET architecture.>'® Different from the
architecture proposed by Caboni et al.,>* the device architecture of
Li et al. consisted of three key components: the OFET device, the
working electrode, and the reference electrode.”'®

The OFET devices were fabricated on a PEN substrate.
Firstly, the bottom gate and top source/drain contacts were
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(a) Schematic representation of flexible OFET device, (b) output characteristics and (c) transient response of device toward pH = 4, 7, and 10

(reprinted with permission from Diallo et al.,?** copyright 2008, American Institute of Physics).
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(a) Schematic representation and (b) pH-sensing mechanism of a flexible OFET device; (c) threshold voltage behavior and (d) sensitivity of the

device toward different pH conditions (reprinted with permission from Caboni et al.,>*> copyright 2009, IEEE).

formed by inkjet printing of silver ink. Subsequently, both the
buffer layer and the gate insulator thin film were deposited by
spin coating the PMMA solution on the gate, while the active
channel was formed by drop casting the TIPS-pentacene:PS
blend solution on top of the source/drain contacts. The as-
fabricated OFET device was then separated from the original
PEN substrate and transferred to a common PET substrate.
Similarly, the other two important components of the sensing
device, the reference electrode (Ag/AgCl/PVB) and the working
electrode (ITO), were also formed on top of the PET substrate.
Hence, all three major components of the device were integrated
on a common PET platform, as shown in Fig. 27a.

As presented in Fig. 27b, the as-fabricated TIPS-pentacene:
PS-based OFET device operated at low voltages and showed a
promising I,./Iog of around 10°. Subsequently, the open-circuit
potential difference was measured between the working and
reference electrodes under different pH conditions. Notably,
the pH was observed to maintain a linear relationship with
respect to the measured voltage over a long period. To present a
real-time model, a concrete relationship between the pH of the
solution and the output current of the OFET device is required.
To obtain this, an experiment was conducted in which the pH
of the testing buffer solution was varied and the corresponding
changes in I, were observed (Fig. 27c). For fixed reference and
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drain voltages, I, was observed to change nonlinearly for pH
ranging from 2 to 14. In addition, the measured data also
satisfied the theoretical values (Fig. 27d). Based on the obtained
results, the electrical data readout circuits were developed and
interfaced with the as-fabricated ISFET, as shown in Fig. 27e. In
conclusion, Li et al. successfully demonstrated the pH-sensing
behavior and, at the same time, wireless transmission of data to
a mobile phone to visually observe the change in pH values
of a given solution with respect to time (Fig. 27¢). Hence, the
reported device shows great potential to satisfy the require-
ments for future IoT-based smart-sensing applications.

2.4 Semiconducting materials for early disease diagnosis

Disease diagnosis is another important sector that constantly
requires innovation and huge production capability.”’” > As
most of the diagnostic elements are not reusable and require
regular replacement, it is favorable to adopt disposable elements
with low cost.”**2** Reactive oxygen species (ROS) are important
signaling agents for diagnosing diseases at an early stage in
human beings.>****” During a disease period, some of the
cells’ metabolic activities and their associated functions tend
to generate biomolecules such as superoxides, which come
under the class of ROS.>*” Jeong et al. have proposed a novel
combination of rutin, a type of polyphenol, and conjugated
polymer for the detection of superoxides secreted by the mouse
macrophages.**® The proposed sensing device, with the BGBC
configuration, was fabricated by initially patterning the flexible
PET substrate with ITO, which acted as the bottom-gate electrode
(Fig. 28a). Subsequently, the spin-coating method was employed
for depositing the gate dielectric (PMMA) on the surface of the
as-prepared flexible substrate on top of which the source and

View Article Online
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drain electrodes were lithographically patterned. The active
sensing layer (rutin-P3HT hybrid) was spin coated on the surface
of the source/drain electrodes. In the first stage of investigation,
after careful optimization, the proposed device showed good
transistor performance when the rutin content was around
10 wt% in the host polymer material. However, the threshold
voltage of the p-type rutin-modified device exhibited more
positive voltage along with an increase in off current. Here, this
problem may be mitigated by exploring more on the interface
engineering with solvents other than toluene. As it is not an
orthogonal solvent, it could have generated traps at the P3HT
and PMMA, leading to increased roughness at the I/S interface
regions.

The superoxide-sensing studies of the proposed OFET device
were performed at 0.5 mM O, molecules in the buffer solution.
In this case, the OFET responded with a time lag of ~50s. As a
result, irrespective of the increase in applied gate and drain
voltages, an increase in relative drain current sensitivity with
respect to time was observed. To find the LOD of the proposed
device for the target superoxide, two methods were employed:
the perfusion method and drop test. In the former, under
constant gate and drain voltages of —0.5 V each, the concen-
tration of the O,  superoxide molecules was tuned from 0 to
3 mM. As shown in Fig. 28b, the proposed device was observed
to sense as low as 0.001 mM O, concentration. Here, hydroxyl
groups in rutin molecules interact with superoxide species in
aqueous solutions and form H,0, and oxygen anions. Thus, the
positive charge gets doped in P3HT with these oxygen anions,
increasing the response current. Unlike the perfusion technique,
the drop test method played a vital role in observing the
sensitivity of the proposed OFET sensing device down to an nM
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(a) Schematic illustration of a P3HT:rutin-based flexible OFET device, (b) perfusion, and (c) drop test of the OFET device toward different lactate

2018, Elsevier B.V.).
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O,  concentration range. In this case, the device under testing
showed ultrahigh sensitivity by successfully detecting 500 pM
O, ions concentration, which implies a difference of four orders
of magnitude compared to the perfusion method, which can be
seen in Fig. 28c. This can be explained as a result of the
availability of abundant binding sites for the interaction to take
place. In the former case, the presence of inlet and outlet in the
flow cell could have led to less interaction time, thereby leading
to a minimal LOD. However, in the case of the drop test, the
entire solution is concentrated around the device with improved
interaction time. As a result, the available O, gets enough time
to interact with target analytes since no flushing is involved.

In addition to sensing studies, based on the requirements of
real-time applications, the authors also conducted operational
stability and device reusability tests. Interestingly, the reported
device successfully responded to various superoxide concentra-
tions, ranging from 0.1 mM to 3 mM, repeated ten times.
Moreover, by using a PBS buffer solution, the as-fabricated
sensor exhibited satisfactory superoxide response after 15 days
of cold storage. In summary, the study by Jeong et al. reported a
sensor that is mechanically flexible and highly sensitive, showing
stable and reliable detection of superoxide molecules from living
organisms.**®

2.5 Semiconducting materials for drug abuse detection

In the modern era, drug-based tablets are commonly prescribed
medications for various diseases. Among many, amphetamine-
type stimulants (ATS) are one of the most popularly prescribed
drugs for treating health problems such as asthma, diabetes,
and so forth.”>>*> However, this easy access to such strong
prescribed medications can very easily lead to drug abuse and
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addiction. According to the WHO, in recent years, young people
from different parts of the world have been reported to illegally
consume ATS drugs for boosting their physical and mental
activities.*** At present, the widely used systems for detecting
ATS analytes are based on chromatography,>** spectroscopy,***
and molecularly imprinted polymers.>**>*” However, these
systems are bulky and costly, which obviously stands as a
barrier for large-scale usage. A viable solution was recently
proposed by Jang et al.,, who reported on a low-cost, highly
sensitive, and wearable OFET-based ATS sensing system.>*® The
BGTC DDFTTF-based OFETs were fabricated on Si/SiO, sub-
strates (Fig. 29a), and the receptor-analyte interaction strategy
was used for selectively sensing ATS biomolecules from various
aqueous solutions. Hence, the cucurbit[7]uril (CB[7])-based
derivatives were spin coated on the surface of the OSC. Based
on the results from NMR and XRD analysis, the CB[7] receptor
molecules tend to show weak van der Waals force of interaction
with the target ATS biomolecules. Here, the authors used CB[7]
derivatives since they are soluble only in water, whereas the
OSC (DDFTTF) is immune to water. Thus, they adopted an
orthogonal solvent technique to deposit a bilayer stack of both
channel layer and receptor layer. This approach apparently
improved the easy thin-film formation of CB[7] on top of
DDFTTF without degrading the channel characteristics. The
electrical characteristics of the OFET device with and without
CB[7] were initially measured. As shown in Fig. 29b, the former
device architecture exhibited the transfer characteristics with
high hysteresis when compared to their non-CB[7] counterpart.
However, both the device architectures notably presented a
Ion/Ioee ratio of around 10°. Subsequently, the ATS-sensing
properties of the CB[7]-modified DDFTTF-based OFET device
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(a) Schematic illustration and (b) transfer characteristics of a DDFTTF OFET on a silicon substrate, (c) OFET device response toward different

concentrations of ATS analytes in urine samples, (d) schematic representation of the DDFTTF-based flexible OFET device, (e) photograph demonstrating

the integration of the flexible OFET device on the wristband for real-time monitoring application (reprinted with permission from Jang et a

2017, Elsevier Inc.).
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were investigated. The as-fabricated device was primarily exposed to
different concentrations of ATS with distilled water as a base
reference solution. As a result, in the case of one of the CB[7]
derivatives, allyloxyCB[7], the modified OFET device showed good
sensitivity for ATS concentration as low as 1 pM. Unlike an
allyloxyC[7] derivative, its phenylbutoxyCB[7] counterpart exhibited
good sensitivity toward a wide range of ATS concentrations from
1 pM to 1 uM, having standard PBS as the base solution. Further-
more, to mimic real-time testing conditions, the phenylbutoxyCB[7]
functionalized OFET device was used for sensing ATS molecules in
biological urine samples. Interestingly, the device under testing
presented excellent sensitivity toward a narrow range of ATS
concentrations from 0.1 nM to 10 nM, as shown in Fig. 29c.

In the next stage of investigation, for achieving low-voltage
operation conditions, the reported sensors were fabricated on
ITO/PEN flexible substrates, having Al,O; as the gate dielectric
and CB[7]-functionalized DDFTTF as the active channel material
(Fig. 29d). When the as-fabricated flexible device was exposed to
1 pM ATS molecules with distilled water as the base solution, a
good sensing response was observed at operating voltages of
—1.5V (Vpg) and —10 V (Vig), which is much lower than those of
the Si/SiO, devices. As shown in Fig. 29e, Jang et al. successfully
demonstrated the real-time usage of the proposed ATS sensor.
In essence, a low-power, cost-effective, and portable ATS sensor
for biomedical applications was developed that shows high
sensitivity and selectivity toward target analytes.

2.6 Semiconducting materials for other sensing target
applications

2.6.1 Strain sensor. Strain sensors can be considered one
of the integral parts of flexible and stretchable sensing systems.
To achieve good sensitivity and robustness, silicon-based strain
sensors are widely used.”**”>** However, the currently available
rigid silicon-based strain sensors are not compatible with target
flexible and wearable electronics.>*® In this context, one of the
growing alternatives is the utilization of OFET devices for
sensing application.”*® Researchers have adopted the OFET-based
strain sensors for two main reasons: high sensitivity of structural
and charge transport properties to mechanical changes and
possibility of large-scale fabrication on flexible substrates.**”
Considering these unique features, Loi et al. compared the
strain-sensing properties of pentacene and P3HT-based OFET
devices.”*°

As seen in Fig. 30a, the OFET devices were fabricated on
flexible PET substrates, having parylene-C as the gate dielectric
material. Two OSCs (pentacene and P3HT) were employed, and
their strain-sensing properties were tested. The pentacene-based
strain sensor displayed good sensitivity and a linear response over
a short range of strain when compared to the P3HT device
(Fig. 30b). This behavior was attributed to the large grain sizes,
and uniform thin film formation was confirmed with the help of
AFM images. Based on these results, the as-fabricated sensor was
tested under real-time conditions. In the beginning, the sensor
was subjected to intensive bending conditions for different angles
ranging between 90° and 180°. Interestingly, the as-fabricated
strain-sensing system differentiated each bending angle with the

3450 | Chem. Soc. Rev., 2020, 49, 3423-3460

View Article Online

Chem Soc Rev

(b) 00 05 10 15 20 25
60 Strain [%]

(a)

SouscE\ Organic
1 ¥40{ o P3HT .. .
Drain S
« Gate =20 . 1

4 3 Joctri€
Parykene € Gate 9 !

0] enle e° L

0 1 2 3 4 5

Pressure [kPa]

* *
PET substra®®

(c) . (d)
200 Different bending radii -20u, 100 Cycles (bending radius 90°)

90° 90°

-30u1 -30u {

2 <
—-31 s
“1 1soe 180° 31y
3201 4g0e 1807 180
-32p
-33p + !
20 40 60 80 100 0 20 40 60 80
time (s) time (s)
Fig. 30 (a) Schematic representation of a P3HT based OFET flexible

device. (b) Comparison of P3HT and pentacene device current response
for different pressure and strain conditions applied. (c) Distinct current
response for a wide range of device bending conditions from 180 to
90 degree. (d) Repeatable (100 times) current response of the device
under 90 degree bending radius strain condition (reprinted with permis-
sion from Loi et al.,>*® copyright 2013, IEEE).

equivalent drain current (Fig. 30c), and the reported device
remained both mechanically and electrically stable even after
100 bending cycles (Fig. 30d). These outcomes clearly highlight
the robustness and reliability of employing these devices in
flexible strain-sensing applications.

Along with this report, many research groups have strongly
suggested that under applied strain, the change in electrical
behavior is mainly due to the structural deformation of the
active OSC material.>**72%° However, Scenev et al. have detected
that a detailed study regarding the relationship between applied
strains and their relative changes on the structural properties of
0SC was lacking.>*® Thus, to understand this relationship,
Scenev et al. investigated the electromechanical properties of
pentacene-based flexible OFET devices for strain-sensing-based
applications. The OFET devices were fabricated on flexible PET
substrates and utilized PVA as the gate dielectric (Fig. 31a). In
this case, a special bending apparatus was employed to produce
uniform strain conditions over the whole device area. The
transfer characteristics of the as-fabricated flexible device were
measured under two different conditions. Primary test results
show that the device displayed hysteresis-free electrical char-
acteristics for an applied strain of less than 2%. From the latter
test, the hysteresis drastically increased with the strain applied
from 0 to 3.3%, as shown in Fig. 31b. To understand this
behavior, both scanning force microscopy (SFM) and XRD
characterization on a PEN-modified PVA dielectric was per-
formed. When the PEN layer was deformed from 0 to 1.3%,
the SFM results confirmed that there is no significant shift in
the inter-grain boundary distance (Fig. 31c). In contrast, the
inter-grain boundary distance gradually increased when the
applied strain reached 10% (Fig. 31d). Moreover, the XRD
results confirmed that there is no deformation in the PEN
crystal structure for the applied strain of about 10%. Hence,
with the help of these results, Scenev et al. have suggested that

This journal is © The Royal Society of Chemistry 2020
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Fig. 31 (a) The fabricated pentacene OFET device stack. (b) Transfer

characteristics of device for different strain conditions from 0 to 3.3%.
AFM height images recorded after applying (c) 1.3% and (d) 10% strain on
pentacene film (reprinted with permission from Scenev et al.,>*° copyright
2013, Elsevier B.V.).

upon the application of strain, the potential barrier for the
electron flow between the grain boundaries tends to increase.
This, in turn, decreased the ppgr and I, along the channel at the
I/S interface region, which satisfied the results observed in
Fig. 31b. Notably, the gold electrodes, on top of the OSC, lost
their mechanical stability for the strain <2%. This stands as a
barrier for using the proposed device as a reliable strain sensor.
To overcome this problem, Scenev et al. suggested the use of soft
yet highly conductive electrodes for improving the sensitivity
and lifetime of the proposed flexible OFET-based strain sensor.

Another approach for improving the sensitivity toward
applied strain is the integration of micro-electromechanical
systems (MEMS) technology in the OFET device architecture. It
is important to note that the growth of inorganic MEMS-based
sensors has drastically declined in the past decade due to their
poor compatibility in flexible and wearable applications.?**
Alternatively, the organic MEMS device concept is growing
rapidly because of the intrinsic high sensitivity to mechanical
deformations."” For developing sensitive strain sensors, the
mechanism that bridges the gap between MEMS and OFET is
the mechanical-to-electrical conversion technique.'”” In this
context, Damien et al. combined the versatile properties of a
MEMS-based organic cantilever with OFET devices using a
piezoelectric mechanism for strain-sensor application."”* Owing
to the air stability requirement, pentacene and DNTT organic
small molecules were chosen for fabricating the OFET-embedded
cantilever device architecture. Here, the piezoelectric P(VDF-
TrFE)/PVT polymer was employed as the gate dielectric material.
As shown in Fig. 32a, the electrical characteristics of the
as-fabricated OFET device were studied with different poling
conditions which is crucial for understanding their strain sensing
capabilities.

It is clear from the figure that the hysteresis in the drain
current response was enhanced with the level of sweeping
voltage. This result is attributed to the influence of polarization
parameters in the piezoelectric gate dielectric by the applied
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gate bias. The schematic representation of the strain-induced
changes in the device are presented in Fig. 32b and c¢. When the
cantilever tip is subjected to mechanical strain, shifts in both
drain current and threshold voltage are witnessed (Fig. 32d).
This is due to a positive polarization effect induced in the gate
dielectric material. This, in turn, influenced the charge density
in the channel region of the OFET device. As a result, the
sensitivity of the pentacene-based OFET-cantilever hybrid device
was measured to be around 600, which is around five times
greater than the DNTT-based strain sensor. This report also
highlighted the importance of the polarization effect in the
piezoelectric gate dielectric material for augmenting the sensitivity
toward the change in strain levels. The above discussed literature
reports have critically failed to project the real time capability of
the sensor. Demonstrating the real time potential of the home-
made sensor is crucial to bridge the gap between the laboratory
inventions and the practical devices. In light of this requirement,
Lai et al.>®* have not only fabricated a novel and low power flexible
strain sensor but also successfully integrated it into commercially
available gloves to monitor hand movement. This embedded
sensor was connected to the custom-designed readout circuits to
convert the current into useful voltage levels which can then be
processed for conveying required information to the people.
Even-though the authors have demonstrated the effective use of
strain sensors in transducing the hand movement, they ended
up with a bulky system. Hence, still there is a need to develop a
smart, compact, flexible, low power and high performance
flexible strain OFET sensor system to satisfy the demand of
wearable electronics.

2.6.2 Multifunctional sensing capabilities. For the past two
decades, many researchers have proposed numerous sensing
solutions for various applications.>***** However, most of the
solutions are based on the use of a single sensing system. More-
over, these proposed systems are generally prepared with inorganic
materials for attaining good performance and robustness,”*> "
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Fig. 33 (a) Schematic representation and (b) photo-response of the

bottom contact OFET device with a dual polymer gate dielectric. Multi-
sensing device response toward (c) N, and light, (d) heat and N, stimulants
(reprinted with permission from Song et al.,2*® copyright 2017, Nature).

which makes them unsuitable for next-generation flexible and
wearable sensing platforms. One of the reliable alternatives in the
current research trend is the use of an OFET device approach.”*’
The main objective of this approach is to achieve good sensitivity
and robustness, appreciable mechanical flexibility, and large-scale
production on flexible platforms through cost-effective industrial
processing techniques. Therefore, a combination of multi-
functional sensing strategy with OFETs is needed to satisfy
the requirements of future applications such as artificial skin,
complex sensing systems in unmanned aerial vehicles, and so
forth.2587260

Song et al. have recently proposed a novel combination of
polymer-dispersed liquid crystal (PDLC) and an OFET device for
realizing a multi-sensing platform.>*® The BGBC P3HT-based
OFET devices were fabricated on PEN flexible substrates with
PMMA/P(VDF-TrFE-CFE) as the bilayer gate dielectric (Fig. 33a).
This device was then considered for testing its sensing cap-
ability toward different external stimulants such as heat, light,
airflow, and physical touch. When the device was subjected to
N, gas flow, I increased linearly with the gas flow ranging
between 0.1 and 10 sccm. With an increase in gas flow, a small
amount of pressure was experienced by the surface of the PDLC
layer, which resulted in drifting the negative dipoles of the 4,4'-
pentyl-cyanobiphenyl (5CB) microdots downward. This increased
the hole-charge carrier density and, thus, the drain current in the
OFET channel region.

A similar sensing mechanism was proposed when the as-
fabricated device was subjected to the applied load. As a result,
when compared to the N, flow response, the change in drain
current steeply increased with the load applied between 0.1 and
10 g. It is worth noting that in both N, flow and load-sensing
cases, the electrical dipole moment of the PDLC layer influences
the charge-carrier transport behavior in the P3HT layer. Inter-
estingly, as shown in Fig. 33b, when the incident light (550 nm)
power increased from 3.7 to 400 pW cm 2, the drain current
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increased from 0.7 to 6.0 nA. This behavior was observed
because when light is absorbed by the P3HT layer, exciton pairs
are generated, which increases the dominant charge-carrier
concentration along the channel. Subsequently, the temperature-
sensing capability of the proposed PDLC-based OFET device
was observed. At drain and gate voltages of —1 V and —5 V,
respectively, the relative current sensitivity gradually increased
with temperatures from 40 to 70 °C. This increased drain
current is due to the effect of thermally induced hole-carrier
mobility along the P3HT/PDLC interface.

Recently, our group®®' has successfully developed a fully
flexible, biocompatible, and wearable device with good stretch-
able nature. This homemade skin platform was successfully
integrated with a biocompatible sensor. The combination of
the proposed magnetic skin and the associated sensor was
demonstrated by installing them in the vicinity of the eye to
monitor the movement of eyelids. As a next step to this research
work, we can integrate the developed system with the circuit
system (comprising an amplification block and Analog to Digital
circuit (ADC)) that can be completely realized using organic
transistors.”®"

In the next step of investigation, the multi-sensing capability
of the proposed device was reported. Primarily, the device was
simultaneously exposed to N, flow and light. As seen in
Fig. 33c, the drain current increased gradually and then sharply
decreased when exposed to N, flow and light exposure, respectively.
After turning off the light and gas flow, the device retreated back to
the base current. Similar experiments were conducted to test the
as-fabricated device with the combination of heat and nitrogen
gas. From Fig. 33d, it is clear that the current change with
respect to the applied heat is more significant than the effect of
nitrogen gas. In conclusion, low-cost, flexible, and compact
PDLC-based P3HT OFET devices exhibited excellent multi-
sensing capability toward various external stimulant conditions.

An optically transparent and mechanically flexible sensor
with multi-sensing capability is in high demand for satisfying
the requirements of robotic applications.>*' However, some of
the bottlenecks in realizing such a sensor include the choice of
materials and employing low-temperature processing techniques,
which can assist in fabricating simple yet innovative devices on
low thermally stable flexible substrates.>**>** Trung et al. studied
the mechanical and temperature-sensing capabilities of the
pentacene-based OFET devices fabricated on flexible PES sub-
strates (Fig. 34a).>*' Here, the multi-sensing capability of the
proposed devices was mainly attributed to the crystalline nature,
as well as pyroelectric and piezoelectric properties, of the gate
dielectric P(VDF-TrFe). In addition to the dominant electric
dipole properties of the gate dielectric, the properties of the
OSC and the substrate may also influence the sensing response.
To avoid these negative effects, an AC gate bias was applied to
measure the dielectric potential or voltage (V,). This measured
voltage precisely changes with respect to the applied multiple
stimulant conditions. To observe this effect, the as-fabricated device
was primarily exposed to different physical stimulants, such as IR
illumination, pressure, and strain excitation individually, and the
corresponding changes in V, values were measured. With the
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Fig. 34 (a) Illustration of materials used in bottom gate bottom contact
pentacene OFET flexible device. Device voltage response toward (b) incident
light, (c) applied strain and (d) combination of both light and strain (reprinted
with permission from Trung et al.2** copyright 2012, Elsevier B.V.).

increase in incident IR power from 0 to 2000 mW cm™ >, the gate-
dielectric crystal layer experienced thermal expansion due to a
positive pyroelectric effect. This leads to the increase in electric
dipole moment, which results in a linear increase of Vj, as seen
in Fig. 34b.

In contrast, when the mechanical deformations such as
pressure and strain were applied, due to a negative piezoelectric
effect, V, showed a reduction (Fig. 34c). Subsequently, the
multi-sensing capability was tested by simultaneously exposing
the as-fabricated device to IR radiation and strain. Fig. 34d
shows the plot of V, as a function of IR radiation power for
different strain conditions. With the increase in IR radiation
and strain, V, increases due to a positive pyroelectric effect, and
the voltage level shifts down because of the piezoelectric
mechanism. Furthermore, the authors also tested the effect of
mechanical deformation on the sensing performance of the
proposed device. Even after 10! bending cycles, irrespective of
external stimulants, the degradation of the device’s sensing
capability tends to reduce with the increase in bending radius
from 1 cm to 1.5 cm of the proposed flexible device. Such
characteristics validate the development of a mechanically
flexible, portable, cost-effective, and multifunctional OFET
device. In summary, the sensing performances of the recently
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reported flexible OFET based strain and multimodal sensors
are presented in Table 4.

3. Outlook and conclusion

Mechanical flexibility of electronic devices can be considered
an important criterion due to the ever-growing need for making
electronics conformable around objects, which will eventually
lead to the development of wearable sensors and bendable
electronics. In this paper, we have reviewed different types of
flexible OFET devices that can be effectively utilized as trans-
ducers in next-generation sensing applications. There was also
a thorough analysis of various OSCs reported in the literature
that show compatibility with flexible OFET sensors and of the
fabrication details that pertain to flexible sensor devices. On
one hand, we stressed the dependence of sensitivity on the
device geometry and the OSC material, while, on the other
hand, we discussed the role of materials’ characteristic features
in deciding the selectivity of the sensor. Thus, it is proposed
that the optimization of device structure can efficiently improve
the sensitivity while retaining the selectivity of the corres-
ponding analyte, which essentially renders a change in its
LOD. Furthermore, the stability of an OFET is a material-
specific issue and cannot be ruled out for both high and low
shelf-life materials. It also depends on the medium on which
the sensing is being carried out; for instance, OFETs will not
have the same kind of response in air and aqueous media (in
the presence of sweat). Similarly, other media like acidic and
base will affect the surface of the device either by a reduction or
oxidation process, essentially doping the bulk. Finally, key
parameters like the response time and intensity are not static.
They depend on the concentration of the analyte under test,
intensity of pressure, intrinsic strain withstanding capability,
amplitude of radiation, lifetime of the source, volume of the
flow cell (container), and saturation levels of the receptor
material. Thus, every individual application will have its own
set of geometrical and fundamental physical property limita-
tions apart from the externally influencing factors.

In addition, the essential cleaning techniques employed in
the process of fabrication can greatly influence the properties
of the deposited device layers. Unlike the Si and other inorganic
substrates, acetone and high-frequency sonication cleansing

Table 4 Materials used for other sensing applications and their parameters in as-fabricated devices

Material Sensor application Sensitivity Device Limit of detection Media Flexibility limit
10 Strain sensor>*’ 15% BGBC OFET 0.01 N Kapton  No information
8 Strain sensor'”* 600 Cantilever OFET <0.3% PEN“ No information
10 + PDLC* Multimodal sensor®* Gas flow: 2 nA sccm ™ BGBC OFET 0.2 sccm PEN“ No information
Pressure: 1 nA g~ ' 0.8¢
Light: 0.2 nA (W cm2)7! 3.7 UWW cm 2
Temperature: 0.06 nA °C™" 40 °C
8 Multimodal sensor**'  Light: 3 mV (mW cm™2)™! BGBC OFET 0.1 mW cm > PES® Bending radius:
Pressure: 10 V MPa™* 0.15 MPa 1.5 cm
Strain: 50 V per % 0.1%

“ PEN = polyethylene naphthalene, PES: polyestersulfone, PDLC: polymer dispersed liquid-crystal.
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cannot be used for organic polymer substrates. Such approaches
do affect the plasticity of these substrates and may render
unwanted surface effects. An approach with mild sonication
in ethanol and isopropyl alcohol (IPA) would suffice for the later
substrates. In the case of flexible glass and ultrathin Si sub-
strates, which are flexible enough and brittle as compared to
PET, PEN, and polyimide sheets, acetone can be used in the
cleaning process since it does not damage the substrate.
Furthermore, either plasma oxygen or UV light-assisted cleaning
renders the surface more hydrophilic. This helps in the better
adhesion of OSCs or any other SAMs on the surface used as per
the requirement.

A strategic way to build any kind of sensor depends on the
capabilities to engineer the deposited material. In some cases,
material properties like spring constant play a crucial role in
the bending radius of the sensor and can influence pressure-
sensing characteristics. On the other hand, for gas, bio, and
chemical sensing, it is the intrinsic conduction capability and
the ability to tune the energy levels when encountered by an
alien element that decide the efficiency. For applications like
soil nutrient sensing or in solution detection, DDFTTF proves
to be more efficient as it repels any H,O content and remains
pristine. Active binding sites in the composite format or dual
layer (with receptors beneath the DDFTTF) can help in realizing
specific sensors with humidity and moisture aversion capability.

The activation of the receptor surfaces (binding sites) is
another important criterion for most of the sensors. This requires
removal of the whole solvent from the system by means of
annealing or by N, gas purge. Unless the activation of the
compound is performed, the required sensitivity cannot be
achieved. In addition, sometimes these solvent sites can also
contribute to the early degradation of the material (i.e., the
shelf-life of the material lessens). An efficient technique like
Brunauer-Emmett-Teller (BET) analysis can provide more
information regarding the adsorption of gas on a solid surface
and in pores of a system. The results of BET vary depending on
the presence of solvent in the system. In addition, the use of
thermogravimetric analysis (TGA) of the systems is to check the
mass of the polymers with varying temperatures. This provides
in-depth information on the polymers used in flexible devices
and their effects due to the presence of an alien material. Thus,
TGA assists in finding the suitable temperatures for polymers
and simultaneously helps in identifying the foreign particles
they can withstand without affecting the integrity. We believe
that exploring the small molecule OSC, 2,2/,6,6'-tetraphenyl-
dipyranylidene (DIPO-Ph4), for the analog circuit concomitantly
with the sensors’ geometry in wearable electronics will assist in
overcoming the dichotomy between different OSCs.**> We have
also previously reported on transistor and memory performance
of DIPO-Ph4 while achieving pgpr of 2 x 107> em® V' 57" and
Ion/Ioge of 10%. The memory characteristics of the material in the
lateral configuration were observed over the surface of the
device with conductive atomic force microscopy (c-AFM) using
voltage profiles of +4 V and —4 V. We recorded most accentuated
hysteresis for a distance d = 5.5 pm, with a current ratio of
~7.5 nA at —2.5 V between both voltage sweeps.
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When a process flow covers all the above criteria, one tends
to think that the tradeoff has been achieved for successful
implementation. However, in bigger flexible platforms, issues
exist such as an increase in line resistance by orders of magnitude
between sensor devices and between device-to-contact pads. Such
conditions can be mitigated by adopting proper patterning tech-
niques or by adapting materials that are highly sensitive to the
changes induced due to line resistance issues. For example, a
wearable sensor substrate for the trunk of a tree or the stem of a
plant requires dimensions ranging from a few millimeters to
hundreds of centimeters. Thus, for substrates that must be con-
formable, it is always essential to have uniformity in the thickness
of materials, avoid substrate wrinkles, have more bendable radius,
and have optimized interconnection widths.

Apart from the above issues related to substrates and plat-
forms, material combinations need to be synergistic to attain
multi-functional requirements. Innovative materials and reliable
methods are essentially needed to make sure that the active
channel layer and the receptor layers are indeed safe and can
revive. Perhaps the most pressing need is for self-healable
materials that can actually mimic traditional electronic materials
and at the same time recuperate from any deformations. In some
cases, even the existing inorganic electronic materials can be
thinned down to the nanoscale, which essentially improves their
flexibility. By means of elastomers, these materials can also be
made stretchable as long as the Young’s modulus for the
wearable material is in the range of 1 kPa to 1 MPa. However,
these materials are not suitable for applications in harsh
environments, and thus there is a tremendous need for healable
materials that can withstand such circumstances. Newly emerging
composites may be considered a reasonable alternative in cases
where the material is required to be both conductive and mechani-
cally stable.*****” Similarly, the advantage will be multifold if
thermoelectric materials (generators) themselves are used as sub-
strates to provide the required power for devices to operate. This
not only helps in energy scavenging from body heat or vibrations
but also retains most of the initial power (scavenged) after multiple
cuts and healing.

To conclude, the integration of electronics with a bendable
and stretchable platform is the pathway to the future. Recently,
we were successful in developing a wearable platform of a three
electrode potentiostat system that can sense multiple analytes.
Such a system includes both analog and digital front ends on a
flexible PCB made with off the shelf components and consume
more space. Thus readout circuit integration into the system
itself with the same device technology is the need of the hour.
Although significant progress has been made in OFETs in the
past three decades, with a wide range of applications, there is a
lack in their performance in terms of speed and stability. In
addition, these devices must imbibe qualities such as multivariate
sensing, which can be possible only when other transduction
mechanisms can be supported in such systems. Such require-
ments vary from application to application, with multifunctional
coatings doing more than just repelling water. In addition,
adopting CMOS kind of technology with OFETs paves way to
integrated circuit technology based completely on OSCs. This way
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one can realize a flexible electronics platform that integrates
analog-to-digital converters (ADC) with the sensor devices and
helps in not only realizing the 3D integration technology by means
of stacking multiple materials but also avoids weak interfaces.
Further, by adopting light emitting OFETSs, this 3D integration can
be made more viable and is the future path for multiple applications.
Provided we address the above criteria, the doors will be open for
OFETs in different wearable sensing platforms such as healthcare,
plant science, and marine science, to name a few.
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