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OFET-based sensors consisting of small molecules or polymers as an active layer have garnered significant
attention in recent years owing to their high flexibility and sensitivity, low fabrication cost and excellent
substrate conformity. Compared to their inorganic counterparts, organic materials hold a rich family of
functional moieties that can selectively react or bind with analytes as specific sensing sites. This review
highlights recent progress (2018-2024) in the fabrication of OFET-based gas, pressure, temperature, light,
pH, humidity, chemical and biological sensors with sensitivities approaching the limits of detection at parts
per billion molar concentration. The challenges that are considered a bottleneck in developing sensors that
fully meet the requirements for practical applications and the solutions proposed to tackle these challenges
have also been included. The optimizations of the OFET devices for sensing activity, including the
modification of semiconducting layers, dielectric engineering, and electrodes and their interfaces, are also

Received 4th October 2024, illustrated. Furthermore, their relationships with sensing parameters, such as sensitivity, selectivity, and

Accepted 17th March 2025 response time, as well as the proposed sensing mechanisms are discussed. This review is expected to offer
DOI: 10.1039/d4tc04265d inspiration for the future design of OFET-based sensors with diverse device architectures, as it features the

current progress in the design and development of the extended-gate-type OFETs, electrolyte-gated
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1. Introduction

Since the discovery of conducting polymers in the late 1970s, the
field of organic electronics has attracted much attention over the
last several decades. Compared to their inorganic counterparts,
organic semiconductors (OSCs) possess several superior charac-
teristics such as variety in their molecular design, low operating
voltage, mechanical flexibility, low cost and capacity for large-
scale and low-temperature manufacturing through inkjet print-
ing and solution processing protocols. Tremendous progress has
been made in optimizing the chemical, electrical, mechanical,
structural and optical properties of various organic materials for
device fabrication."” Over the past few decades, organic field-
effect transistors (OFETSs) have gained increasing attention due to
their flexible, low-cost and lightweight features as compared to
the traditional inorganic transistors.®® Its promising applica-
tion in various electronic devices, such as radiofrequency identifi-
cation tags, flexible displays, integrated circuits and chemical/
biological sensors, have directed a great deal of research effort

“ Department of Chemistry, Quaid-i-Azam University, Islamabad 45320, Pakistan.
E-mail: bibiamnahussain@gmail.com

b Department of chemistry, Istanbul Technical University, 34469 Maslak, Istanbul,
Turkey. E-mail: ozturktur@itu.edu.tr

¢ TUBITAK-UME, Chemistry group of laboratories, PO Box 54, Gebze, Kocaeli,
41471, Turkey

8354 | J Mater. Chem. C, 2025, 13, 8354-8424

OFETs, polyelectrolyte-gated OFETSs, dual-gate OFETs and water-gated OFETSs.

towards the improvement of the OFETs with the feasibility of
mass production and ease of fabrication.'”2¢

1.1. General device design

A typical OFET consists of three electrodes (source, drain, and
gate), a gate dielectric and an organic semiconductor layer. A
channel current starts flowing through the organic semiconductor
layer when a source/drain voltage is applied, which is due to the
charge carrier transport. When the gate voltage is applied across
the gate dielectric layer, the channel current is modulated by the
gate electrode via field-effect doping. In view of the operational
principle of OFETs, it is expected that these OFET devices can
expand their application range to sensing platforms. The unique
current amplification function of transistors makes them an ideal
candidate for sensing weak signals, and their multiple output
parameters (threshold voltage, source-drain current, subthreshold
swing, current on/off ratio) allow them to distinguish complex
signals.>”2° Moreover, the organic semiconductor layer is respon-
sible for the sensing action, while every other component of OFET,
including the gate electrode, drain/source electrodes and dielectric
layer can help in modulating the sensing behavior of the
device.>**® This review primarily deals with the development
of organic semiconductor materials for the active channel.
There are certain parameters for assessing the sensing perfor-
mance of a sensor, which are described as follows: (i) selectivity,
(ii) responsivity, i.e., the ability of the sensor to respond to input

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic of a BGTC OFET-based sensor displaying its operating mechanism.

signals, (iii) recovery time, (iv) limit of detection (LOD) and (v)
the ability of the sensor to detect changes in the magnitude of
the input signal.

A sensor based on OFET combines a sensor and amplifier, in
which a small change in the channel current produces pro-
nounced variations in electrical properties upon exposure to the
chemical analyte; hence, leading to the high-sensitivity, high-
throughput sensor having a great potential for miniaturization
(Fig. 1). Moreover, as the OFET itself acts as a sensor, the design
complexity of the sensor device is significantly reduced, which
enables convenient integration of the sensors into other electro-
nics. The number of studies related to OFET-based sensors has
rapidly increased irrespective of the typical drawback associated
with OSCs, i.e., their low charge carrier mobility, which appears
to have little impact on OFET-based sensing applications.

1.2. Challenges

Irrespective of the significant benefits of OFETs, they also have
some intrinsic disadvantages, such as relatively low mobility,
inferior operating speed, and low current density compared to
inorganic materials.*”*° Moreover, OFETs suffer from poor stabi-
lity and electrical properties, which result in a slow response (the
response time is defined as the time required for the sensor signal
to reach from baseline to 90% of its maximum response) and
recovery (the recovery time is the time required for the sensor
signal to drop from its maximum response to 10% above its
baseline level) of the subsequent sensor device.**™*

Over the years, despite the improvement in the performance
parameters, such as on/off ratio, charge carrier mobility and
increased responsiveness of the sensors, the operational
instability is still a major problem that restricts commercial
applications of OFETs.*>™** In a conventional transistor-based
sensor, an analyte must be present at the OSC/environment

This journal is © The Royal Society of Chemistry 2025

interface, diffuse into the bulk of OSC, and ultimately reach the
OSC/gate-dielectric interface to quantifiably influence the electrical
signal."®"” The arrival of the analyte at the OSC/gate-dielectric
interface is vital, as the majority of the electrical charge transport
in an OFET occurs at this interface.”® Nevertheless, this type of
sensor inevitably suffers from a low sensitivity and a slow
response, except the diffusion of the analyte through the semi-
conductor is immensely efficient. Thus, OFETs require specific
structures that enable the analyte to penetrate quickly and ade-
quately into the active channel to achieve high-performance sen-
sing devices.

Over time, a general change in the electrical characteristics of
the OFETs is observed with the changed mobility, increased OFF
current, shifts of the threshold voltage and increased hysteresis
during dual sweep of transfer curves.***> This drawback makes
OFETs unfit for various practical applications. For instance, when
OFETs are employed as sensors, the detection and identification
are done by measuring the change in the current. Since the
degradation of the device during its functioning also induces a
change in the current for constant voltage settings, the signal-to-
noise ratio would be uncertain and generally low. Thus, this
restricts the use of OFETs as reproducible and reliable sensors.
This instability is attributed to many factors, including the
interaction with oxygen and moisture, defects in the active layers,
bias stress effect and the dielectric polarity.**>"' The instability of
the OFET sensors is usually indicated by the degradation of the
device performance. The value of the current is decreased and the
threshold voltage is increased because the mobile charge carriers
become trapped, and thus cannot contribute to the current. The
OFETs can recover to the extent that the shift in the threshold
voltage is reversible in the case of the bias stress effect; the
relaxation time is strongly dependent on the type of semiconduc-
tor and the surrounding environment. Additionally, the moisture,
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oxygen and other gases in air can cause degradation of the device
through uncertain mechanisms. Furthermore, the transfer curves
measured after a few tests barely shift back spontaneously to the
original ones.” Eliminating the effects of oxygen and moisture,
and reducing the defects can reduce the device degradation and
improve its operational stability.

Controlling the sensitivity can also be a challenge in design-
ing sensing devices. Although high sensitivity sensors have the
advantage of detecting small stimuli, which is important for
some applications, it also increases the risk of detecting some
interferent weak stimuli. This problem is mostly encountered
in pressure sensors. In the case of detecting high pressure, the
lower sensitivity can be a better choice. For instance, in
monitoring the pulse signals for managing physical health,
the weak environmental noise may interfere in the accuracy of
sensors. This issue can be managed by the modification of the
sensitivity to a suitable (lower) value, in which the weak
environmental stimulus cannot produce an output signal. For
an efficient sensing device, it is important to balance the
sensitivity and selectivity using appropriate shielding, filtering
or noise reduction techniques, particularly in environments
with vibrations, electrical noise or other unwanted signals.

1.3. Quest of solutions

The OSC-based sensing layer is one of the most crucial factors in
fabricating high-performance OFET-based sensors, as the inter-
action between the target analyte and OSC determines their
performance. The chemical structure of OSC and the processing
conditions can lead to different states of aggregation of the
active layer; thus, the carrier mobility can be artificially opti-
mized. The sensing properties of OFETs are significantly influ-
enced by the interactions between the OSC layer and analyte.
These interactions govern the response of the device towards
the presence and concentration of the analyte, thus affecting its
sensitivity, selectivity and response time (Fig. 2). The intermo-
lecular interactions between the semiconductor molecules and
analytes would greatly affect its sensing ability. Therefore, the
sensitivity and selectivity of the sensors could be improved
through the proper regulation of the molecular structure of
OSC in view of the interaction with the detected object. Simi-
larly, dielectric engineering, interface engineering, improved

Subsequent changes as a result
of this interaction impact:
= Sensitivity

=  Selectivity

= Response time

Semiconductor layer

Dielectric layer
Substrate/Gate

Fig. 2
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transmission performance, the employment of a hygroscopic
insulation layer, modified medium structure, and appropriate
blending have made remarkable progress in the development of
OFET-based sensors,*>™’ as evident from the following exam-
ples gathered from recent publications.

2. Organic field-effect transistor-
based sensors

OFET-based sensors are a promising area of research for
developing flexible, low-cost manufacturing, and sensitive detec-
tion systems. They are integrated into a variety of applications,
including smart devices, environmental sensing and health mon-
itoring. There are various types of OFET-based sensors, depending
on the nature of the detected signals (Fig. 3). The main types are
discussed in the following sections.

2.1. Gas sensors

With recent widespread increases in economic activity have come
corresponding increases in the combustion of fossil fuels that
release toxic gases to the atmosphere.*® NO,, known as one of the
dangerous fossil fuel emissions during combustion, has been
shown to have negative effects on health, including edema, and
nose and throat irritation. Furthermore, NO, is an important
factor in the formation of acid rain and photochemical smog.*®
It is abundantly released from industrial sources, and its strong
oxidizing properties can critically damage the human respiratory
system. Therefore, the accurate and fast detection of NO, is critical
for ensuring workplace safety. HCl is classified as a high-risk gas of
Class III hazardous substance. However, it is used in various
places, and has a limit of 5 ppm or less. Sarin gas (propan-2-yl
methylphosphonofluoridate) is a very toxic gas, which can quickly
cause human death at a certain concentration. Dimethyl methyl-
phosphonate (DMMP) is often used as an alternative gas in place
of sarin for research purposes, as its chemical structure is similar
but its toxicity is much lower than that of sarin.®®®' NH; is a toxic
gas whose detection and quantification have a huge demand in
industry and environmental monitoring, as the exposure to high
concentrations of NH; causes severe health issues, including a
burning feeling of the throat, respiratory tract and nose, which

Interaction between the analyte and OSC layer
governs sensing performance by :

= Surface Interaction and Functionalization

= Environmental and Dynamic Effects

= Molecular Orientation and Film Morphology

= Anisotropic Effects

= Charge Transfer and Modulation

= Response and Recovery Dynamics

Factors influencing the interaction between the analyte and OSC layer in the OFET-based sensors.
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Fig. 3 Types of OFET-based sensors discussed in this review.

leads to bronchiolar and alveolar edema and airway destruction,
resulting in lung failure. An abnormal concentration of NH; in
exhaled breath is reported to have an interconnection with
unhealthy internal organs; for example, the presence of NH; in
exhaled breath greater than 3.2 ppm indicates either kidney failure
or renal disease.”***

Organic field-effect transistors (OFET) are especially promis-
ing as gas sensors due to their high sensitivity, reusability, good
portability, low power consumption, room operating tempera-
ture, and cheap production.®>®® A gas sensor based on OFET is
gas adsorbed on the surface of the active channel layer. This
results in charge movement generated by the surface effect,
based on which the degree of field-effect mobility (ugx), on/off
current ratio (Ion/ofr), threshold voltage (Vi) and subthreshold
slope (SS) are varied. However, good selectivity and high
sensitivity are still challenging issues, hindering their wide-
spread utilization. This has been of great concern for research-
ers, and constant efforts are being made to develop new sensors
with enhanced sensitivity and selectivity.

Song et al. reported a promising strategy for the fabrication of
selective organic gas sensors by introducing surface modification.*”
Surface modification with a self-assembled monolayer (SAM) was
conducted, and a change in the end group of SAM purposefully
modulated the device performance and enhanced the interaction
with analytes. A series of polymer FET gas sensors were deposited
on different SAMs, and exhibited varied sensitivity upon exposure to
several gases, including NO,, NH;, SO, and H,S (Fig. 4). The bare
PDQT device demonstrated an obvious response to NHj3, but no
response was recorded for an oxidative gas. After surface modifica-
tion, the sensor with a fluorine terminal group, ie., pentafluoro-
phenylpropyltrichlorosilane (FPPTS), displayed outstanding
performance towards NO, with high responsivity of up to
780% at the saturated region and an LOD as low as 1 ppm.
The CH;-terminal SAM using octadecyltrichlorosilane (OTS) and
NH,-terminal SAM using 3-aminopropyltrimethoxysilane (APTS)
brought moderate sensitivity to gases like NO, and NH;. Hence,
after SAM modification, the performance degradation trend was
found to be FPPTS > OTS > APTS. All the devices recovered to
the initial state after being exposed to NH;. However, the

This journal is © The Royal Society of Chemistry 2025

performance of PDQT/FPPTS could only recover 50% after expo-
sure to NO, for 30 min. The interaction between reductive gases,
like H,S, NH3, and p type OSC resulted in the generation of hole
traps and caused the reduction of charge carrier density. In
contrast, oxidative NO, absorption yielded a hole doping effect,
leading to enhanced charge carrier density. In the case of oxidative
NO,, the exposure of an analyte led to improved electrical perfor-
mance, including the increase of the threshold voltage and
current. Here, the bare devices exhibited a nearly inert response
towards NO,, suggesting that the interaction between NO, and
PDQT should be not strong, or the charge transport channel was
far from the location of gas absorption.

Wang et al. reported a three-dimensional (3D) copper phthalo-
cyanine (CuPc)-based OFET sensor, obtained by evaporating CuPc
on the polyvinyl alcohol parallel nanofiber arrays (PVA PNAs)
(Fig. 5).°® The parameters of the two kinds of OFETs are shown
in Table 1. This OFET with a 3D structure was conducive to the
multi-angle adsorption and desorption of the target gas and active
layers. The detection limit of the obtained sensors was lower, and
the response and recovery times were also shorter. The response
time (T73) and recovery time (Tj;) of different sensors are summar-
ized in Table 2. The minimum detection concentration was
reduced by one third, as compared to the single CuPc films and
CuPc films with disordered PVA nanofibers sensors. The CuPc/PVA
PNAs sensors were successfully used in the real-time monitoring of
NO, at 0.3 ppm concentration. The response and recovery times of
the CuPc/PVA PNAs sensors were both 0.02 minutes for 25 ppm
NO,. The response and recovery times are 350 and 130 times faster
than those of the CuPc sensors having disordered PVA nanofibers,
respectively. Table 3 displays a comparison of some previously
reported semiconductors employed for fabricating gas sensors of
different types with the sensor reported in this article.

Yu et al. reported on the preparation of copper phthalocya-
nine (CuPc)-based gas sensors via solution processable spin
coating.®® The spin-coated CuPc films were successfully prepared
with a CuPc solution concentration of 45 mg mL ™', 75 mg mL ™"
and 105 mg mL~". The films with a concentration of 75 mg mL ™"
were found to have the smallest cracks and the greatest consis-
tency and were the most conducive to achieving high-quality gas

J. Mater. Chem. C, 2025, 13, 8354-8424 | 8357
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(a) Device structure of the OFET with the modified layer (reproduced with permission from ref. 67. Copyright 2021, Elsevier). (b) Molecular

structure of the semiconductor polymer PDQT and the molecular structures of the modification materials OTS, APTS and FPPTS.
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Fig. 5 lllustrations of CuPc growth on well-ordered PVA parallel nanofi-
ber arrays (PNAs). (a) PVA PNAs receiving board. (b) PVA PNAs were
transferred to SiO,/Si substrates. (c) CuPc was evaporated on PVA PNAs/
SiO,/Si (reproduced with permission from ref. 68. Copyright 2021,
Elsevier).

sensitivity. The relative responsiveness of the 75 mg mL ™' CuPc
films sensors to the NO, concentration of 20 ppm was found to be
32797%. The response rate was found to be 80%, while the
response time and recovery time were 4.55 min and 2.50 min,
respectively. The LOD was 0.3 ppm, while the sensitivity was

8358 | J Mater. Chem. C, 2025, 13, 8354-8424

Table 1 The field-effect mobility (1), sub-threshold slope (SS), and on/off
current ratio (lon/lof) Of transistors based on CuPc/PNAs films and CuPc
films®®

Parameter CuPc/PVA PNAs CuPc
u(em?>vtsh 8.77 x 10°° 8.20 x 10°°
Ton/Toge 1.37 x 10° 7.52 x 10”
SS (V dec™) 8.55 15.43

reported to be 1492% ppm. The spin-coated CuPc films sensors
had better sensitivity and resilience compared to the evaporated
CuPc films because of their larger specific surface area, which
resulted in the convenient adsorption and desorption of the NO,
gas molecules. The sensors with moderate cracks had the most
improved performance, which could be attributed to the poor flow
of carriers in the spin-coated CuPc films with several large cracks.
The application of the films in gas sensing showed the potential of
phthalocyanine-based materials in the field of flexible and 3D
printing sensing.

Xie et al reported on OFET-based NO, sensors with the
alumina/poly(methyl methacrylate) (Al,Os/PMMA) bilayer as the
gate dielectrics, and CuPc on the p-6P template layers as the gas
sensitive layers.”” The highest NO, response was displayed by the

This journal is © The Royal Society of Chemistry 2025
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Table 2 Response time (T;) and recovery time (T;) of NO, sensors based
on CuPc/PVA PNAs and CuPc®®

CuPc/PVA PNAS/SiO,/Si CuPc/SiO,/Si
Cro, (ppm) T (min) Tj; (min) T (min) T} (min)
0.3 3.07 5.88 - -
0.5 1.19 1.21 - -
1 1.15 0.68 6.63 >30
5 1.00 0.64 4.44 >30
10 0.10 0.32 3.32 7.10
15 0.05 0.05 1.81 4.21
20 0.03 0.04 1.52 3.55
25 0.02 0.02 1.31 3.32

sensors with 0.8 mol L™* Al,0;-sol dielectric layer, along with a
low baseline drift, fast response/recovery time and stable sensing
performance at room temperature (Table 4). The sensitivity was
over 129%/ppm and the limit of detection is below 1 ppm (134%)
(Tables 5 and 6). The better sensor properties were attributed to
the more ordered films on the dielectric layer and better electrical
properties with bilayer dielectric devices compared to those with
single dielectric devices (Fig. 6). The mobility was found to be
improved by above 23 times compared to OFETs with PMMA single
dielectric, while the threshold voltage was reduced by 32.47 V.
Furthermore, both on-off current radio and saturation current were
improved above an order of magnitude for OFET devices containing
the AL,O;/PMMA bilayer dielectrics at 0.8 mol L™" Al,O5-s0l.
Darshan et al. reported on an OFET-based room temperature
sensor for NHj;, employing dinaphtho[2,3-b:2’,3'-f]thieno|[3,2-b]-
thiophene (DNTT), which exhibited a fast response to low
concentrations of the analyte down to 100 ppb.*> PMMA was
used as the gate dielectric material and its hydrophobic surface
promoted structured growth of the semiconductor, DNTT, by
inducing mass transfer. The sensor performance was improved
by controlling the thickness of the semiconductor film. Using a
thinner and porous film of DNTT helped in achieving almost
double sensitivity of the device towards 1 ppm of NHj;, as
compared to a thick film of DNTT. Since the intrinsic traps
were already present in the organic semiconductor due to thermal
vibration and structural defects, the higher number of grain
boundaries in a porous film induced increased structural defects,

View Article Online
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Table 4 The responsivity of the OFET sensors with the AlL,Os/PMMA

bilayer dielectric of different Al,Oz-sol concentrations to the NO, concen-
tration under a bias of 2 /2

Responsivity with different AL,O;-sol concentrations (mol L)

CNO

(ppm) 0.2 (%) 0.4 (%)  0.6(%) 0.8 (%) 1.0 (%)
5 144 212 108 307 23

10 508 455 162 679 66

20 1000 763 313 1234 83

Table 5 The response time and recovery time of the bilayer dielectric
sensors with 0.8 mol L™! Al,O3-sol to 1-20 ppm NO, under a bias of 8 V72

Cno, (ppm) 1 3 5 10 15 20
Response time (s) 271 205 193 167 143 144
Recovery time (s) 691 933 884 702 816 764

which resulted in a higher density of trap states in the channel.
Interaction of the NH; molecules with DNTT occurred when the
devices were exposed to NH;. The field-effect induced hole density
produced a net positive charge on the semiconductor channel. The
electron pair of NH; could interact with positively-charged DNTT
molecules to form a linkage-type structure (called the base dedop-
ing effect). Holes could be directly immobilized or trapped by these
linkages. Since NH; is a polar molecule, its random absorption
could result in disorder and dipole-charge interaction. Such
interaction also trapped the holes. The porous film helped in
improving this interaction by providing more active sites. Accord-
ingly, the saturation current of the devices displayed an inverse
proportionality to the concentration of NH;. When exposed to
NH;, the device went into depletion, requiring increased gate
voltage to make the channel conductive, which resulted in the
increased threshold voltage. These results showed that the trap
states at the interface of the semiconductor and dielectric
influenced the change in the threshold voltage. The sensing
mechanism of the devices with a thick and porous semiconduc-
tor layer is shown in Fig. 7. The optimized sensor exhibited a
fast response within less than 1 min, with a recovery to 90% of
the initial state within 2 min with excellent sensitivity to the
NH; concentration down to 100 parts per billion.

Table 3 Comparison of some previously reported semiconductor gas sensors of different types

Detection Target Response/recovery

Materials Device type Response definition Responsivity limit gas time Ref.
CuPc/PVA PNAs Transistor  (Ion — Iog)/Io OF 952% or 8.16@ 0.3 ppm NO,  0.03 min/0.04 min Wang et al.®®

Rno,/Rair 20 ppm
CuPc thin film Transistor  (Igas — Io)/Io 241%@30 ppm 1 ppm NO, NA Jiang et al.®®
CuPc single nanowires — Transistor  (Igas — Io)/lo 764%@20 ppm 500 ppb SO, 3 min/16 min Shaymurat et al.”’
CuPc/PVA nanofibers Transistor  (Ion — Loe)/Io 228%@1 ppm 500 ppb NO, 7 min/4 min Wang et al.”"
CuPc/p-6P/AL,03/PMMA  Transistor  (Io, — Iow)/lo 1234%@20 ppm  Below 1 ppm NO, 5 min/12 min Xie et al.”*
ZnPc nanofibers Transistor  (Ion — Log)/Io 94%@30 ppm 5 ppm NO, 20 min/20 min Jietal”
VOPc Resistor (Igas — Io)/Io 1500%@10 ppm  NA NO, 0.5 min/16 min Wang et al.”*
TIPS-pentacene Transistor  (Ion — Log)/Io 6300%@5 ppm 0.3 ppm NO, 3 min/6 min Wang et al.”’
DNTT Transistor  Alp/Ip,o 73%@10 ppm 10 ppb NH; 1.5 min/— Lu et al.”®
ZnO nanowires Transistor  (Iyas — 1o)/lo 6200%@5 ppm 500 ppb NO, —/0.7 min Ahn et al.”’
Electrospun polyaniline Transistor  (Igas — Io)/o 6000%@700 ppm 50 ppb NO, 0.8 min/1.2 min Zhang et al.”®
PQT-12 Transistor  (Ips, NO, — Ipgyair — 270%@5 ppm NA NO, 15 min/— Li et al.”®

AIreference)/IDS,air
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Table 6 The sensitive properties of the OFET sensors with the AlLOs/PMMA bilayer dielectrics of 0.8 mol L™ AlL,Os-sol concentrations to NO,"2

Responsivity in Response  Recovery
. .. .. C stability time time
Optimal Responsivity to 6 ppm A low limit of A high limit of
temperature NO, Sensitivity detection detection To 20 ppm NO,
RT 758% 129%/ 1 ppm (134%) >35 ppm 1407% 144 s 764 s
ppm
() « « (b)

S p- -6P/Cup @

VR G

PMMA
ALO;

ITO/Glass

v ©

[/
p-6P/CuPc (
—

PMMA

ITO/Glass

Highly ordered semiconductor layers
Excellent conduction channel
Better response to NO;

Disordered semiconductor layers
Bad conduction channel
Little response to NO»

.

N7 =N

B
| (PI (I? | N—Cu—N

—,N !
o 00 g 06 Mo

9H,0
0 _
n o ’1' ~0
PMMA AI(NO;)3.9H,0 CuPec

Fig. 6 Conducting channel and NO, response mechanism based on the (a) bilayer dielectric and (b) single dielectric OFET devices layer (reproduced
with permission from ref. 72. Copyright 2019, Elsevier). (c) Molecular structures of the materials.

Oh et al. employed the solvatochromic dye (Nile red, NR)
with twisted intramolecular charge-transfer (TICT) behavior,
depending on the polarity of the surrounding molecules, as an
auxiliary NR sensing medium (aNR-SM).?! Intra-charge trans-
fers from the donor diethylamine group to the ketone group
occurred in the NR molecule when the polar molecule
approached, causing the twisting of the donor functional group
and thereby increasing its dipole moment. This characteristic
was exploited for detecting NH; by applying NR as an auxiliary
sensing medium to the OFET. The Top-NR case, in which
aNR-SM covered only the top of the organic semiconductor
layer, was reported to display the best gas sensing performance.
Furthermore, its response and recovery rates were improved by
46% and 94%, respectively, as compared to the pristine case. A
sensitivity of 0.87 & 0.045 ppm "% was measured, having almost
perfect linearity (0.999) over the range of the measured NH;
concentrations, which resulted in solving the saturation problem
in the sensing characteristics of the OFET-based gas sensor.

8360 | J Mater. Chem. C, 2025, 13, 8354-8424

Schematic diagrams exhibiting the structural comparison of the
OFET-based gas sensors are shown in the Fig. 8. The pristine case
represents a basic DNTT OFET, which was fabricated with a
BGTC structure without an aNR-SM. The Top-NR and Inter-NR
cases were classified according to the deposited regions, where
the aNR-SM was positioned. The aNR-SM is covered only on the
DNTT OSC layer in the Top-NR case. Meanwhile, aNR-SM is
located not only on the OSC surface, but also in the OSC/
electrode interface region in the Inter-NR case, by depositing
the NR after the OSC film formation. In the Inter-NR case, a large
negative shift in V, appears since it is more affected by the
presence of the aNR-SM layer during the charge injection. In
addition, improvements in the pppr are considered to be due to
physical doping, as the NR molecules are deposited on the DNTT
active layer. The Top-NR and Inter-NR cases show a greater
decrease in the I, level with increasing NH; concentration than
in the pristine case. The amplification of the sensing signals of
the Top-NR and Inter-NR cases could be attributed to the increase

This journal is © The Royal Society of Chemistry 2025
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(c) device 2 with the porous DNTT film, after the exposure layer (reproduced with permission from ref. 82. Copyright 2021, Elsevier); (d) semiconductor,

Dinaphthol2,3-b:2’,3’-flthieno[3,2-b]thiophene (DNTT).

(a) Pristine (b) Top-NR (c) Inter-NR
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Fig. 8 Schematics for three types of DNTT FET devices: (a) pristine, (b)
Copyright 2021, ACS).

in the dipole moment of the aNR-SM formed on the OSC surface
by exposure to ambient NH; gas, and the increase in the trapping
of NH; molecules due to the interaction between the NR and NH;
molecules (Tables 7 and 8).

Kang et al. reported on three conjugated polymers with the
same conjugated framework, but different side chains having
different branch points and polarities for fabricating sensor for
the detection of NO,.** 5-PDBF and 2-PDBF with alkyl side
chains exhibited excellent carrier mobility, whereas 2EO-PDBF
with glycol side chains showed moderate carrier mobility for
each conjugated polymer. The response to NO, displayed an
opposite tendency to the charge carrier mobility (Fig. 9). The
discriminated electrical properties of the polymers were attrib-
uted to the differences in the nano-dimensional morphology
and crystallinity. 5-PDBF with partly linear side chains showed

Table 7 Summary of the electrical performances of the Pristine, Top-NR,
and Inter-NR Cases®!

Samples pppr (em? v1s™h) Ven (V) Ion/Iog ratio
Pristine 0.47 £+ 0.036 —3.1 £ 0.8 ~10°
Top-NR 0.48 £ 0.053 —4.8+1.1 ~10°
Inter-NR 0.62 £ 0.082 —12.9 + 2.6 ~10°

This journal is © The Royal Society of Chemistry 2025

(ONTT)
Gate dielectric (Parylene-C)

Gate dielectric (Parylene-C)

Top-NR, and (c) Inter-NR cases (reproduced with permission from ref. 81.

Table 8 Summaries for various sensing performances of the Pristine,
Top-NR, and Inter-NR cases under the measuring condition of Vg = Vp =
—20 V&

Samples Response rate (s ') Recovery rate (s~ )

Pristine —0.00084 + 2.7 x 107° 0.0011 4+ 1.6 x 10>
Top-NR —0.0035 + 1.4 x 107* 0.0035 + 4.5 x 10™*
Inter-NR —0.0024 4+ 5.0 x 107> 0.0018 4+ 2.7 x 10 *

a more tightly inter-packed molecular configuration between
the conjugated backbones. Thus, its film had a large crystallite
with a low number of defects. However, the gas-sensing per-
formance of 5-PDBF was inferior to that of 2EO-PDBF. In
particular, the 2EO-PDBF sensor displayed fast and reversible
NO, detection with an LOD of 0.24 ppb. It also showed excellent
selectivity towards NH3, SO, and CO,. The glycol side chain played
a crucial role in enhancing the adsorption and diffusion of NO, as
it provided favorable conditions, such as NO,-affinitive character-
istics, loosely packed molecular arrangement, and energetically
degenerated NO,-binding sites. The obtained results suggested
that enhancing the affinity with target analytes is an efficient
approach to ameliorate the sensitivity and selectivity of conjugated
polymer-based FET gas sensors.
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(a) Actual gas sensor image (left), device schematic (right/top), and OM image of the device (right/bottom). Schematic showing the apparent

difference in the sensitivity and the saturation/recovery characteristics for (b) 2-PDBF or 5-PDBF and (c) 2EO-PDBF FET sensors (reproduced with
permission from ref. 83. Copyright 2021, ACS). (d) Chemical structures of the conjugated polymers, 2-PDBF, 5-PDBF and 2EO-PDBF FET.

Sizov et al. reported on a new design of reusable gas sensors
based on Langmuir—Schaefer monolayer OFETs (LS OFETS)
fabricated from the organosilicon derivative of [1]benzothieno-
[3,2-b][1]-benzothiophene for detecting NH; and H,S at low
concentrations down to tens of ppb (Fig. 10c).** The Langmuir-
Schaefer technique was employed for the OSC monolayer

deposition, which enabled the formation of a 2D-crystalline
monolayer film with high device yield and excellent reproducibility
(Fig. 10a). The chemically inert nature of the organosilicon semi-
conducting material allowed for OFET manufacturing under
ambient conditions in the presence of air and water vapors.
Selectivity was achieved using the multiparametric detection

(b) NH,

(a)

Langmuir monolayer

i

ODMS
SiO2 dielectric

| - head group (C6)
J - conjugated core (BTBT)
| - alkyl spacer (C11)
° - anchor group (-Si-O-Si-)

Fig. 10

» -2

(c)

D

o
O(Si-Und-BTBT-Hex),

(a) LS OFET device architecture. (b) Suggested mechanisms of NHz and H,S (reproduced with permission from ref. 84. Copyright 2018, ACS). (c)

Chemical structure of the organosilicon dimer O(Si-Und-BTBT-Hex), in the closed conformation.
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principle, where specific variations of the device parameters
were correlated with the target gas. The sensing mechanisms for
NH; and H,S molecules by the LS OFETs were significantly
different (Fig. 10b). In the case of NH;, the molecules interacted
with the surface of the OSC film due to the strong electron
properties of NH;. The electron pair from nitrogen easily inter-
acted with the positively charged holes, which were ejected by
the field effect into the LS film. In the case of H,S, the molecules
had only weak electron-donor properties and did not signifi-
cantly trap holes on the OSC surface. However, they diffused
into the monolayer OSC and modulated its conductivity through
the variation of the potential barrier between the grains. The
differences in the sensing mechanisms for these two gases led
to different LS OFET characteristics’ responses, enabling a
multiparametric detection of toxic gases.

Anisimov et al. reported on the microbiological verification
of a novel approach for monitoring the quality of food and
detecting spoilage using an electronic nose based on OFETs.?”
The newly designed compact device was able to sense gases related
to spoiled food as early as at the 4 x 10* CFU per g bacteria count
level, which is below the safe consumption threshold by 2 orders of
magnitude. A cross-sensitive sensor array of monolayer OFETSs
based on the siloxane-containing derivative of [1]benzothieno-[3,2-
b][1]}-benzothiophene OSC (D2-Und-BTBT-Hex) was designed.
Different metalloporphyrin receptor layers on a single substrate
were used for tuning the sensor response selectivity (Fig. 11).
Initially, a set of metalloporphyrin receptors (Cu-, TiO- and Zn-
TPP) was considered for providing discriminative ability between
four gases: H,S, NO,, ethyl mercaptan (Et-SH), and NH;. At the
same time, various sulfur-containing (such as dimethyl sulfide)
and amine-containing compounds (such as dimethylamine,
methylamine and cadaverine) with higher or comparable mole-
cular weights, compared to the gases mentioned above, were
reported to be markers of protein decomposition, and thus can
be used for detecting food spoilage. This means that the same
sensors can be applied to detect them. The sensitivities toward
water vapors and alcohols were found to be at least 3 orders of

B-HE E--E
- Bl v
- -4
L B A
R

Fig. 11

View Article Online
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magnitude lower than NO, due to the presence of long hydro-
phobic alkyl chains in the OSC molecules employed. This enabled
sensing of the target analytes in the presence of many volatile
organic compounds, water vapors and CO, in the background.
Wagner et al. reported the improved vapor responses and
altered response ratios of thiophene-based copolymers containing
oxygenated side chains (linear polyethylene glycol, crown ether and
CH,O0H) including the poly(3-hydroxymethylthiophene) (PTOH) and
other newly synthesized polymers (Fig. 12).*® Hydroxymethyl-
bearing copolymers displayed higher mobility than poly(3-
hexylthiophene) (P3HT). The response of the thiophene-based
polymers was increased towards NH;, NO, and acetone by the

HO HO
f\ 7\ | s
s” 1§ AN /in
/R PTOH
S n _ 02
P3HT ; PTOH-co-P3MEEMT g
5 )
I g
; HO N
J/o I\ S
STINN /ln
n
/ o
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_/

P3HT-co-PSMEEMT PTOH-co-PT4C

Fig. 12 Chemical structures of the thiophene-based homo- and co-
polymers.

Sensor chamber

— -

—

(a) Schematic representation of the sensor array with 20 monolayer OFETs, where different colors represent the areas covered by various

receptor layers (TiO—, Cu—, and Zn-TPP) and nonmodified sensors in the substrate center with the bare D2-Und-BTBT-Hex organic semiconductor.
(b) Scheme of the experiments with a food container connected to the sensor chamber via a micropump (reproduced with permission from ref. 85.

Copyright 2021, Springer Nature).
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incorporation of different oxygen-bearing functionalities. The
polyether side chain enhanced the NO, response sensitivity of
the copolymers of both P3HT and PTOH, but the sensitivity
towards gas analytes was found to be more prominent for
glycol-based functionalities rather than the crown ethers. PTOH
was very sensitive to NO,, and the response likely included a
contribution from conductive protons on the OH group. The
lack of correlation among the rank-ordered gas sensitivities
imparted by each functional group was found to be useful for
designing a selective sensor array. A high classification accu-
racy for all the polymer responses to NO, and acetone vapors
was reported, both of which gave increased device currents, but
with response ratios different enough to allow for highly
classifying discriminant functions to be derived.

Fan et al. reported on a subparts per million-sensitive NO,
sensing circuit with improved humid air stability by UV-ozone
treatment on a poly(bisdodecylquaterthiophene) (PQT-12)/poly-
styrene (PS)blend film.*” The circuit comprised of a pair of
OFETs in series, one OFET with and one without this treatment.
Schematic structure and the diagram of the OFET-based circuit
is shown in the Fig. 13. OFETs consisting of a UV-ozone treated
PQT-12/PS blend film was defined as device A, while the
untreated OFETs were defined as device B. UV-ozone treatment
was expected to induce functional groups on the surface of the
PS film and the generated functional groups hold the ability to
absorb the NO, analyte, which was mandatory for achieving
ultrasensitive sensors. In comparison to the previous OFET
sensors, the readout was obtained from the voltage V,,. at a
point between the OFETs. The circuit displayed a low detection
limit (200 ppb) towards NO,, and greatly reduced the voltage
drift in the humid environment compared to the current drift
of the circuit or the individual OFETs because of the balance of
conductance drifts on either side of the readout point, which

Voo
device A
"
Vo Vet
/ o
device B
n
PQT-12 PS

Fig. 13 (a) Structure and diagram of the OFET-based circuit (reproduced
with permission from ref. 87. Copyright 2019, ACS) and (b) the chemical
structure of PQT-12 and PS.
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differed from the existing OFET-based sensors. The sensitivity of
the circuit approached 25% and 400% for NO, concentrations of
200 ppb and 20 ppm, respectively, by using V., as the detection
parameter (The U.S. government exposure limits are approxi-
mately 200 ppb and 1 ppm for long- and short-term exposure,
respectively). Furthermore, the V,,, is substantial enough to be
easily measured by a voltmeter, which could remove the need for
complex equipment (semiconductor analyzer system) for the
sensing test.

Mukhopadhyaya et al. reported a series of five diketopyrrolo-
pyrrole-fluorene-based polymer semiconductors via modification
of the polymer backbone to achieve and rationalize enhance-
ments in gas sensitivities and electronic stability in air (Fig. 14).%®
OFETs were fabricated in the BGTC configuration as sensing
devices. P6 showed a high hole mobility of 0.12 + 0.02 cm”> V"
s~ ', while the other polymers exhibited low hole mobilities. The
Vin values of the polymers, containing the fluorene spacer, are
higher than those of P6 and P7. These polymers were used as
active layers to detect NO, in concentrations as low as 0.5 ppm.
The sensitivities displayed a bias voltage-dependent behavior.
The proportional on-current change of OFETs using a dithienyl
DPP—fluorene polymer reached ~614% for an exposure to 20
ppm of NO, for five minutes, testing at a bias voltage of —33 V.
Sensitivities with the Vg set to (Vy-40) are tabulated in
Tables 9 and 10 to show the trends in the NO, and NHj;
sensitivities. The less electron-donating fluorene main-chain sub-
unit led to increased signal/drift compared to the thiophene and
carbazole moieties. The introduction of the fluorene unit in the
DPP backbone reduced the ease of the backbone oxidation and
induced traps in the thin films. The gas-absorbing properties of
these materials were governed by the combination of thin-film
morphology and oxidation potentials. In this class of OSCs, the
ratio of responses on exposure to NO, and NH; compared to drifts
while taking the device through repeated gate voltage sweeps is the
highest for two polymers incorporating electron-donating linkers
that connect the diketopyrrolopyrrole and thiophene units in the
backbone. A much larger response to NO, compared to NH;
indicated increased susceptibility to oxidization compared to the
reducing gases. Furthermore, the capability of the oxidizing gases
to induce additional charge density has a more dramatic electronic
effect than when traps are created by the reducing gases.

While the traps are typically regarded as an obstacle to achiev-
ing high-performing semiconductor devices, they can also be
exploited towards sensing as analytes modulate the trap density
of states (DOS). The generation or passivation of charge carrier
traps can thus be the predominant mechanism of sensing by
polymers in OFETs.

Mukhopadhyaya et al. established the major role of traps in
the vapor-sensing mechanism of a series of five air-stabilized p-
channel conjugated polymers (Fig. 15).%° The energetic distribu-
tion of the charge traps and the capability of creating them in the
polymers as a function of backbone structure was investigated. A
polymer with a twisted backbone was observed to be capable of
creating an energetically broad trap distribution, while the one
with a high degree of solid-state order showed a tendency to form
an energetically narrow trap distribution and a fast passivation of

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Chemical structures of polymers PF1-PF4 and reference polymers P6 and P7.

Table 9 NO, sensitivities and D values in the (Vy,-40) regime88

Sensitivity (%) Sensitivity (%) Sensitivity (%) Sensitivity (%) D” D D D
Polymer 1 ppm 5 ppm 10 ppm 20 ppm 1 ppm 5 ppm 10 ppm 20 ppm
PF1 27 £ 0.7 115+ 6 165 + 4 272 £ 5 1+1 4+1 542 9+ 2
PF2 34 +4 79.2 £5 101 + 9 122 + 15 2+6 4+4 542 6+ 2
PF3 100+9 152 + 13 210 £+ 17 355+ 4 2+3 3+1 5+1 8+2
PF4 20 £+ 12 93+6 179 £ 1 329 £ 20 2+1 10£1 19 +2 35+1
PF5 30 £17 81 £ 27 150 + 15 334£9 8+6 21 £1 39 +2 86 £ 2
P6 157 + 12 258 £+ 15 571 + 11 614 + 22 12+6 19+1 43 +1 46 + 1
pP7 10 £ 9 53 + 18 99 + 25 192 £+ 12 1£1 4+2 7+1 13+1

D“ = response-to-stability ratio parameter, calculated as D = (Al/l)exposures At/(AI/D)yithout exposuresac Where At is the time interval of exposure of the
sensing device to the vapors for a particular concentration of the gas. ppm = parts per million (one part of the substance per one million parts of the

solution).

This journal is © The Royal Society of Chemistry 2025
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Table 10 NHs sensitivities and D values in the (Vy,-40) regime®®
Sensitivity (%) Sensitivity (%) Sensitivity (%) Sensitivity (%) D D D D

Polymer 1 ppm 5 ppm 10 ppm 20 ppm 1 ppm 5 ppm 10 ppm 20 ppm
PF1 9+2 18+ 4 27 £5 37f6 1+1 2+1 3+1 3+1
PF2 14 £ 12 25+ 4 34 +£8 43 + 11 1+1 2+1 3+1 4+1
PF3 22 +£10 27 £ 4 33+9 39+5 1+1 2+1 2+2 2+1
PF4 6+1 9+1 14 £3 20 £ 2 2+1 5+1 7+1 9+ 2
PF5 34 +9 41 + 12 50 +9 68 £ 3 9+ 1 11+2 14+1 16 +1
P6 16 £ 4 24 £6 27 £7 36 £8 1+2 2+2 3+1 5+1
P7 10 £ 3 13+6 21 +£2 334 3+1 4+1 5+1 7+2

Fig. 15 Chemical structures of diketopyrrolopyrrole-fluorene and diketopyrrolopyrrole-bithiophene-based polymers.

traps on exposure to air. The stability and energetic distribution
of traps when polymers are subjected to bias stress was related to
the electronic structure, as well as solid-state packing. The
highest hole mobility of 0.12 + 0.02 cm*> V™' s~ was shown by
P6, and PF3 exhibited a p-channel mobility of ~(1.2 x 10~7)
em®V 15t £ (7 x 107%) em® V' s 1. Meanwhile, the films of
the other four polymers displayed much lower hole mobilities of
~2.0 x 107* cm® V' s7'. This study revealed that PF2 was
capable of creating an energetically broad distribution of traps,
while P6 was found to create a narrow distribution of traps.

8366 | J Mater. Chem. C, 2025, 13, 8354-8424

A larger, stable shift in V4, during the static biasing process
indicated the presence of deep traps or localized states within the
grain boundaries; the density of which was higher in PF2. The
ability of the analyte vapors to passivate and create traps, and
release carriers was monitored by the recovery time after bias
stress in the presence and absence of the vapors, illustrating the
role of the traps in the vapor response under different conditions.
The recovery from bias stress under an ambient atmosphere is
the fastest for P6, while PF2 shows the lowest tendency to refill
the created traps when exposed to air for similar time scales as

This journal is © The Royal Society of Chemistry 2025
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the NO, exposure, which accelerated the recovery. The ability of
NO, and NH; for filling/creating traps was further evaluated.
Polymers retained their NO, sensitivity, both post NO,-aided
recovery and air-aided recovery, at a bias stress condition of
Vg = Vp = —80 V. The ability of NH; for creating traps was verified
by erasing the traps from the OFET sensors. This was achieved by
charging with the aid of a positive gate voltage, leading to an
increased NH; response compared to the air controls.

Ahn et al. studied the effect of side chains on the electrical
properties of conjugated polymers by designing two different
conjugated polymers containing alkyl and ethylene glycol (EG)
groups as side chains on the same conjugated backbone with an
electron donor-acceptor (D-A) type chain configuration.’® These
polymers displayed completely different electrical properties,
although they exhibited similar smooth morphologies and weak
crystalline chain assemblies in the film state. PTQ-T with alkyl
side chains showed typical p-type semiconducting characteristics,
whereas electrical conducting behavior was displayed by PTQ-
TEG with EG-based side chains. Both polymers have radical
species due to their strong D-A type conjugated structure
(Fig. 16). The oxygen atoms of the EG-based side chains, addi-
tionally intercalating with the conjugated backbone, increased
the carrier density, and ultimately generated the conductor-like
properties of PTQ-TEG. A higher NO, sensitivity with a faster
recovery rate was shown by PTQ-TEG compared to PTQ-T. When
PTQ-T and PTQ-TEG were applied to FET and resistive-type
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Fig. 16 Chemical structures of the conjugated polymers.

Fig. 17
the dielectric material BCB.
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sensors, the flexible EG-based side chains increased the free
volume of the conjugated polymer chains, as well as the affinity
with polar NO, molecules. This facilitated NO, diffusion in and
out of the PTQ-TEG film, resulting in its better sensitivity towards
NO, compared to PTQ-T. It was also confirmed that the EG-based
side chains in PTQ-TEG barely impaired the detection selectivity
for other common gases, such as CO,, NH; and SO,, with non-
polar neutral, electron-donating and electron-withdrawing char-
acteristics, respectively. The detection sensitivities were found to
be in the following order: NO, (6.9% ppm ™), SO, (0.03%/ppm),
NHj; (0.05%/ppm) and CO, (0.19%/ppm).

Yang et al. employed two semiconducting polymers, poly(3-
hexylthiophene-2,5-diyl) (P3HT) and poly(9-vinylcarbazole) (PVK),
for the fabrication of OFET consisting of a polymer bulk
heterojunction.”® An in-depth investigation of the underlying
sensing mechanism was conducted by exploiting the atmosphere
influence on device characteristics and NO,-sensing performance of
the OFETs. Initially, the individual device characteristics and sensing
performance under certain concentrations of NO, were investigated
by using N, and dry air as carrier gases. O, was found to have a
greater effect on the electrical performance compared to other
atmospheric components, which was different from the previous
report of a neat P3HT-based device. Specifically, the response of the
drain current under N, was more than two times higher than that
under dry air at the high gate voltage, and a 2-fold enhancement was
observed in the mobility. In contrast, at a low gate voltage, ie., 0 V
under dry air, the response was 2-fold greater than under N,. The
underlying sensing mechanism of these gas sensors was investigated
with various P3HT fractions under different operating environments.
The gas sensor with 50% P3HT displayed high sensitivity to NO,
under dry air. The highest current sensitivity was ~12381% for
15 ppm (~700% for 600 ppb) which was more than 30 times greater
than that of pure P3HT. These sensors clearly distinguished NO, as
low as 300 ppb.

Sagdullina et al. reported on the synthesis of N,N-diperfluoro-
heptyl naphthalene diimide (FNDI), and successfully used it as a
promising n-type semiconductor material for OFETs and OFET-
based amine-selective gas sensors.”> Benzocyclobutenesilicon resin
(BCB) was applied as a thermally stable passivation coating in
these devices (Fig. 17). These sensors demonstrated a strong

(a) General layout of the OFET (reproduced with permission from ref. 92. Copyright 2020, Elsevier); (b) structure of the semiconductor FNDI and
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response towards NH; and amines, along with a high operational
stability and good reproducibility of their electrical and sensor
characteristics. They were characterized by a low analyte detection
threshold estimated to be below 1 ppm and a high speed (response
time <10 seconds). Moreover, the fabricated sensors displayed
good group selectivity with respect to ammonia and aliphatic
amine-type analytes. The device sensitivity increased while going
from NH; to trimethylamine, and then to dimethylamine. Mean-
while, no pronounced selectivity was found within the group of
amines and NH; due to the single mechanism of interaction
between these analytes and FNDI. This fact imposed restrictions
on the use of these sensors for the detection of individual amine-
type analytes or discriminating them in a gas mixture. The newly
fabricated sensors were insensitive with respect to other types of
analytes, which lacked an amine-type structure. Such group selec-
tivity could be useful for a number of applications. The analytes
detected by the FNDI-based sensors could be important markers
for expressing the diagnostics of diseases, such as chronic liver
diseases (ammonia, dimethylamine and trimethylamine), acute
and chronic radiation syndromes (ammonia), renal failure (ammo-
nia, trimethylamine), and pancreatic diseases, e.g., benign and
malignant tumors (trimethylamine). Additionally, the selectivity of
these sensors with respect to amines could be useful for monitor-
ing food quality and controlling air pollutions.

Huo et al. explored the influence of intermolecular interactions
on the performance of the OFET-based sensors by employing a
series of organic semiconductors based on thienylene-vinylene-
thienylene (TVT) derivatives, such as (E)-1,2-bis(5-(naphthalen-2-
yl)thiophen-yl)ethene (TVT-NA), (E)-1,2-bis(5-(benzofuran-2-yl)thio-
phen-2-yl)ethene (TVT-BF) and (E)-1,2-bis(5-(benzo[b]thiophen-
yl)thiophen-2-yl)ethene (TVT-BT) (Fig. 15b).>*> OFETs based
on the TVT derivatives displayed the highest mobility up to
0.69 cm® V' s~ for TVI-NA. A gas sensor based on the OFET

(@) —  source Drain
Gate
1) I
! 11
— I
= Exposure to NH,
.
Gate

Fig. 18
molecular structures of thienylene-vinylene—thienylene (TVT) derivatives.
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containing TVT-BF as the OSC layer demonstrated good sensi-
tivity and selectivity for the detection of NH; gas (Fig. 18a). The
response and recovery times of the three TVT sensors were
measured when taking them in and out of the gas chamber with
the concentration of 10 ppm NH; vapor, and the drain current
were measured at Vgs = —30 V. Both the response and recovery
times were within twenty to thirty seconds. The TVI-BF sensor
was exposed to 1 ppm NH; vapor for four times. Its performance
had no obvious change, which indicated its good stability.
Significantly different sensing capabilities were displayed by
the TVT derivatives for NH3, and the experimental results were
consistent with the difference of intermolecular interaction
force between NH; and TVT derivatives, revealed by the simula-
tion calculation (Fig. 19). The binding energies between NH;
and TVT-BT, TVI-NA and TVT-BF were found to be —0.126 eV,
—0.066 eV and —0.168 eV, respectively. Different types of non-
covalent interactions, such as van der Waals forces, hydrogen
bonding and steric crowding were taken into account and the
TVT-BF displayed much stronger interactions than that of TVI-BT
and TVT-NA. This could be attributed to the stronger hydrogen
bond formed between the oxygen atom of furan and NHj;.

Zhao et al. reported a transistor-type sensor having bias-stress
instability, containing a semiconductor layer of polymer, IDTBT
with low-crystallinity, which may provide a stronger bias-stress
effect and broad absorption in the visible light range.** Unmo-
dified SiO, with high defects was used as a dielectric layer
(Fig. 20). In the bias-stress effect, carrier trapping occurred in
the deep, localized states of the interface defects. It was hard to
release these carriers again, and the recovery of these traps
without external stimulation was almost negligible. In the photo-
excitation effect, photogenerated carriers compensated for carrier
traps or promoted the traps removal via photoexcitation pro-
cesses. A serious bias-stress instability was demonstrated during

TVT-BF

(a) Schematic representation of the NH3z gas sensing mechanism (reproduced with permission from ref. 93. Copyright 2022, Elsevier); (b)

This journal is © The Royal Society of Chemistry 2025
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IDTBT
Fig. 20 Chemical structure of IDTBT.

the evolution of the, transistor performance. The threshold
voltage drifted from —3.2 V to —48.1 V, and the ON-state current
dropped from 35 pA to 4.9 pA. During this process, the threshold
voltage of the transistor quickly moved to the negative direction and
gradually approached equilibrium due to the gradual saturation of
the deep defect sites. The device at this time was considered to have
steady state with the maximum traps. Under light conditions, the
threshold voltage drifted from —3 V to 1 V and remained stable,
indicating that the illumination effectively suppressed the bias-
stress effect. The response towards NO was improved due to the
presence of more carrier traps under pre-stress dark conditions. The
transistor’s Vy, moved forward from —47.7 V to —33.1 V and ON-
state current increased from 5.73 pPA to 24 pA. The Vy, stress in the
dark state was found to be improved 3 times compared to that of
under light owing to the maximum traps in the dark condition. At
this, more reaction sites were available for the NO as trap filler sites.
Under these light conditions, most of the traps were removed via
photoexcitation process; hence, the reaction sites for NO were
reduced and the response mainly came from the reaction of the
semiconductor body. Removal of traps through photoexcitation
under light conditions facilitated the regeneration of traps by
NHj3;, which was 1.4 times greater than dark pre-stressed conditions.
Moreover, the selectivity of the device was reversed under two
different conditions.

This journal is © The Royal Society of Chemistry 2025

Mougkogiannis et al. fabricated gas sensors for the detection
of amine vapors using [2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-
alt-5,5-(2,5-di(thien-2-yl)thieno][3,2-b]thiophene) (DPP-T-TT) as
a OSC layer (Fig. 21).” The responses to a series of alkyl-amines,
trimethylamine, triethylamine, n-propyl amine, n-butylamine and
dibutylamine over a range of concentrations were investigated.
Data collected for all amines including their sensitivities and a
calculated limit of detection (LOD) are given in Table 11.
Dibutylamine exhibited the highest sensitivity among the tested
amines with LOD of 0.025 ppb while the lowest sensitivity was
shown by triethylamine. The sensitivity toward alcohols was
found to be much lower. This study demonstrated the possibi-
lity to model the response and sensitivity of the device to a range
of amines via Antoine constant C and the heat of vaporization at
the boiling point, despite the complexity of analytes and the
transduction pathways of OFET devices. In 1888, Antoine intro-
duced an equation which was able to predict the vapor pressure
of pure liquids (vaporization) and solids (sublimation).”® The
Antoine equation described the relation between vapor pressure
and temperature of pure substances, as shown in eqn (1):

B
logP=A4———

T+C @

DPP-T-TT
Fig. 21 Chemical structure of the OSC polymer DPP-T-TT.

R = 2-octyldodecyl
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Table 11 Molecular parameters consisting of the dispersion forces (3D), polar forces (3P), and hydrogen bonding (6H), Antoine parameters, measured

sensitivity, limit of detection (LOD) and predicted sensitivity®®

Compound 8D oP SH  AntC,°C AHy, ] M ' Measured sensitivity %ppb ' Measured LOD ppb Predicted sensitivity %ppb
Ammonia 13.78 16.74 18.82 235.9 23.37 0.82 + 0.73 2.17 0.99

Trimethylamine 14.34 2.86 4.39 233.8 23.39 0.145 £ 0.008 2.9 0.14

Triethylamine 14.81 2.77 2.9 216.2 29.83 0.015 £ 0.001 34.5 0.013

Dibutylamine 15.79 2.68 4.4 2004 39.83 10.00 £ 0.20 0.025 14.73

n-Butylamine 15.82 4.6 8.38 215.1 31.89 1.59 £ 0.01 0.056 0.41

Propylamine 15.71 5.15 8.33 219.1 29.12 0.018 5 x 10°* 129 0.041

Ethanol 15.62 9.3 17.19 202.8 36.38 0.068 £ 0.007 116 0.075

1-Propanol 15.68 7.34 14.59 197.4 38.39 0.053 + 2.4 x 107* 226 0.017

where P = vapour pressure, T =
component-specific constants.

A regression model y = A + Bx; + Bx,, where x; = AntC
(Antoine’s C constant in degrees Celsius) and x, = AHy (heat of
vaporization at boiling point), was created and this was fitted to
determine the coefficients A and B to give eqn (2):

temperature, A, B and C =

log Sgn = —131(£20) + 0.5 (+0.1)AntC + 1.03(£0.16)AHy,

(2)

The final column in Table 1 depicts the predicted values of
sensitivity calculated from eqn (2).

Lee et al. investigated the NH; sensing properties of the
pentacene and 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-
pentacene)-based OFETs.”” TIPS-pentacene displayed poorer
electrical properties (Table 12) compared to pentacene due to
the additional chain in its structure. However, this extra sub-
stituent was useful in increasing the surface volume ratio of the
TIPS-pentacene film. Hence, it showed a reaction towards 1 ppm
of NH; gas but pentacene had no response. This study showed
that the structure that could sufficiently adsorb the gas on its
surface displayed better properties for gas sensing than providing
better electrical properties. The mechanism of NH; interaction
with organic semiconductors is shown in Fig. 22b. Since, penta-
cene and TIPS-pentacene acted as p-type semiconductors, the
holes were the dominant charge carriers in the region where Vgs
was negative. Holes accumulated toward the interface (front
channel), and the OFET remained in the on-state. When NH;
was applied, it was adsorbed to the back-channel of the semi-
conductor and the concentration of holes inside the pentacene
and TIPS-pentacene decreased due to the extra lone pair of
electrons. Therefore, as the current was reduced upon introduc-
tion of NH;, TIPS-pentacene (with a relatively rough surface)
adsorbed a more significant amount of NH;. Hence, it was
confirmed that TIPS-pentacene reacted better in the presence
of 1 ppm NH;, while the pentacene-based OFET device failed to
detect 1 ppm of NH; gas due to its low concentrations that could

Table 12 Summary of the electrical properties of pentacene and the
TIPS—-pentacene based OFETs®”

Hre SS
Channel Vin V) oot (x102em®>V 's™!)  (V decade ™)
Pentacene 1.7 >10° 5.6 0.83
TIPS-pentacene 3.2 >10° 3.9 1.74

8370 | J Mater. Chem. C, 2025, 13, 8354-8424

not be adsorbed on the smoother pentacene film. However, the
desorption of NH; did not occur effectively at room temperature;
therefore, the OFET was not able to recover its original state.
Thus, measurements for the TIPS-pentacene-based sensor were
conducted at 80 °C, at which desorption occurred effectively,
restoring the initial state. After exposure to NHj, it took 26 s to
reach saturation, and then it took about 340 s to fully recover.
Amer et al. reported on sensors for NH; that were prepared
by spin-coating technique using different active channel layers.
Polyaniline doped with dodecylbenzene sulfonic acid “DBSA”
(PANL:DBSA), polyaniline-emeraldine base (PANLEB), and
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PED-
OT:PSS) were used as OSC layers.’® Indium tin oxide (ITO) or
Si were used as a gate, while PMMA or SiO, were employed as
the gate insulator layers, respectively (Fig. 23). The current-
voltage characteristics under exposure/evacuation of NH; were
measured for the OFETs to evaluate the response/recovery
times and the relative response (AR). The resistance of the
PANIL:DBSA film was increased when the OFET sensor was
exposed to NH;, owing to the reducing nature of this gas. The
PANL:DBSA sensing layer contained protons “H' associated
with N through a lone pair. H" formed a highly unstable NH**

(a) In NH; gas Enc

NH (gas‘)’&'
V<0 / Ta

E —_— N Ec

Energy (eV)

Pentacene or TIPS-pentacene (@3 electron (adsorbed)
E:

B -
E PETO O

Hall decreased
&)

(b) >_y
92000

TIPS-Pentacene
Pentacene Si<

e
A

Fig. 22 (a) Illustration of the mechanism of NHz gas sensing with OFET
(reproduced with permission from ref. 97. Copyright 2022, Springer
Nature). (b) Molecular structure of pentacene and TIPS—pentacene.
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P Gate contact

Fig. 23 Layout structures of the OFETs as ammonia sensors based on the (a) n-type Si gate with SiO, insulator layer; (b) ITO gate with the PMMA
insulator layer, where Losc = channel length, L = active channel thickness, L, = channel thickness, and w = channel width (reproduced with permission

from ref. 98. Copyright 2019, Springer Nature).
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Fig. 24 Molecular structures of (a) PANI/ES and (b) PANI/DBSA and (c) diagram of the sensing mechanism of PANI:DBSA.

in the presence of NHj3, by releasing the lone pair of electrons
and the equilibrium was established. The unstable NH*" was
attached with the PANI ring along with DBSA (Fig. 24c). Upon
disrupting the supply of NHj, the resistance Ru, ot Of the Si/
PANI:DBSA OFET sensor was slightly decreased by increasing the
Inn,off current to the initial value. The NH** decomposed into NH;
and protons were added back to the deprotonated PANI:DBSA to
restore the initial level of doping. The role of DBSA was to with-
draw electrons from PANI due to its electron withdrawing nature
and create direct interaction with NH; that could remove more
electrons from the PANI matrix. Hence, the overall p-type behavior
of PANI was enhanced by the introduction of electron-accepting
DBSA. The response/recovery times of the fabricated OFET sensors
are summarized in Table 13. The OFET sensor with PANI:DBSA as
an active layer with Si or ITO gate, displayed AR to NH; of ~63%
and ~41.4% with response time of 2 and 4 s, respectively.

Table 13 Summary of the response/recovery time of the prepared OFET
sensors®®

OFET Sensor Response time (s) Recovery time (s)

Si/PANL:DBSA 2 30
Si/PANL:EB 2 27
Si/PEDOT:PSS 13 8
ITO/PANIL:DBSA 4 14
ITO/PANIL:EB 33 6
ITO/PEDOT:PSS 29 22

This journal is © The Royal Society of Chemistry 2025

Lee et al. fabricated the OFET-based sensor using pentacene
OSC to detect hydrochloric acid (HCl) gas concentrations.’®
OFET displayed the field-effect mobility of 1.8 cm® V' s,
subthreshold slope of 0.64 V dec™ ", threshold voltage of 5.6 V
and on/off current ratio of 10°. The sensing mechanism for
these devices was closely related to the carrier transport and
charge transfer. Oxygen molecules were adsorbed on the sur-
face of the pentacene film upon exposure to dry air. Therefore,
oxygen species such as O, O~ and O®>  were present on the
surface of the film, capturing electrons inside the film. How-
ever, saturation occurred after adsorption of enough oxygen,
and no further change in the current was observed. Pentacene
is a p-type semiconductor with n-combination and the holes are
major charge carriers. The weak binding oxygen adsorption on
the surface of pentacene was replaced by HCl when exposed to
HCI gas. HCI reacted with the oxygen species attached to the
surface of the pentacene and generated an extra Cl~, which
captured the additional electron present in the pentacene,
resulting in an increased Ipgs. As the concentration of HCI was
changed repeatedly, the reactivity increased systematically as
the HCI gas increased from 3 to 20 ppm. The maximum
response of the pentacene OFET was 1.55 at the HCI concen-
tration of 3 ppm, while the recovery time to its initial state was
about 200 s at the concentration of 20 ppm at room tempera-
ture. Hence, the fabricated devices did not corrode even with
HCI exposure and recovered to their initial state.
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Fig. 25 Different heterocycle-based quinoidal compounds.

Huo et al. synthesized a series of dicyanomethylene-terminated
quinoidal compounds (Fig. 25) to be used as the active channel in
n-type OFETSs for detecting DMMP."° Mobilities of these OFETs
ranged from 10°-10"" em® V- ' s~ ". The current change ratio
gradually increased by increasing the DMMP gas concentration;
the Ing current change ratios of compounds 4-T-PTZCN, 3-T-
PTZCN and 3-T-TZCN reached up to 17%, 9% and 7%, respec-
tively, under the action of 10 ppm DMMP gas. Compound 3
displayed the best detection sensitivity and selectivity. The
response value remained at 0.5-1% even when the gas concen-
tration was decreased to 10 ppb. Moreover, the sensor devices
were tested with a series of gases as the interfering gas with the
concentration of 10 ppm to verify the selectivity of the new
sensors based on 3-T-TZCN to DMMP. The sensors based on
3-T-TZCN displayed more obvious response behavior of 17% to
DMMP, and the response values of the other interfering gases
were no more than 2.6%. Additionally, the impact of the humidity
on the sensing performance of compounds 1-3 was evaluated with
the 10 ppm DMMP vapor under different humidity conditions by
employing lithium chloride to control the humidity level. The
sensing response of all three sensors was decreased with the
increase of the relative humidity. With the humidity above 60%,
the decrease was significantly high. Meanwhile, the decrease was
minimal when the humidity was below 60%. The degree of decline
of 3-T-TZCN was obviously lower compared to the other two
compounds. Furthermore, the sensing response was still effective
for the detection of DMMP even under the high humidity condition
of 75%. In OFETs based on 3-T-TZCN, the mobility decreased by no
more than 18% after 90 days of being stored in air atmosphere.

Data related to the device design and performance of OFET-
based gas sensors have been summarized in Table 14.

2.2. Pressure sensors

OFET-based flexible pressure sensors have attracted increased
attention in recent years, owing to their inherent properties, such
as high array uniformity, excellent signal amplification, excellent
stress monitoring, facile integration with electrical circuitry and
high spatial contrast. These sensors are vital components for
future practical electronic applications, including electronic skin,
rollable displays and for the next generation of wearable health
care devices."*'™'** A prerequisite for the majority of these applica-
tions are as follows: low power consumption, reduced production
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cost and enhanced flexibility to enable device integration on
curved surfaces and eventually on human skin.'® Organic-based
electronics present an attractive option considering these require-
ments, as they are compatible with low-cost fabrication protocols,
and can be deposited at low temperature and on plastic substrates.
For the aforementioned applications, pressure sensitivity in a low-
pressure regime, Z.e., <10 kPa is crucial. So far, three transduction
mechanisms have been reported for converting pressure stimuli
into electrical signals, which are capacitance changes, ' piezo-
electricity'”'®® and piezoresistivity.'*''° OFETs have successfully
been employed as electrical transduction platforms in pressure
sensors. OFETs can be used in devices for transmitting information
from pressure-responsive components, or alternatively, their elec-
trical response to pressure can also be exploited. Until now,
researchers have obtained encouraging results, but most of these
devices need a high operation voltage. Recently, polyelectrolyte-
gated OFETs have emerged as promising low-voltage devices for
advanced sensing. However, the real applications of these sensors
are greatly limited by their poor stability, severe hysteresis and
low sensitivity. Polar polyelectrolytes are hygroscopic. Hence,
they easily absorb moisture, which adversely effects the OSC.
Meanwhile, polyelectrolyte-induced dipolar disorder, leakage
currents and parasitic capacitance can cause severe hysteresis
and poor interfacial compatibility, which are damaging for the
electrical performance and operational stability of OFETs.'' 12
The improvement in hysteresis induced by residual dipoles or
mobile ions still remains an obstacle toward affording sensors
with low operating voltages and relatively high sensitivity."">~**°

Liu et al. reported on hysteresis-free polyelectrolyte-gated
OFETs for ultrasensitive low-power pressure sensors achieved via
nanoscale dielectric interface passivation.''” The hysteresis and
leakage currents of the polyelectrolyte-gated OFETs were largely
suppressed by incorporating a thin polymer passivation layer
between the binary polyelectrolyte dielectric and OSC layers.
Hysteresis-free OFETs with this composite dielectric of polystyr-
ene/polyelectrolyte were developed into flexible low-power pressure
sensors, which delivered an exceptionally high sensitivity of
897.9 kPa~' at a low-operating voltage of —2 V. Fig. 26b shows
the changes in the operating mechanism of these devices without
and with interface passivation by the thin nanoscale polystyrene
layer. In the polyelectrolyte composite film, PEG serves as a non-
ionic component and PAA dielectric is a polyanionic proton
conductor. With both PAA and PEG as hydrophilic in nature, they
easily absorbed moisture in air conditions. In particular, the
hygroscopic PEG rapidly absorbed water, and effectively promoted
the anion migration and ion conduction due to the decreased
activation energy. The cations and anions mainly originate from
the dissociation of PAA, which produced the H' cations and
deprotonated polyanions. Since these devices were operated in
an ambient environment (60% RH), hydroxide (OH ™) anions were
naturally generated from the dissociation of water. Therefore, for
the bare PAA:PEG-based OFETs under the negative gate potential
(the left of Fig. 26b), the free H' cations moved to the side of the
gate electrode interface. The deprotonated polyanions could then
gather close to the semiconductor surface, but did not migrate into
the un-passivated PIDT-BT:TCNQ film due to the diffusional

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic architecture of the flexible OFETs and molecular structures of PS, PAA, PEG, PIDT-BT and TCNQ. (b) Mechanism of the OFETs in

electrochemical doping (left) and electrostatic charging (right) modes (reproduced with permission from ref. 117. Copyright 2022, Elsevier).

restrictions of the polymer backbone. Meanwhile, the mobile OH™
were able to penetrate deeply into the un-passivated OSC layer,
causing the charge carriers to exist both on the channel surface
and in the bulk structure of the doped OSC. Consequently, the
electrostatic charging mechanism of the field-effect induced mode
was critical to these polyelectrolyte-gated OFETSs. One of the draw-
backs determined by this operating mechanism was that the ions
took more time to migrate across the layers, leading to the
relatively large hysteresis and slow response time of OFETs. This
issue was addressed by employing a hydrophobic PS as a thin
interface passivation layer to improve the interfacial compatibility
and restrict ion migration into the active layer, avoiding the doping
of bulk semiconductors.

Sun et al. developed a high-k Al,O; dielectric on aluminum
foil via simple printing protocol for OFETs and pressure
sensor.'’® The high-k Al,O; dielectric films were large-area
compatible and robust, leading to a high areal capacitance
and low leakage current density. These OFET devices exhibited
a field-effect mobility of 0.65 cm”® V~' s~" and current on/off
ratio of up to 10°. Additionally, these OFET devices displayed
good mechanical stability and excellent uniformity, indicating
the printed Al,O; dielectric as a promising candidate for the
fabrication of OFETs on a large scale. The extended gate OFET-
based pressure sensor achieved a high-pressure sensitivity of
8 kPa~! at an operational voltage of as low as —2 V and a fast
response time of <100 ms (Fig. 27).

semiconductor drain
\ ex(ende[ gate (ITO/PET)

sou@v
Al,O, dielectric

Al foil

Wang et al. reported a sensor based on the semiconductor/
conductor interface piezoresistive effect in OFETs, which
merged the merits of field-effect modulation and piezoresistive
effect."’® The piezoresistive effect was activated by the gate
modulation. The schematic fabrication process of the piezo-
resistive sensor is shown in Fig. 28a. Polydimethylsiloxane
(PDMS) with micropyramids and Au were deposited as a couple
electrodes. PDMS/Au were laminated onto the DNTT OSC layer
as drain/source electrodes to form the OFET-based sensors. The
working principle of these sensors was mainly based on the
tunable contact quality between OSC and drain/source electro-
des, as well as the gate modulation. When pressure was applied
on the PDMS electrode, the pyramidical peaks were deformed.
The increased contact area between OSC and the electrode
improved the carrier’s injection efficiency, and hence decreased
the contact resistance. The effective channel length was
decreased when the PDMS/Au micropyramids were deformed to
a larger contact area under pressure (Fig. 28b). This contributed to
the reduction of the channel resistance, but the change range of
the channel length was limited while the actual channel width
showed no change or only a small change during the deformation
of the microstructured electrode. Therefore, the deformation of
micropyramids altered the electrode/OSC contact resistance, and
simultaneously tuned the channel resistance in a relatively small
range. Moreover, the conductivity of the channel was closely
related to the amount of charges induced by the gate voltage.

press

‘ preiu;)
v

pressure

b..]m.ﬁ;.#l

Fig. 27

(a) 3D illustration of the extended gate OFET-based pressure sensor without pressure (left) and with pressure (right). (b) Side view of the

illustration of the device without pressure (left) and with pressure (right) (reproduced with permission from ref. 118. Copyright 2019, ACS).
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Thus, this conductor/semiconductor piezoresistive effect also
took advantage of the electric-field modulation effect. These
sensors exhibited a sensitivity of up to 514 kPa™ " after applying
an appropriate voltage. The response time was found to be
1.8 ms during loading and 6.7 ms during unloading, with a high
durability of over 10000 cycles. The LOD value was as low as
10 Pa, which was located in the subtle-pressure regime
(1-1000 Pa). These device sensors successfully sensed the motion
of the wrist, and accurately captured the weak signals of the wrist
pulses.

Liu et al. constructed a multifunctional flexible OFET by
inserting a charge-transfer complex with piezo-sensitive micro-
structures modified on the OSC layer (DPP-DTT) through one-
step spin-coating.'®® The charge-transfer complex consisted of
7H-dibenzolc,g]carbazole/7,7,8,8-tetracyanoquinodimethane (DBCz/
TCNQ) polymer solutions. Poly[[2,3,5,6-tetrahydro-2,5-bis(2-octyl-
dodecyl)-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-2,5-thiophenediyl-
thieno[3,2-b]thiophene-2,5-diyl-2,5-thiophenediyl] (DPP-DTT) was
used as an OSC layer. The organic charge-transfer complex is a
new class of OSCs, containing two or more types of components
in a highly-ordered molecular-level-heterojunction packing state.
The buffer layer structure was well controlled by doping proportion
tuning, undergoing a clear phase separation. The possible sensing
mechanism of these devices is shown in Fig. 29e. The nanoribbon-
shaped donor-acceptor complex remained in its initial state in the
absence of external pressure and the devices operated in their
original state. The DBCz/TCNQ framework underwent compres-
sion with spontaneous displacement and polarization under the
influence of an external pressure. Current flow and the electrical
potential were generated, leading to a gradual change in capaci-
tance. Perhaps, there was friction electrification from the
PMMA layer and microstructure. In this case, the polarization
of the DBCz/TCNQ co-crystal microstructures altered the

8376 | J Mater. Chem. C, 2025, 13, 8354-8424
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(a) Schematic fabrication process of the pressure sensor. (b) Schematic diagrams of the change of the channel length (reproduced with

relative capacitance of the dielectric upon pressures and the
output current, due to their non-centrosymmetric lattice structure
and the mismatch between the insulator and co-crystal. Conse-
quently, the as-prepared sensors presented significant pressure-
stimuli responses and even thermo-sensitive behaviors. For pressure
sensing, a good sensitivity of 2.73 kPa~" was achieved with a very
low-pressure detection limit and a fast response time of ~0.13 s.

Yin et al. developed bilayer polymer dielectrics for low-voltage
OFET-based pressure sensors.">" A novel type of bilayer dielec-
trics was generated with the help of facile solution processing by
combining the thin PMMA with controlled thicknesses with a
thick polyelectrolyte of polyacrylic acid (PAA) (Fig. 30). This
multifunctional dielectric layer provided a vertical phase separa-
tion structure with good stability, significant depletion in leakage
currents and high capacitance. Consequently, the flexible OFETs
with the PMMA/PAA dielectrics maintained low-voltage operation
and displayed better electrical performance than the devices
consisting of a pure PAA dielectric. Moreover, a suspended gate
was used for the OFET-based sensor, and an optimized PMMA/
PAA dielectric layer was employed to achieve highly sensitive
pressure sensing. The pressure sensors displayed a record high
sensitivity of 56.15 kPa " at a low operating voltage of —5 V, a fast
response time of less than 20 milliseconds, bending stability with
over 2000 cycles under a bending radius of 3 mm and adequate
flexibility. This study demonstrated a convenient protocol for the
construction of low voltage, highly sensitive pressure sensors for
practical e-skin applications.

Zhang et al. reported on a hydrogel-based electrolyte-gated
OFET (HYGOFET), where a soft water-based agarose hydrogel layer
was used as a dielectric layer."*> Water is known to orientate under
the influence of an electric field due to its dipolar nature, and such
orientation can be affected by the application of pressure. The
hydrogel layer provided a high-capacitance dielectric, maintained a

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc04265d

Open Access Article. Published on 18 March 2025. Downloaded on 7/29/2025 7:09:27 AM.

View Article Online

Review Journal of Materials Chemistry C

(b) DPP+DBCZ/TCNQ

PMMA
Pressure PMMA Effect of Ay

B |~ s

el

DBCz TCNQ

Fig. 29 (a) Structure of the prepared sensing device, (b) piezo-sensitive mechanism of the DBCz/TCNQ-doped device (reproduced with permission
from ref. 120. Copyright 2023, WILEY) and (c) molecular structures of DBCz and TCNQ.

. E"%"é?':“;‘:"“,":“':' i constant saturated humid environment to the active OSC layer and
{ ey reduced the operational voltage. The chemical structures of OSC,
..CO0"+ H ; 2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene (diF-TES-

ADT) and agarose hydrogel are shown in Fig. 31. The HYGOFET
displayed high electrical performance and long-term stability
due to a polydimethylsiloxane (PDMS) encapsulation structure.
When pressure was applied, a negative Vy, shift and consequent
Ins decrease were observed, followed by a full recovery of the
initial transfer characteristics when the pressure was removed.
Upon application of pressure, the orientation of the entrapped
(b) water molecules in the OSC was changed, which affected the

cuun Cuabss 1;4 °f.*:.f?.‘:‘:f.*:.‘.° o : .
local polarization of the OSCs; hence, creating states in the band
’ ‘ \/ O >‘©‘<‘ o PAR - gap, and Vi, was shifted due to these traps. The electrical
CigHay” ~CieH @' separa characteristics of these sensors responded to the application
PIOT-8T TCNQ N PMMA - of low pressures, ie., in the range of several hundred Pa to
Fig. 30 (a) Structure of the flexible OFET device. (b) Molecular structures 9 KPa. These devices operated in a voltage window below 0.5 V

of PIDT-BT, TCNQ, PAA, and PMMA (inset is an illustration of the PMMA/  and their shelf-stability was estimated to be around 2 days. The

PAA dielectric with a vertical phase separation structure) (reproduced with  time response of the HYGOFET toward pressure was estimated
permission from ref. 121. Copyright 2018, WILEY). to be ~2 s.
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Fig. 31 Chemical structures of OSC, 2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene (diF-TES-ADT) and the agarose hydrogel dielectric.

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. C, 2025, 13, 8354-8424 | 8377


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc04265d

Open Access Article. Published on 18 March 2025. Downloaded on 7/29/2025 7:09:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

de's'OFET de-i*OFET

Il (c): ELECTROMECHANICAL CHARACTERIZATION

s I
DEPOSITION |
i) Drop Casting Anisotropic deformation

1) Indenter for

1l
L

L

L

ps-OFET p-i-OFET : :
1

1

1

1

View Article Online

Review

ii) Hemispherical

iii) N-8S anisotropic
indenter

deformation

Fig. 32

[

|

[

[

[

[

[

[

- |

[

a ii) hl(""%‘:"““"“"““ iv) W-E anisotropic }

gISEAE o deformation :

Parallel pattern I: }

5-OFET +i:OFET " :

2 1 - - I

i) Meniscus-assisted j :' 'S 2\ N |

inting e 1] v) Spherical [] ] I

prin I doformation QUSN VM |

Radial pattern :: ~ - ~ .

| DN, SOV oo s s o e e e S e i e 0 i s T

e e e bbbl e e T e

I (a): DEVICE STRUCTURE 1 i

I

a ‘ =

1 = I

1

i SH :
I 4

: i-OFET |

! i

' 1

! I

i I

i ~ PET ~ Parylene C S :

| L e !

1 N i

i ~ Aluminum N Gold {

\ [

(@) The s-OFET and i-OFET layouts, (b) different organic semiconductor patterns and deposition techniques used, (c) kinds of mechanical

deformations employed during device testing as sensors (reproduced with permission from ref. 112. Copyright 2024, Elsevier).

Lai et al. investigated the electromechanical performance of
OFET-based sensors to better understand the role of the source-
drain electrodes layout, along with the morphology of OSC obtained
by different patterning methods." Two different sensor structures,
with interdigitated and spiral-shaped source and drain electrodes,
were employed along with the solution-processed OSC. OSC was
deposited by drop-casting or patterned by using meniscus-guided
printing (Fig. 32). This approach allowed the orientation of the
crystalline domains to specific directions, and provided isotropic or
anisotropic semiconductor patterns onto the transistor’s channel
area. An anisotropic surface strain was imposed for testing different
device configurations as strain gauges and tactile sensors. Sensors
with spiral-shaped electrodes in combination with isotropic semi-
conductor patterning were found to be more useful for reproducing
the sense of touch, while interdigitated devices with crystalline
domains aligned along the channel length direction came out to
be ideal strain gauges. These investigations could pave the way to
the development of e-skin for prosthetic and bio-robotic applica-
tions, and for monitoring joint motion and tactile sensing.

Lai et al. reported on an OFET-based strain sensor in the form
of a wearable platform for monitoring the wrist flexion and
extension.’* A novel device that was capable of operating below
<2V was fabricated over flexible plastic substrates. These devices
could be integrated in a custom-made Lycra® glove for monitoring
wrist motion without affecting the natural movements, and inter-
faced with a portable readout electronic module. Initially, devices
were embedded in a fabric strip. Afterwards, they were inserted
into a pocket sewn in the glove of the corresponding wrist. The
current variation in the transistor structure was transduced by the
readout electronics into a voltage signal, opportunely conditioned
and converted for proper acquisition by the elaboration unit. Users
could set different control signals, including sensor polarization

8378 | J Mater. Chem. C, 2025, 13, 8354-8424

and overall amplification, calibrate sensor, and finally record and
visualize the real-time signal with the help of a control software.
Two kinds of wrist movements, namely flexion and extension, were
considered. The sensing response was dependent on the strain
induced by the mechanical deformation related to wrist move-
ments. A sensitivity of 14 nA deg™ " and 18 nA deg ™' was obtained
for the wrist extension and flexion, respectively. This sensing
platform was able to discriminate bending angles as low as 6°
for both kinds of wrist movements with significant reliability.
Wang et al. used the fully flexible piezoelectric tactile sensor
based on the piezotronic effect by integrating piezoelectric materi-
als with the mechanical-to-electrical conversion function of 3
polyvinylidene fluoride (PVDF) nanorod arrays and the signal
amplification function of OFETs."*® The tactile sensor array con-
sisted of a 3 x 3 cell on a polyethylene terephthalate (PET)
substrate for effectively measuring the wrist curvature at different
degrees (Fig. 33). An external mechanical force was transformed
into piezoelectric voltage for driving the OFETs by employing the
PVDF nanorod arrays, which considerably improved the piezo-
electric properties of the materials. Piezotronic transistors con-
verted pressure into electrical signals without applying a gate
voltage, which substantially simplified the circuit models and
sensor distribution. The sensitivity of the tactile sensor could be
improved by amplifying the piezoelectric voltage using an OFET.
The fabricated tactile sensor displayed a pressure sensitivity of
5.17 kPa ™", detection limit of 175 Pa and response time of 150 ms.
Thuau et al. investigated the effect of the layer thickness of
OSC (ranging from 5-15 nm) on the piezoresistive sensitivity of the
dinaphtho[2,3-b:2,3-f]thieno[3,2-b] thiophene (DNTT) OSC layer.'*°
The device architecture was a CantiFET, an OFET embedded in a
suspended organic micro-cantilever (Fig. 34). The triangular shape
of the cantilever was chosen to induce uniform longitudinal stress

This journal is © The Royal Society of Chemistry 2025
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Fig. 33 Fully flexible piezoelectric tactile sensor based on the piezo-
electronic effect (reproduced with permission from ref. 125. Copyright
2020, Elsevier).
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Fig. 34 Schematic side view of the CantiFET device and its corresponding
cross-section (reproduced with permission from ref. 126. Copyright 2020,
MDPI).

in the DNTT thin film when a force was applied at the free end of
the cantilever. The DNTT layer with the thickness ranging from
5 nm to 30 nm was investigated. No significant changes in the
transfer curves were observed above 15 nm thickness. A 5 nm thick
active layer was not adequate to turn on the OFET due to the
unavailability of the charge carrier transport. Ins was found to
decrease with the decrease in the DNTT thickness from 15 to 6 nm
due to the hindered charge carrier transport along the transistor
channel. The on-state I,g values of OFETs with DNTT thicker than
15 nm did not vary as the charge carrier transport takes place in
the first few nanometers next to the dielectric interface, provided
that complete coverage is attained. 6 nm was the minimum
thickness that allowed charge transport in the DNTT layer, which
was the critical thickness, where the percolation path was achieved
between the DNTT grains. Moreover, a decrease in the active layer
thickness also increased the morphological defects. Hence, as a
result, the charge trapping sites slightly shifted the V;, from —1.6 V
for a 15 nm thick active layer towards higher Vgs at —2.2 V for
8 and 6 nm thick film. Gauge factors (GFs) of 42 + 5 and —31 + 6
were measured from the variation of the output currents of the
6-nm thick DNTT-based OFETs engineered on top of the polymer
cantilevers in response to the compressive and tensile strain,
respectively. Generally, the GF is defined as the normalized change
of the resistance per applied strain, GF = (AR/R,)/e, where AR is the

This journal is © The Royal Society of Chemistry 2025
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change in the resistance as compared to the unstrained device, R,
is the resistance of the unstrained device, and ¢ is the applied
strain.

Yin et al. reported on a fully flexible, breathable, water-proof
piezoelectric sensor by capacitive coupling of the polyvinylidene
fluoride (B-PVDF) nanofiber membrane (NM) with the electrome-
chanical conversion function OFET device with signal amplification
function.””” The inherent waterproofed p-phase PVDF NM with
thousands of micropores was fabricated by advanced electrospin-
ning process, which provided the device with excellent breathability.
PVDF NM also improved the deformation tolerance and accelerated
the response/recovery time. Hence, the device could be bent at will
without affecting its performance. Based on the piezoelectric effect
polarization, the charge generated by the PVDF membrane was
sufficient to drive the OFET device and monitor human physiolo-
gical signals without applying a gate voltage. Based on the concept
of the piezoelectric effect that the piezoelectric potential energy
could regulate and control the current in OSC, PVDF NM as signal
input unit was connected with OFET as a piezoelectric signal output
unit. Therefore, the PVDF-OFET-PZTS was constructed, as shown in
Fig. 35. The PVDF piezoelectric NM produced a positive voltage
upon deformation that operated as the gate voltage in the OFET
when mechanical force was applied. The holes produced from
diphenylamine (DPA) accumulated at the interface between the
gate, and the dielectric layer induced additional electrons in the
DPA channel. Furthermore, the recombination of the electrons
with the holes occurred in the channel, resulting in a decreased
current. The PVDF recovered and deformed to generate a
negative voltage upon the release of mechanical force, and
electrons were accumulated at the interface between the dielec-
tric and gate, inducing additional holes in the DPA channel,
resulting in increased current due to the increase in holes. This
principle allowed the mechanical signal to be converted to
electrical signal without adding an extra gate voltage. The
signal detected by PVDF-OFET-PZTS was nearly 1000 times
larger than that generated by the PVDF piezoelectric NM under
the same external force. This result proved the excellent signal
amplification function of DPA-OFET. These tactile sensors
displayed a pressure sensitivity of 7.94 kPa~", detection limit
of 48.54 Pa and response time of 10° ms.

Data related to the device design and performance of the OFET-
based pressure sensors have been summarized in Table 15.

Fig. 35 Composition diagram of PVDF-OFET-PZTS. The PVDF NM was
coupled in parallel with DPA-OFET (reproduced with permission from ref.
127. Copyright 2023, Elsevier).
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2.3. pH sensors

The quality of water/aqueous solutions can be identified by its
pH level, which is the measure of the number of hydronium
ions."®® The difference in the concentration of hydronium and
hydroxyl ions in the water/aqueous solution is responsible for
changing its pH level into that of an acid or base. Living cells and
organisms in the human body contain water/aqueous solutions.
Therefore, the pH level is a critical parameter in human health.
On the other hand, changes of the pH value in external environ-
ments such as water reservoirs may result in metal corrosion that
poses risks to human health."**'*° Drastic changes in the pH of
the soil can cause ecological imbalances, causing adverse effects
on the biota, fungi, and bacteria, and earthworms, as well as
other animals. Also, pH imbalances in marine organisms create
disturbances in their acid-base (metabolic) physiology, resulting
in changes to the biodiversity, trophic interactions and other

FRONT GATE (Al)

50nm

50nm

BACK GATE (Al)

10um

Fig. 36 Schematic of our proposed dual-gate pentacene-based OFET pH
sensor with the dual underlap lap region (reproduced with permission
from ref. 133. Copyright 2023, MDPI).
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ecosystem processes.'*" The untreated waste water from indus-
tries contains strong acids or alkalis, which threaten waterborne
animals.'®>"*? Therefore, the changes in the pH levels not only
impair human health, but also adversely affect the environment.

Majeed et al. proposed a pH sensor based on the dual-gate
OFET (DG-OFET) for detecting the variations in the aqueous
(electrolyte) medium."** This DG-OFET consisted of pentacene
as a semiconducting layer and a source-sided underlapped
region, which was sensitive to the aqueous electrolyte environ-
ment. The design of a novel OTFT structure using the organic
material, pentacene, was proposed for sensing the pH of the
electrolyte (Fig. 36). Double gates had been used in DG-OFET
for improved sensitivity and performance over a conventional
OTFT-based sensor. The change in the ON-current (I,,) was
observed due to parallel examination of the electrolytes in two
gates underlapping the region of the structure. The change in
the drain current was exploited for different pH values and the
corresponding charge densities, utilizing the 2D physics-based
numerical simulation for the evaluation of the sensitivity of DG-
OFET. The simulation results were extracted with the help of
the software package Silvaco TCAD-ATLAS. The proposed device
displayed a sensitivity of 217.53 mV per pH with SiO, as the gate
oxide. Using high-k dielectric significantly increased the device
sensitivity and helped achieve less degradation over time. The
maximum sensitivity achieved in this work using Ta,Os as a
dielectric was 555.284 mV per pH, which was more than nine
times the Nernstian limit.

Pfattner et al. reported on reversible and stable pH sensors
employing a solution processable semiconductor poly(tetrathi-
enoacenediketopyrrolopyrrole) (PTDPPTFT4)."** This device
consisted of a BGBC configuration with a pH active top dielectric
in a dual-gate device configuration for rapid and continuous
measurements in physiologically relevant salt concentrations and
pH values (Fig. 37). A silicon wafer was employed as a substrate with
thermally grown SiO, as the bottom dielectric. Meanwhile, for the
top dielectric, thermally evaporated SiO, was used due to the
presence of many hydroxyl groups on its surface and the mild
conditions of thermal evaporation. A key novelty of this approach on
the one hand was the good encapsulation of the OSC by a top
dielectric, which enabled the device to function in the field-effect
regime rather than the electrochemical doping regime. On the other

sol?:lon (b)
ml
—e Au _ Au
Cr Cr
s‘oi

|
C1eHa3

PTDPPTFT4

Fig. 37

(a) A pH sensor based on the BGBC dual-gate OFET and SiO, as the active sensing layer (reproduced with permission from ref. 134. Copyright

2019, WILEY), (b) chemical structure of PTDPPTFT4 used as a semiconductor.
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Table 16 Summary of the device configuration, structure and performance of the OFET-based pH sensors

OFET’s Additional

configuration OSC/active layer Dielectric layer layer/segment Device performance Ref.

TGTC Pentacene SiO, or Ta,05 — e Sensitivity = 217.53 mV per pH Majeed
(Si0, dielectric) et al.*®®
e Sensitivity = 555.284 mV per pH
(Ta,05 dielectric)

BGBC Poly(tetrathienoacene-diketopyrrolopyrrole) e SiO, (bottom dielectric) PDMS e Sensitivity = 39% per pH Pfattner

(PTDPPTFT4) e SiO, (top dielectric) e Resolution, ApHggr = +0.02 et al.™

hand, no external voltage was applied to the electrolyte solution;
instead, a reference/ground electrode was electrically connected to
the source electrode and kept the electrolyte solution potential from
drifting. Hence, an externally induced electrical bias across the
active sensing layer was significantly reduced, subsequently enhan-
cing the device stability and sensitivity. This double-gate FET plat-
form displayed stable, fast and reversible responses to pH with a
sensitivity of up to 39% per pH and resolution of ApHggr = £0.02.

In this double-gate OFET, the PDMS flow cell was incorpo-
rated with a Pt ground electrode. The Pt electrode was used to
ground the electrolyte solution without applying an external
voltage bias, allowing the sensing voltage to be solely deter-
mined by the potential change at the SiO,/electrolyte interface.
This approach decoupled the control voltage from the sensing
voltage. The OFET was operated in its linear regime with
constant drain and gate biases, and its response to different
pH values (2.8, 7.4, 11.2) was investigated. The device displayed
fast and reversible responses with minimal changes in the gate-
leakage current. The sensor’s response was quantified and
showed a linear relationship with pH values from 5 to 11, with
high sensitivity (39 & 2% per pH) and excellent linearity (0.996).
The resolution was found to be ApH = +0.02. Below pH 5,
however, the sensor’s response deviated from linearity and
became independent of pH, possibly due to the high H;O"
concentrations causing a positive surface charge and switching
off the transistor. This behavior was consistent with changes in
transconductance observed at various gate voltages. The work-
ing point of the double-gate structure was chosen at V= —0.5V
and Vg = —5V, where the sensor was able to respond linearly to
pH values higher than 5. This is in good agreement with
physiologically relevant conditions. This finding allowed for
tuning the linear working range of the OFET. The sensitivity
was higher when the working point was close to the threshold
voltage of the device. The gate-voltage dependence of the
sensitivity was investigated by OFETs driven at different gate
voltages. This test showed decreasing sensitivity with increas-
ing gate voltage, as well as decreasing sensitivity with gate
dielectric thickness.

Data related to the device design and performance of OFET-
based pH sensors have been summarized in Table 16.

2.4. Chemosensors

Chemosensing is one of the promising applications of supramo-
lecular analytical chemistry. OFET-based chemosensors have
displayed excellent detection abilities for volatile organic chemi-
cals, narcotics and toxic substances,”**™*’ and have shown

8382 | J Mater. Chem. C, 2025,13, 8354-8424

advances in their real-time response and high selectivity. There-
fore, OFET sensors are expected to be applied in various fields,
including environmental detection, food safety, biomedicine and
pesticide residues,**"*° especially in areas where flexibility, min-
iaturization and portability**® are important. Utilizing OFET-based
chemosensors for the detection of certain compounds has proved
useful in substituting tedious protocols, such as enzyme-coupled
colorimetric method"*' and ion-exchange liquid chromatography
(IELC),"** which are large-scale instrumental strategies that require
technical personnel to operate, complicated sample preparation
procedures and large equipment. Similarly, oxyanions have been
commonly estimated by employing methods requiring large
instrumentation, such as gas chromatography-mass spectro-
metry,"**'** liquid chromatography-tandem mass spectro-
metty,"*>** and ion chromatography.'*” However, the miniaturization
of those protocols is vety hard to achieve for on-site analysis. Thus,
molecular-sized chemosensors for oxyanions have been designed with
the possibility of naked-eye detectability of target molecules."**'*°
Fabricating a solid-state sensing platform is a useful strategy for
the on-site sensing of oxyanions. The self-assembled monolayer
(SAM) as the solid-state detection segment can provide multivalent
recognition sites, enabling chemical sensing at the interface
between the aqueous solution and SAM."*® Consequently, a
combination of SAM and a suitable transducer can operate as
a portable chemical sensor for target oxyanions. An extended-
gate-type OFET, fabricated using SAM, was reported to sense
chemical species in aqueous media."*""'**> An ingrained cross-
reactive response derived from the artificial receptor-based SAM
allowed for pattern recognition-driven chemical sensing, lead-
ing to the quantitative and qualitative detection of considerable
chemical species.'*?

Asano et al. developed a real-time monitoring system utiliz-
ing the combination of a water-gated OFET (WG-OFET) and a
microfluidic chamber for detecting the potential carcinogenic
herbicide glyphosate [N-(phosphonomethyl)glycine] (GlyP).">*
The surface of a polymer semiconductor was utilized as a sensing
unit for the realization of the real-time sensing with the WG-
OFET (Fig. 38). An aqueous solution was used as a gate dielectric
that flowed into a designed microfluidic chamber on the semi-
conductor layer and the gate electrode. This aqueous solution
also contained the target analyte. The WG-OFET-based sensor
utilized the competitive complexation among the carboxyl side
chain of poly[3-(6-carboxylpentyl)thiophene-2,5-diyl] (P3CPT), a
copper(i) (Cu®") ion, and GlyP. P3CPT was used as the polymer
OSC, the carboxylate side chain of which could form complexes
with Cu** at the interface. GlyP strongly coordinated with the

This journal is © The Royal Society of Chemistry 2025
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Fig. 38 Schematic of the integrated sensing system of WG-OFET and the microfluidic chamber (reproduced with permission from ref. 154. Copyright

2021, ACS).

Cu*" ion. Removal of the Cu*" ion from the Cu®*"-P3CPT complex
caused selective changes in the electrical double-layer capaci-
tance (EDLC). A uniform water flow and real-time quantitative
sensing of GlyP at a micromolar level was enabled by the
optimization of the microfluidic chamber.

Fan et al. reported a chemical sensor using an extended-gate-
type OFET (EG-OFET) for detecting cocoyl sarcosine (CS) (Fig. 39).
The self-assembled monolayer of a dipicolylamine copper(u)
complex (Cu**-dpa) was employed to modify the extended-gate
electrode of the EG-OFET, which could capture CS through a
coordination bond."> EG-OFET was utilized for detecting CS in
the MES (100 mM) buffer with NaCl (10 mM) at pH 7.0 at 25 °C. An
increased CS concentration in the presence of interferents
resulted in the shift of the transfer characteristics of the EG-
OFET. A positive shift in the transfer characteristics was

C14H29
S S
|0 LD \
S s A
H»9C
PRy s

Passivation (CYTOP™)

Organic semiconductor (PBTTT-C,,)

Gate (Al

7
Dielectric (AIO,)

Fig. 39 Schematic of the EG-OFET structure for CS detection. The extended-gate electrode portion was modified with the Cu®*

observed by increasing the concentration of CS (0-10 ppm) at
Vbs = —2 V. Considering the pH effect, the responses of the
fabricated sensor to CS were investigated at three different pH
conditions, ie., 5.5, 6.2, and 7.0. Since deprotonation of the
carboxy group of CS would promote the complexation between
CS and Cu”*-dpa, the sensor exhibited the highest response to
CS at pH 7.0. The LOD was estimated to be 0.03 ppm. The cycle
test revealed good reproducibility and reusability of the EG-
OFET sensor. Thus, EG-OFET displays great potential for use in
maintaining heat equipment in the near future, owing to the
industrial applications of CS in heat exchangers.

Mitobe et al. reported on an OFET-based chemical sensor for
multi-oxyanion detection with pattern recognition techniques.'*®
The oxyanions are known to play versatile roles in biological
systems, and accessing the chemical information they provide

Reference electrode

-dpa complex

(reproduced with permission from ref. 155. Copyright 2022, Springer Nature).
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Fig. 40 Schematic of the extended-gate-type OFET for oxyanion detection. The extended-gate electrode was functionalized with the Cu"-dpa
complex (reproduced with permission from ref. 156. Copyright 2022, ACS).

would be beneficial for fundamental research in diagnosis and
pharmacology. Phosphates in human blood serum would be a
promising indicator for the early detection of significant diseases.
In this regard, phosphate anions that are known as mediators and/
or metabolites in cellular signal transduction pathways could be
potential markers for indicating abnormal states leading to dis-
eases. In this study, an extended-gate-type OFET was functiona-
lized with a metal complex consisting of 2,2'-dipicolylamine and a
copper(n) ion (Cu"™-dpa), allowing for a compact chemical sensor
for detecting oxyanion (Fig. 40). The OFET combined with a
uniform Cu"-dpa-based self-assembled monolayer (SAM) on the
extended-gate gold electrode exhibited a cross-reactive response,
suggesting a discriminatory power for pattern recognition. The
qualitative detection of 13 oxyanions was demonstrated by only
using a single OFET-based sensor with linear discriminant analy-
sis, displaying 100% correct classification (Table 17). The OFET
was further applied for the quantification of hydrogen monopho-
sphate in human blood serum using a support vector machine
(SVM). The multiple predictions of hydrogen monophosphate at
49 and 89 puM were successfully realized with low errors, which
indicated that the OFET-based sensor with pattern recognition
techniques would be a practical sensing platform for medical
assays.

Ngai et al. reported a water-gated OFET-based fluoride sensor
using indigo-based PIDG-BT-C20 polymer as an active channel.
PIDG-BT-C20 was evaluated in BGBC OFETs, which demon-
strated a hole mobility of up to 0.028 cm”> V™' s~ and displayed
good stability under ambient conditions."®” When a small aliquot
of aqueous solution containing halogens was introduced, the
device displayed halide ions with the following order of relative
response: F~ » ClI” > Br~ > I, indicating good selectivity of
the sensor to fluoride ions (Fig. 41). The LOD for NaF was
calculated to be 0.40 mM. The design principle for these
indigo-based polymers was to exploit the intramolecular hydro-
gen bonding of indigo C=0 and amide N-H for recognizing the
fluoride ions. The N-H- - -F~ interaction was expected to be the
strongest among all halides because of the highest electronega-
tivity of fluorine. The disruptive effect of fluoride on the hydrogen
bond altered the electronic structure and consequently the
charge transport properties of the polymer, leading to the high
sensitivity of the device towards fluoride.

8384 | J Mater. Chem. C, 2025, 13, 8354-8424

Kweon et al. described the fabrication of flexible electrospun
poly(3,3-didodecylquaterthiophene)/calix[8]arene, (PQT-12)/C[8]A
sensors employing semiconducting polymer nanofibers (NFs) as
the active layer.'”® Sensors were prepared by electrospinning a
mixture of PQT-12 NFs in a viscous polymer material poly-
(ethylene oxide) (PEO) onto interdigitated Au electrodes to
construct an OFET structure (Fig. 42). An additional dielectric
layer of SiO, or SU-8 (thickness E 300 nm) was introduced in a
BGTC device configuration. The PQT-12/C[8]A NF-based layers
were elastic and bendable. Concentration-dependent current
changes were produced upon exposure of device to solvent
vapors and exhibited high sensitivity to toluene (229%) and
ethanol (192%) and moderate sensitivity to n-hexane (121%).
These sensors were selective and sensitive with a minimum
detectable level (MDL) of approximately 10 ppm, and were found
to be mechanically and electrically stable with a minimum bend-
ing radius (Rp) of 0.5 mm. All of the analytes elicited negative
sensing behaviors, where I, decreased with exposure to the
analyte. Since PQT-12 was a p-type semiconductor, the exposure
of PQT-12 NFs to the electron-donating molecules, such as those
bearing hydroxyl groups, could result in a reversible redox reaction.
Additionally, the proximity of such electron-rich moieties would
decrease the number of holes functioning as charge carriers at the
channel region of OFETs, resulting in a decreased I, in a p-
channel OFET-based sensor. Introducing ethanol to PQT-12 NFs
effectively neutralized the polymer backbone and reduced the
number of charge carriers, causing a drop in conductivity. The
response and recovery times of these sensors to ethanol vapors
were approximately 1 and 2 s, respectively.

Data related to the device design and performance of OFET-
based chemosensors have been summarized in Table 18.

2.5. Temperature sensors

The precise and continuous monitoring of localized body tem-
perature is crucial for monitoring critical health conditions, such
as pulmonological diagnostics cardiovascular diseases, sleep dis-
orders and certain other syndromes."”>'®® Moreover, the real-time
temperature monitoring opens up many other potential avenues of
studies, such as the reflection of emotional changes through
wearable sensors and artificial electronic skins. Many of the
aforementioned applications require the devices to display an

This journal is © The Royal Society of Chemistry 2025
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Fig. 41 (a) Schematic for device structure of a WGOFET with a 20 mL
18MU deionized water droplet sitting on top of the active later as a gate

dielectric (reproduced with permission from ref. 157. Copyright 2019, RSC),
(b) indigo-based D—-A polymer PIDG-BT-C20.
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ultrafast response, low power consumption, compatibility for
wearable applications, highest level of temperature accuracy, high
stability at body temperature and millikelvin (mK) precision."®"'¢>
Another major challenge is the heat losses that inevitably occur
during the operation of electronic devices, where heat is the main
byproduct. In certain cases, the electrical devices in the circuits,
especially for the integrated electronics including vehicles, cell
phones and others can be overheated due to waste heat produced

This journal is © The Royal Society of Chemistry 2025

fires and/or injuries. To combat this, commercial devices are
typically equipped with two elements combining the functions of
a circuit breaker and temperature sensor. However, this may
complicate the device design or create hindrances in the working
response. Hence, more simple and effective methods to limit these
shortages are required.

OFETs are promising candidates for developing many sensing
applications, owing to their flexibility, low power consumption
and multiparameter accessibility.'®*"*®” The flexible temperature
sensors are mainly of either capacitive or resistive type, contain-
ing organic or inorganic temperature-sensitive materials, and the
changes in the capacitance or resistance are measured to sense
the temperature.'®® "> Resistive-type temperature sensors are
more well-known due to the large changes in their resistance
with change in temperature. However, the response time was
found to be higher in many instances.’”'”*'”> The selection of a
temperature-sensitive material for fabricating an OFET-based
sensor is critical because a very high temperature is needed for
processing most of the temperature-sensitive materials, which is
not suitable for the fabrication of flexible OFETSs. Nevertheless,
large crystallites produced at high processing temperatures can

J. Mater. Chem. C, 2025, 13, 8354-8424 | 8385
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(a) Schematic showing a PQT-12/C[8]A OFET device with an interdigitated S/D electrode (reproduced with permission from ref. 158. Copyright

2019, RSC), (b) the molecular structures of PQT-12, C[8]A and the poly(ethylene oxide) PEO.

Table 18 Summary of the device configuration, structure and performance of the OFET-based chemosensors

OFET’s

configuration OSC/active layer Dielectric layer Modified layer Device performance Ref.

BGBC Poly[3-(6-carboxylpentyl)thio- ~CYTOP Microfluidic chamber fabricated e LOD = 0.13 pM Asano
phene-2,5-diyl] (P3CPT) with polydimethylsiloxane et al.™*

(PDMS)

BGBC Poly{2,5-bis(3-tetradecyl- Al,Oj/tetradecyl- e CYTOP e LOD = 0.03 ppm Fan
thiophen-2-yl)thieno[3,2- phosphonic acid e Extended-gate Au electrode et al.™
blthiophene} (PBTTT-C14) (TDPA) double deposited on a polyethylene

dielectric layer naphthalate (PEN) film modified
by Cu**-dpa complex

BGBC Poly{2,5-bis(3-tetradecyl- AL O; functionalized e CYTOP e LOD = 2.8 uM (for hydrogen Mitobe
thiophen-2-yl)thieno[3,2- with tetradecyl- e Metal complex consisting of monophosphate) et al.">*
blthiophene} phosphonic acid 2,2/-dipicolylamine and a

(TDPA) copper(n) ion (Cull-dpa)

BGBC Indigo-based donor-acceptor SiO, — e Mobility = 0.028 cm* V"' s~' Ngai

polymers, PIDG-BT-C20 o Excellent selectivity towards et al.'®”
F ' ions
e LOD = 0.40 mM

BGBC Poly(3,3-didodecylquaterthio- ~ SiO, — e Response time =1 s Kweon

phene)/calix[8]arene, e Recovery time = 2 s et al."®

(PQT-12)/C[8]A

make the thin films very rough, which is not suitable for OFET
fabrication. The rough interface affects the current flow at the
dielectric semiconductor interface of OFET devices. Hence,
synthesizing materials that can be processed at low temperatures
with extremely smooth film formation and display high tempera-
ture sensitivity is another challenge to deal with.

Mandal et al. fabricated OFETs using hexagonal barium
titanate nanocrystals (h-BTNCs) in an amorphous matrix as
one of the bilayer dielectric systems on a highly flexible 10 pm
thick poly(ethylene terephthalate) substrate.'’® h-BTNC films
were found to be highly temperature-sensitive, and the OFETs
based on this material exhibited ultraprecision measurement
(~4.3 mK), ultrafast response (~24 ms) within a large tem-
perature variation (~2 °C), high sensitivity (~20 nA °C™") and
low power (~1 uW at 1.2 V operating voltage) in continuously
sensing the temperature over a range of 20-45 °C. To investi-
gate the response and recovery time, the sensor was mounted a
few centimeters away from the nose for monitoring the tem-
perature of inhaled air (~26.5 °C) and exhaled air. A tempera-
ture difference of 2 °C was observed between the inhaled and
exhaled air. This small difference could be due to the decrease
in the temperature of exhaled gas on the way before reaching
the sensing device. The measured response and recovery times

8386 | J Mater. Chem. C, 2025,13, 8354-8424

e LOD = 10 ppm

obtained from this experiment were 24 and 51 ms, respectively.
These sensors could operate at various extreme conditions,
such as in solutions of various salt concentrations, at different
pH values and under water. These devices were highly stable at
around body temperature (Fig. 43).

Cheng et al. reported a thermoresponsive switching transis-
tor via the rational design of active materials based on the
typical OFET device configuration."”” The active material con-
sisted of a blend of a thermal expansion polymer and a
polymeric semiconductor (Fig. 44). Polyethylene (PE) was opted
as a thermal expansion polymer due to its high-volume expan-
sion coefficient near its melting point (90-130 °C), which
similarly corresponded to the overheating point that would
cause damage to the devices. The FET characteristics of the
devices were greatly decreased at high temperatures (100-
120 °C) due to the thermistor property of PE. The reason behind
this phenomenon was that at such an elevated temperature
(near its Ty,), the high-volume expansion of PE effectively
increased the distance of the crystalline domains of poly(3-
hexylthiophene-2,5-diyl) (P3HT), resulting in the inhibition of
the current. The optimized P3HT/PE (with a weight ratio of 2: 1)
device displayed 30% decreased mobility and 13% decreased
ON current at the high temperature of 120 °C, compared to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 43 Schematic design of a single PDMS-encapsulated OFET (top), a
series of OFETs on the flexible substrate without PDMS encapsulation
(right), and the optical image of the device in twisted condition (bottom)
(reproduced with permission from ref. 176. Copyright 2018, ACS).
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olyethylene (PE).

poly(3-hexylthiophene-2,5-diyl) (P3HT) and

pristine P3HT device (Table 19). Moreover, these devices dis-
played reversible FET characteristics with temperature, ie.,
their performance will recover back to its original value after
cooling from 120 to 30 °C due to the volume contraction of PE.
The volume expansion and contraction of PE effectively modu-
lated the charge transport of the P3HT matrix with temperature
changes.

Subbarao et al. designed a new temperature-sensing mecha-
nism of OFETs that exploited the temperature dependence of
the carrier mobility, hysteresis and bias-stress under vacuum
and humidity conditions (~65% RH)."”® OFETs were fabricated
using copper phthalocyanine (CuPc) and PMMA/PVA/AL,O; tri-
layer dielectric materials, and were expected to possess
temperature-sensing capability via controlled polarization of
the polar dielectric (PVA) layer with enhanced performance and
excellent stability over a wide range of temperatures (Fig. 45).
The device displayed a hole mobility of 0.004 cm® V™' s™* and
0.016 cm® V' s, and threshold voltage of —3.8 V and —3.7 V
under vacuum and ambient conditions, respectively, at room

Table 19 OFET characteristics of the studied devices measured at room temperature (30 °C)
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Copper Phthalocyanine
PMMA
PVA

Al O3
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Glass substrate

Fig. 45 Schematic diagram of the device fabricated using the top-
contact bottom-gate configuration. The device contains the PMMA/PVA/
AlLO3 tri-layer gate dielectric material, aluminium as the gate electrode,
CuPc as the organic semiconductor materials and copper as the source
drain electrode material (reproduced with permission from ref. 178. Copy-
right 2013, Elsevier).

temperature. The variation of the mobility was found to follow
the Arrhenius behavior over the temperature range of 150-
370 K, supporting the hopping charge transport. Switching the
ambient conditions from vacuum to humidity at 370 K
enhanced the mobility by five times. However, the mobility
was found to be enhanced by ~ 30 times at 370 K compared to
room temperature under ambient conditions.

A possible mechanism of charge trapping and generation via
structural changes in the film at different temperatures is depicted
in Fig. 46. The dipoles were randomly oriented and were frozen
within the PVA film at low temperatures (Fig. 46a). The induced
charges were very low at this temperature range, causing a low Ips.
Water molecules gathered at the interface and formed a water
dipole layer under humid conditions (Fig. 46b). The dipole moment
of the water dipole layer was very high, and interacted with the
dipoles present within the dielectric layer. Moreover, the adsorbed
oxygen molecules induced positive charges in the CuPc film due to
the strong electronegativity. Such induced charges participated in
transport and further increased the Ing. The polarization was
enhanced, and it reduced the anti-clockwise hysteresis in the
transfer characteristics at high temperature. The formation of
cracks and structural changes in the films were other possible
reasons for the increase of the clockwise hysteresis in the
transfer curves (Fig. 46c and d). Thermally activated charge
transport and polarization-induced charges contributed to the
significant increase of the mobility and variation of the hyster-
esis with temperature. In these devices, the response/recovery
times were estimated as 25 and 15 seconds, respectively, and
were sensitive to monitoring the temperature range between
240 K and 370 K.

177

Average on/off

Average on current Average threshold

Samples Average u (cm®> V' s current ratio at Vo = —60 V (A) voltage Vi, (V)
P3HT (7.69 + 0.70) x 10> 2.10 x 10° 2.41 x 107° —1.17 £ 2.78
P3HT/PE (2:1) (6.84 & 0.66) x 107° 7.80 x 10° 2.08 x 107° —2.11 £ 2.12
P3HT/PE (1:1) (3.81 4+ 0.67) x 10°° 1.10 x 10° 3.86 x 10°° 1.21 + 1.49
P3HT/PE (1:2) (3.50 + 0.38) x 10°* 6.10 x 10> 1.46 x 10°° 16.74 + 3.33

This journal is © The Royal Society of Chemistry 2025
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Fig. 46 Schematic presentation of the device under vacuum and humidity conditions at low and high temperature. (a) Low temperature and vacuum. (b)
Low temperature and ambient. (c) High temperature and vacuum. (d) High temperature and ambient. The formation of cracks are shown as white lines in
the (c) and (d) figures (reproduced with permission from ref. 178. Copyright 2018, Elsevier).

Table 20 Summary of the device configuration, structure and performance of the OFET-based temperature sensors

OFET’s Additional
configuration OSC layer Dielectric layer layer/segment Device performance Ref.
BGTC Pentacene Hexagonal barium PDMS- e Response time = 24 ms Mandal
titanate nanocrystals  encapsulation e Recovery time = 51 ms et al.'’®
(h-BTNCs) + Al, 05 e Could operate at various extreme conditions,
such as in solutions of various salt concentrations,
at different pH values and under water
o Highly stable around body temperature
BGTC Poly(3-hexylthiophene-  SiO, — o Reversible FET characteristics with temperature ~ Cheng
2,5-diyl) (P3HT) + e P3HT/PE (2:1) device displayed a 30% decreased et al."””
polyethylene (PE) mobility and 13% decreased ON current at 120 °C
BGTC Copper phthalocyanine PMMA + PVA + ALLO; — o Mobility = 0.016 cm*> V™' 7! Subbarao
(CuPc) e Response time = 25 s et al'’®

Data related to the device design and performance of OFET-
based temperature sensors have been summarized in Table 20.

2.6. Photosensors

Converting a photonic signal into an electronic one, such as
photodetection, is crucial for optical logic processing and light
detection in wearable electronics. Photodetectors based on
OFETs are preferred over two-terminal organic photodiodes
due to the convenient sensitivity control without causing noise
variance. The integration of the photodetection ability into
OFETs has led to the emergence of organic phototransistor
(OPT) devices, unlocking a wide area of applications in image
sensing technology, non-volatile photomemory, photodetec-
tion, optical switches, and others."”®™"®> Over the years, optical
responsivity has been improved by exploiting photoactive

8388 | J Mater. Chem. C, 2025, 13, 8354-8424

e Recovery time = 15 s
e Monitoring temperature range between 240 K and
370 K

semiconductors and optimization of the device structure. A class
of photoresponsive OFETS, containing photochromic molecules
that can be reversibly modulated by different wavelengths of
light, has garnered much attention recently due to the potential
applications in sensors and light switches.'”®'83'%* Three main
types of photochromic molecules, including diarylethene (DAE),
spiropyran (SP) and azobenzene (AZO), have mostly been
employed for fabricating photoresponsive OFETs because of their
unique photochromic behavior and the variety of physical proper-
ties during the photoisomerization process.'®>'® Several strate-
gies have been proposed for achieving photoresponsive OFETS,
such as a self-assembling monolayer of photochromic molecules in
active/dielectric interfaces or in active/electrodes interfaces,'®”'88
blending photochromic molecules in dielectric or semicon-
ducting layers'®*'°* and the use of neat photochromic channel

This journal is © The Royal Society of Chemistry 2025
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materials.">'®® In recent years, photo-assisted charge trapping
in OFET memories have helped combat the challenge of
distinguishing lights with different wavelengths. For the wave-
length identification, either a semiconductor with appropriate
bandgaps or an additional bulky and expensive optical filter
was often needed. However, the OFET memories can integrate
photodetection and signal storage into a single device, in which
the recording of light exposure is realized by the non-volatile
and cumulative charge trapping.

Zhang et al. developed a new technique to achieve selective and
filter-free light monitoring by employing a solution-processed
blend charge-trapping layer in OFET memories."”* The charge-
trapping layer consisted of phenyl-Cg;-butyric acid methyl ester
(PCBM) and poly(2-vinyl naphthalene) (PVN) (Fig. 47). The mass
ratios of PCBM to PVN were set as 0:10 (Device A, without PCBM),
0.25:9.75 (Device B, with a low content of PCBM), and 3 : 7 (Device
C, with a high content of PCBM). For device A, without PCBM in
the PVN matrix, the OFET memory responded only to UV light. The
memory window was observed only after programming/erasing
under 254 nm light illumination. The positive/negative Vy, shifts
were absent after being programmed/erased under dark condi-
tions or under the illumination of 420 and 740 nm, showing the
absence of electron/hole trapping in the dark condition and under
visible/NIR illumination. For device B, memory windows were
observed after programming/erasing under both 254 and
420 nm light illumination. Meanwhile, for device C, a large
memory window was present as well in the case of 740 nm light
illumination. The tunable spectral response in the OFET memories
was attributed to the additional photo-assisted charge-trapping

SiO;
Si (n++)
Device A Device B Device C
PVN 2.5% PCBM 30% PCBM
254 nm 420 nm 740 nm
Ultraviolet Visible light
Vacuum | UVC U UVA

w 1 '

100 200 280118 100 730

Fig. 47 Schematic device configuration of an OFET memory for selective
light monitoring, where the PCBM/PVN blend layer is adopted as the
charge-trapping layer (reproduced with permission from ref. 194. Copy-
right 2019, ACS).

This journal is © The Royal Society of Chemistry 2025
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paths depending on the blend ratio in the charge-trapping layer.
Good retention capabilities were possessed by the memory win-
dows of all three devices with the I,y greater than 10* after a
continuous reading of 10° s. The extracted fast and slow decay time
constants were found to be 7¢ = 775 s and ts = 8341 s, respectively,
which were much longer compared to 7 = 252 s and 75 = 2809 s in
the reported memory based on a blend active layer," suggesting
that charge storage in a separate charge-trapping layer was favor-
able for the device retention.

Konwar et al. reported on multifunctional OFET devices
employing gelatin (which is a natural biopolymer) as the gate
dielectric, and TIPS-pentacene as an organic semiconductor layer
(Fig. 48)."°° Gelatin was combined with a thin high-k HfO,
dielectric layer to achieve low-voltage operation and a low leakage
current. These OFET devices displayed excellent electrical
characteristics with a high field-effect mobility reaching over
2 em® V' s7%, a high current on-off (In/I,g) ratio and a low
subthreshold swing (SS) of ~200 mV dec ' at a low operating
voltage of —5 V. Furthermore, these devices successfully demon-
strated circuit and multiparameter sensing capabilities for humid-
ity and breath rate, as well as for visible and UV light. High water-
absorbing property of the gelation improved the overall perfor-
mance of the device in a humid environment and demonstrated
real-time breath monitoring. TIPS-pentacene acted as a photo-
sensitive active layer and responded to various luminous inten-
sities at different wavelengths. The effect of light on these devices
was investigated by illuminating various ranges of visible (green, 1
~ 520 nm; red, 4 & 620 nm; blue, 1 ~ 460 nm) and UV light
(4 = 365 nm). Blue light was found to have the greatest influence
on TIPS-pentacene out of all three ranges of visible light due to its
higher luminous intensity in comparison to the other two bands.
The absorption coefficient of blue light was lower. This is because
the excitons could be generated in the bulk or near the dielectric-
semiconductor interface, contributing to the photoconductive
phenomenon. Three crucial applications integrated into a single
OFET device made it a potential candidate for the exploration of
smart e-textile applications.

Li et al. synthesized a new OSC material, namely AZO-BTBT-8,
based on high-mobility benzo[b]benzo[4,5]thieno[2,3-d]thiophene
(BTBT) as the semiconductor backbone and investigated the light-
induced self-straining effect."”” Octane was used to increase the
solubility and molecular flexibility, while azobenzene at the other
end of the BTBT backbone provided photoisomerization proper-
ties and structural balance (Fig. 49). The large-scale flexible OFET
device array was fabricated for the high-resolution UV imaging
with reversible light response. The AZO-BTBT-8 photoisomeriza-
tion led to lattice strain in the device, resulting in the enhanced
performance. The AZO group in the AZO-BTBT-8 underwent a
switch from trans to cis conformation when irradiated with UV
light, and back to the thermodynamically stable ¢rans conforma-
tion with visible-light excitation or high-temperature treatment.
Most photo-inducing folding took place on the top thin layer due
to the steric hindrance, as compared to a fraction of the molecules
inside the OSCs film. Uniform lattice strain was induced by the
vertical layer difference in the bulk semiconductor, which posi-
tively enhanced long-range crystalline order. The optical pattern
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shown in Fig. 50 was obtained after top UV illumination to the
array through a smiling cartoon sun garland mask for 20 minutes
(Fig. 50e). The exposed area switched from the OFF state (~ 0.2 pA)
to the ON state (~2.8 pA) (Fig. 50f). The image was erased with
visible light irradiation, and repatterned owing to the reversibility
of the photoisomerization. The previous pattern was erased with
30 min exposure of visible light, and repatterned under the UV
illumination with the diaglyph pattern “Hi! Chem!” and a (happy
emoji) (Fig. 50g).

Shaharukh et al. proposed an efficient strategy for enhancing
photoresponses in dinaphtho[2,3-b:2",3'flthieno[3,2-b]thiophene
(DNTT)-based OFETs via UV-ozone (UVO) treatment of the
poly(methyl methacrylate) (PMMA) surface."®® Notable enhance-
ment in Isp under dark conditions and improved photo-
responses under white light illumination was observed for the
UVO-treated devices. The photosensitivity was found to increase
from 2.26 x 10° to 6.65 x 10°, whereas the detectivity improved
from 1.09 x 10° to 1.98 x 10 Jones after 10 min of UVO
treatment. The responsivity increased from 1.48 x 10° to 4.33 x
10> AW ™" at a low intensity of 5 yW cm 2. Higher hydrophilicity
of the PMMA surface was indicated by the decreased water

8390 | J Mater. Chem. C, 2025, 13, 8354-8424

contact angle after UVO treatment, and led towards a better
growth of DNTT molecules. Polar functional groups were gen-
erated on the PMMA surface serving as electron acceptor sites
(Fig. 51). These sites increased the effective hole concentration
by trapping photoinduced electrons at the dielectric-semicon-
ductor interface, resulting in improved photoresponses.

Fu et al. reported on n-channel photoresponsive OFETs
based on a hybrid active layer of a small-molecule semiconduc-
tor (NDI2OD-DTYM2), photochromic spiropyran (SP) and poly-
styrene (Fig. 52)."°° This tri-component active layer was spin-
coated from a mixed solution of the semiconductor (NDI20OD-
DTYM?2), SP and PS with a weight ratio of 1:1:1. Introduction of
the polymer matrix improved the morphology of the blended
films. Under the irradiation of different wavelengths of light,
photochromic SP molecules dispersed in the semiconductor layer
were able to switch between the closed-ring state and ionic open-
ring state flexibly. Hence, the channel conductivity changed rever-
sibly and modulated the OFET characteristics. Therefore, the
device carrier mobility and Ionf ratio successfully realized a
reversible switch under the irradiation of alternate UV and visible
light. Upon irradiating the device by UV light, the off-state

This journal is © The Royal Society of Chemistry 2025
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drain/source current increased from 1 x 107° Ato 3 x 1077 A,
and then recovered to 1 x 10~ ° A after irradiating with visible
light. The photoisomerization of the SP molecules modulated
the conductivity of the active channel repeatedly, and a drain/
source current switch of 300 times was achieved.

Dong et al. developed organic solar-blind (wave band of 200-
280 nm in UV spectrum) light-sensitive photodetectors, employing
a novel asymmetric molecule that displayed strong absorption in
the solar-blind range.”® Alkyl substituted [1]benzothieno[3,2-b][1]-
benzothiophene (BTBT) derivatives exhibited great potential in
solar-blind photodetectors due to their high mobility and wide

This journal is © The Royal Society of Chemistry 2025

band gaps. The alkyl chains were attached to the BTBT core to
enhance the self-assembly capability of the molecules to achieve
higher OFET performance (Fig. 53). The alkyl chains weakened the
interlayer interactions by forming a bilayer herringbone structure,
and assisted the crystal growth along the lateral direction. Deriva-
tives, Cn-BTBIN (n = 6, 8, and 10), were assembled into 2D
molecular crystals and they displayed a maximum mobility of up
to 2.10, 3.28 and 2.39 cm® V! s, respectively, which was two
orders of magnitude higher than the non-substituted core BTBTN.
Additionally, the asymmetric aromatic substitution enhanced the
thermal stability of Cn-BTBTINs, compared to the symmetric alkyl
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Table 21 The average mobility and absorption intensity of the 50 nm Cn-
BTBTN (n = 6, 8, 10) films®*°

Average mobility Absorption intensity

Thin film (em?*Vv's™h (at 266 nm)
C6-BTBTN 0.14 4+ 0.01 0.171
C8-BTBTN 0.13 + 0.01 0.202
C10-BTBTN 0.51 + 0.14 0.325

substituted C8-BTBT. C10-BTBIN exhibited higher mobility and
stronger absorption in the solar-blind region, while displaying a
photosensitivity of 1.60 x 107, detectivity of 7.70 x 10** Jones and
photoresponsivity of 8.40 x 10> A W . The average mobility and
absorption intensity values of all the derivatives are summarized in
Table 21.

Fang et al. reported on vertical OFETs (VOFETs) having a faster
switch speed, a higher current density and better air stability
compared to conventional OFETs, which dramatically enhanced
the capability of driving an active matrix organic light-emitting
diode (AMOLED) backplane.*** Poly[2,5-bis(alkyl)pyrrolo[3,4-c]pyr-
role-1,4-(2H,5H)-dione-alt-5,5'-di(thiophen-2-y1)-2,2'-(E)-2-(2-(thiophen-
2-yljvinyl)-thiophene] (PDVT-8) was used as the semiconducting layer.
In-plane charge transport in a conventional OFET was suscep-
tible to the morphology of the OSC/insulator interface, which
could be avoided by the vertically oriented channel in VOFETs.
Moreover, the entire OSC layer of a VOFET was covered by drain
electrodes, functioning as a self-passivation layer for ensuring air-
stable operation of both p- and n-channel devices. The fabrication

8392 | J Mater. Chem. C, 2025, 13, 8354-8424
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of the solution-processed VOFETs had been very complicated, and
the VOFETS could only focus at the single-cell level. In this work, a
simplified process for the fabrication of VOFET was reported with
the help of inkjet printing. For the first time, a solution-processed
VOFET array was fabricated, which displayed an outstanding
mechanical stability and excellent device performance. The VOFET
arrays displayed excellent photodetector properties and a flexible
image sensor based on VOFET arrays with multipoint visible
photodetection, and image recognition was demonstrated for the
first time. To demonstrate the imaging capability of the VOFET
pixel arrays, a flexible image sensor with 100 VOFET devices having
a total active area of 1 cm x 1 cm was fabricated (Fig. 54). Every
single VOFET device functioned as a pixel with an area of 1 mm x
1 mm. The devices showed the highest sensitivity under red light,
and red and white lights were selected as the image targets. Red
and black PET substrates were cut into 1 mm x 1 mm squares and
arranged in a collage onto the transparent PET substrate. The red
and transparent regions constituted two distinguishable radiation
types, and black PET was used as the background. Fig. 54b
displays the transmission spectrum of the transparent, red and
black PET. The transparent and red PET exhibited more than 80%
transmittance for light over 300 and 600 nm, respectively, whereas
the black PET almost prevented all wavelength light from passing.

Duan et al. reported the development of a bioinspired
synaptic transistor consisting of a hybrid dielectric containing
an amorphous AlO, with a high dielectric constant and a
polymer electret.®* Insulating polymer electrets contain quasi-
permanent localized states that can regulate the charge transport
in OSC layers by offering a built-in electric field that helps with
boosting the electric performance of OFETs, such as adjusting
the Vi, and improving the switching characteristics. Furthermore,
the superb charge storing capacity of the electret materials allows
for the creation of an OSC-based floating-gate like OFETs that can
operate as synaptic transistors with high data retention. The
electret (polystyrene) was intentionally introduced between the
AlO, dielectric layer and the 2,7-dioctyl[1]benzothieno|3,2-b][1]-
benzothiophene (C8-BTBT) crystalline film (Fig. 55). Hence, the
trap states in the organic crystal-electret vertical stacks can store

This journal is © The Royal Society of Chemistry 2025
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(reproduced with permission from ref. 201. Copyright 2018, ACS). (c) Chemical structure of PDVT-8.

the light information and trap or de-trap electrons from organic
crystalline films when gate voltages are applied under different
lighting conditions. It allows for the accurate adjustment of Vi, of
the OFETSs, resulting in OFETs operating below 1 V with high on/
off ratios of around 10°. Additionally, the OFETs displayed a
sharp switching with a SS of 59.8 mV dec ™', spanning over three
orders of magnitude of current, which approached the physical
Boltzmann limit of 58.2 mV dec™' at 293 K. This methodology
offered visual adaptation with highly localized modulation and
over 98.2% precise recognition under different illumination
levels. Subsequently, a neuromorphic visual system with high
contrast based on the adaptive synaptic transistor could success-
fully distinguish the overexposed image. These general electret-
organic crystal stacks for integrating neuromorphic and sharp
switching devices could be employed in artificial vision systems
for simplifying the circuitry and reduce power consumption.
Data related to the device design and performance of OFET-
based photosensors have been summarized in Table 22.

2.7. Humidity sensors

Humidity levels have extensively been investigated and applied in
various sensors, as the relative humidity (RH) is a vital parameter
in agriculture, industrial production, hospitals, scientific research,
food safety and environmental monitering.”**%° Generally, OFETs
are quite sensitive to ambient conditions, such as temperature,

This journal is © The Royal Society of Chemistry 2025

light, relative humidity, etc. The sensing devices exhibit very poor
performance under humid conditions since the adsorbed gas
molecules act like charge traps. Additionally, the dielectric proper-
ties are degraded by the adsorbed water molecules that interact
with the dipoles attached to the polar dielectric polymers. Conse-
quently, the devices constructed using hydrophilic dielectric layers
usually display poor ambient stability. Therefore, only few reports
are available on the use of OFET-based humidity sensors.**>°*>%”
Considering the enormous significance of humidity sensors in
various sectors, the development of stable, highly sensitive and
low-cost humidity sensors is crucial for convenient integration
with the required electronic circuits.

Choosing appropriate materials along with the specific device
configuration can help with decreasing the possible degradation
of the devices under harsh environmental conditions.>*® Mainly,
p-type OSC have displayed efficient performances and better air
stability as compared to n-type OSC.”***'® In most of the sensors,
the OSC channel is employed as the sensing layer that detects the
changes in Ips. The interaction of the adsorbed molecules with
the organic molecules generates the sensing response, which
cause changes in the device parameters, including the mobility.*®
The morphology and thickness of the sensing layer is very crucial
for the sensitivity of such sensors. The films of lower thickness
with high roughness warrant the efficient absorption of water
molecules, although the carrier mobility is reduced in such
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conditions. Thus, a compromise is needed between the sensitiv-
ity and performance of the sensors. Moreover, changes in the
chemical properties of the active channel can reduce the perfor-
mance, owing to the chemical interaction of the adsorbed water
molecules with the active material. Therefore, it is necessary for
the water molecules to be physisorbed and easily removed from
the active channel to maintain the same chemical state of the
OSC as before. This is beneficial for achieving long-term usability
and reproducible sensitivity of the devices.

Erouel et al. fabricated a sensor based on the OFET with the
top gate configuration. These OFETs worked in the subthreshold
regime with the pentacene employed as a semiconducting layer,
and a parylene dielectric layer was deposited onto it.*'' The
dielectric acted as an encapsulation layer too. The device was
characterized at room temperature with different humidity rates
(RH). The subthreshold current (I,¢) level was found to depend on
the humidity rate, especially due to the concomitant change of the
dielectric leakage current and semiconductor conductivity. An
increase of the subthreshold current was observed after 25% of
RH for 10-90% of the humidity rate, and this increase was
reversible by pumping down. Electrical parameters such as the
mobility and threshold voltage remained unchanged under a

8394 | J Mater. Chem. C, 2025, 13, 8354-8424

humid environment. This type of behavior was reported for the
first time in OFET with the top gate configuration, pointing out the
combination effect of both the leakage current and conductivity
increase in the parylene dielectric and pentacene semiconductor
layer, respectively.

Karimov et al. fabricated orange dye and sugar complex sol-
gel based OFET sensors.”"? All the terminals, source, drain and
gate of the transistor were placed in the bottom plane. The
response and recovery times were found to be 11 seconds and
32 seconds, respectively, for a change of humidity from 50% to
90% relative humidity (RH). It was observed that the mobility
and output decreased with increased relative humidity, owing
to the charge trapping by polar water molecules reducing the
rate of charge transport. The proposed humidity sensing
mechanism involves ionic (presence of ionic (H") conductivity
due to capillary condensation of water vapors) and electronic
conduction (molecules played the role of electron donating
gas). Since the organic dye and sugar were well dissolved in
water, it could therefore be assumed that along with the proton
conductivity of H" due to the donor-acceptor charge transfer,
the electronic conductivity took place in OSC, which increased
the concentration and total conductivity accordingly (Fig. 56).

This journal is © The Royal Society of Chemistry 2025
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Mandal et al. designed a low voltage (<2 V) flexible OFET with
high carrier mobility, employing gelatin as a moisture-induced
ionic gate dielectric system.>'® Low operating voltage OFETs are
desirable in many applications because the typically available
output voltage of batteries is only about 2 V.*'* Hence, for
wearable electronics, the OFETs with an operating voltage higher
than 2 V are not suitable. In this work, a bilayer dielectric system
was developed for overcoming the shortcomings of the ionic
liquid for the fabrication of OFETs and to produce high carrier
mobility at low voltage (Fig. 57). One of the components of the
dielectric system was protein (gelatin), which produced protons
in the presence of the absorbed ambient humidity and acted like
an ionic solid. Protein (gelatin) in the presence of water generated
protons unlike ion gels containing ionic components embedded
in the composite dielectric. These protons were more mobile
than ions inside the solid dielectric film. Consequently, the
dielectric layer became ionic. Produced as a result of the water
absorption, these extra charges magnified the charge accumula-
tion in the dielectric/semiconductor interface and enhanced the
device current. The second dielectric component of this bilayer
system was a thin layer of Al,O3, which was used for reducing the
operating voltage and the leakage current. The relative humidity
dictated the ionic concentration in the gelatin layer during the
measurements. The frequency of the capacitance measurement
controlled the capacitance of the dielectric layer, which was used
for the calculation of the carrier mobility for the OFETs. The

a
b Channel Length ~ 30 ym
T Source “[Drain
£ S ] L 1 Pentacene (~20 nm)
=i ] 1 Gelatin (~1250 nm)
S
<
i
|}
1
1
-
Fig. 57 (a) Flexible device structure and (b) schematic diagram of the

flexible device (reproduced with permission from ref. 213. Copyright 2020,
ACS).
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Fig. 58 Chemical structures of (a) poly(3,4-ethylenedioxythiophene) and
(b) poly(styrene sulfonate) polymer, referred as PEDOT:PSS.

results of the frequency-dependent gate capacitance along with the
anomalous bias stress effect was used for the determination of the
exact frequency, at which the carrier mobility should be calculated.
The observed carrier mobility of the devices was found to be
0.33 ecm® V' s~ " with the capacitance measured at a frequency
of 20 mHz. It could be overestimated to 14 cm® V' s~ " with the
capacitance measured at 100 kHz. The OFET devices were
employed as highly sensitive humidity sensors. About three orders
of magnitude variation in the device current was observed on the
changes in the relative humidity levels from 10% to 80%. The
devices displayed the response and recovery times of ~100 and
~110 ms, respectively. The devices were flexible up to a 5 mm
bending radius.

Zafar et al. investigated the feasibility of the spin-cast poly(3,4-
ethylenedioxythiophene)/poly(4-styrene sulfonate) (PEDOT:PSS)-
based BGBC OFETSs towards humidity sensing.”*®> The PEDOT:PSS
was employed as a humidity sensing layer due to its porous and
nano-fibrous surface morphology, which was believed to facilitate
the adsorption/desorption kinetics of humidity inside the sensing
film (Fig. 58). Initially, the water contents must arrive at the
environment/semiconductor and then reach the semiconductor/
gate dielectric interface to polarize into hydronium (H;O)" and
hydroxide (OH) ™ ions. These charges interacted electrochemically
and/or electrostatically at the semiconductor/dielectric interface
when Vgs was applied, thereby modulating the current between
the source and drain electrodes, as shown by eqn (3).

H,0 + H,0 < H;0"+ HO™ (3)

The PEDOT:PSS thin film was suitable for humidity sensing
since the water contents could easily permeate into the sensing
layer and reach the semiconductor/dielectric interface. The I,/
I¢ ratio was measured to be ~2.6 under a relative humidity of
~60%. The humidity sensing characteristics of the OFET were
further investigated by exposing the proposed OFET to varied
RH levels (40-80% RH) at room temperature. The Ipg flow was
not only controlled by the gate voltage, but also modulated by
the humidity level under an ambient environment. With the

This journal is © The Royal Society of Chemistry 2025
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Fig. 59 Structure of the polyaniline semiconductor.

increase in the relative humidity from 40% to 80%, the
drain current increased by 29.4 times at a Vpg of —40 V and
Vgs of =10 V.

Biswas et al. reported a p-channel OFET-based humidity
sensor containing polyaniline OSC (Fig. 59).>'® The saturation
current (Ig,.) of the OFET device was found to be 0.8 pA, while
the threshold voltage Vi, was 2.2 V. The fabricated sensors
exhibited better response in the RH% range of 45 to 75, and
displayed good reversibility with the increase and decrease in
humidity. The drain current showed increasing tendency with
the increase of the relative humidity up to 75% (at room
temperature and Vgs = —1 V). However, beyond that limit,
the drain current drastically decreased with the increase of
the relative humidity. With the RH beyond the limit of 75%, the
relative response was continuously degraded. The temperature
decreased at higher values of relative humidity. However, the
relative humidity was inversely proportional to temperature. As
the air becomes warmer, it could not hold more moisture.
Thus, the percentage of the potential humidity decreased.

Data related to the device design and performance of OFET-
based humidity sensors have been summarized in Table 23.

2.8. Biosensors

The highly sensitive and reliable determination of biological
analytes plays a crucial role in the timely diagnosis, monitoring
and treatment of diseases. A biosensor is an analytical device
that incorporates biological recognition elements, converting a
biorecognition event into a processable and quantifiable signal
with the aid of a transducer.”’” These biosensors are vital

View Article Online
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components in many domains, especially in personalized
health and fitness, clinical laboratories, food and the environ-
ment. Currently, focused areas of research include designing
self-contained, patient bedside sensors or so-called Point-of-
Care sensors.”'®*??° These portable devices are supposed to
provide fast and reliable analytical quantification of biomar-
kers right at the place where they are most needed.
OFET-based biosensors have attracted a great deal of attention
due to the advantages they offer, including convenient preparation
over a large area, low cost, miniaturization, fast response speed and
biocompatibility.”***'*>* The fundamental principle of OFET-
based biosensors implies the modulation of the electrical charac-
teristics of the semiconductor based on the attachment of biologi-
cal analytes to the surface of a transistor. The output of the
transistor changes by this modification, enabling the measurement
and correlation with the biological analyte’s concentration present
in the sample. Over the years, researchers have adopted a variety of
strategies for designing and constructing innovative types of sen-
sors for the improvement of bioassay capability of OFET-based
biosensors. While OFETs based on solid dielectrics have garnered
attention as sensors over the past several decades,””* electrolyte-
gated OFETs are a relatively new class of bioelectronic sensors.
EGOFETs possess the biocompatibility and ability to detect analytes
in complex matrices such as serum and inherently gain amplifica-
tion with a direct read-out, making them highly desirable for
biosensing.*>***??® TLabel-free immunosensors, exploiting an
organic semiconductor channel as the transducer of the biorecog-
nition events, are emerging as highly specific and ultrasensitive
devices for bioanalytical assays, with figures of merit that are often
comparable or sometimes even superior in comparison to those
characterizing the workhorse of bioanalytical techniques. Organic
biosensors offer the following important advantages as compared
to the label-free electronic sensors based on inorganic semicon-
ductors, such as chemical field-effect transistors (CHEM-FETs)**°
and metal-oxide field-effect transistors (MOSFETs):>** (i) the

Table 23 Summary of the device configuration, structure and performance of OFET-based humidity sensors

Additional
OFET’s Dielectric layer/
configuration OSC/active layer layer segment  Device performance Ref.
TGBC Pentacene Parylene — e Increased subthreshold current was observed after ~ Erouel
25% of RH, for 10-90% of humidity et al.*"
BGBC Orange dye + sugar Al O5 — e Response time = 11 s Kar-
(disaccharides) e Recovery time = 32 s imov
et al*"?
BGTC Pentacene Gelatin + ALO; — e Mobility = 0.33 ecm®> V' 57! Mandal
e Response time = ~100 ms et al”"?
e Recovery time = ~110 ms
e Flexibility = up to a
5 mm bending radius.
BGBC Poly(3,4-ethylenedioxythiophene)/ SiO, — e With the increase in relative humidity from 40 to Zafar
poly(4-styrene sulfonate) 80%, the drain current increased 29.4 times et al.*"®
(PEDOT:PSS) o I/l = ~2.6, under RH of ~60%
BGTC Polyaniline Sio, — o Sensors showed better response in the RH% range of Biswas
45t0 75 et al>*®
e Good reversibility with increased and decreased
humidity
e With RH beyond 75%, relative response was
degraded continuously
This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. C, 2025, 13, 8354-8424 | 8397
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stability of operations in aqueous electrolytes; (ii) the closer
proximity with the aqueous environment, as the organic semi-
conductor channel is immersed in the biologically relevant fluid;
and (iii) the possibility to be interfaced or integrated as arrays
with living systems.

Seshadri et al. reported a label-free immunosensor based on
EGOFET for detecting procalcitonin (PCT), which is a sepsis
marker.>*" Antibodies specific to PCT were immobilized on the
poly-3-hexylthiophene (P3HT) OSC surface via direct physical
adsorption (Fig. 60). This was followed by a post-treatment with
bovine serum albumin (BSA), which served as the blocking
agent for preventing nonspecific adsorption. Antibodies along
with BSA (forming the whole biorecognition layer) acted to
selectively capture the PCT target analyte. The entire immuno-
sensor fabrication process required a total of 45 min for
completion before analyte sensing. The LOD of the immuno-
sensor was as low as 2.2 pM and within the range of clinical
relevance. The relative standard deviation of the individual

G
I Gate l \%
PBS
Bl T . R I T ) 1
-| ! VDS
Source Drain I—
Si/sSio
\ R \

3. Sensing PCT (Analyte)

Fig. 60 Schematic representation of the developed EGOFET immuno-
sensor for PCT detection. The anti-PCT antibody was directly adsorbed on
the P3HT surface (panel 1), followed by surface blocking with BSA to
reduce the nonspecific interaction (panel 2). The constructed immuno-
sensor is exposed to the analyte (panel 3) and the electrical response is
measured. (single column) (reproduced with permission from ref. 231.
Copyright 2018, Elsevier).
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calibration data points, measured on immunosensors fabri-
cated on different chips (reproducibility error), was below 7%.
The EGOFET immunosensor exhibited excellent electrical prop-
erties, comparable to those of bare P3HT based EGOFET and
displayed high selectivity to the PCT analyte.

Ricci et al. developed a label-free sensor based on an
electrolyte-gated OFET (EGOFET) integrated with microfluidics
that allowed for the detection of amounts of a-synuclein in the
range from 0.25 pM to 25 nM.>*? g-Synuclein is a small protein
made up of 140 amino acids (19-20 kDa), which, in its patho-
logical condition, is a component of the so-called Lewy Body
inclusions. The aggregation of a-synuclein is a critical event in
the pathogenesis of neurological diseases, including Alzheimer
and Parkinson. In EGOFET, the gate electrode was the effective
sensing element, as it was functionalized with anti-(a-synuclein)
antibodies using a dual strategy (Fig. 61). Anti-(o-synuclein)
antibodies (Abs) were tethered on the polycrystalline Au by
means of two different approaches. Approach I relied on an
amino-terminated pegylated thiol (HSC;;EG¢NH,), whose amino
groups were successively activated with glutaraldehyde (GI). This
resulted in the functionalized Au being highly reactive towards
primary amines, which were quite abundant in the antibodies
backbone. Approach II did not covalently graft the antibody to
the surface but tethered it to the His-tagged recombinant Protein
G (PG), which was anchored to the Au. PG efficiently targeted the
crystallizable antibody region. Both of these protocols resulted in
achieving comparable sensitivity values, featuring very low LOD
values at the sub-pM level.

Berto et al. reported a bioelectronic Plum Pox Virus (PPV)
biosensor based on EGOFET for specifically detecting PPV with a
sub ng mL™" detection limit in plant extracts.”** PPV is the
pathogen responsible for the Sharka, which is a highly infectious
disease that is responsible for damaging stone fruit trees. EGOFETs
were endowed with immunorecognition upon functionalization of
surfaces located at one of their relevant interfaces. Recognition
moieties were immobilized at the gate/electrolyte interface for
exploiting facile thiol-gold chemistry (Fig. 62). The sensing unit of
the biosensor was based on uniformly oriented anti-PPV antibodies
on the gold gate electrode by employing a sub-monolayer of Protein
G. Protein G served as a primer for further grafting the antibody on
the surface with a precise orientation, owing to its high affinity for
the heavy chain of Immunoglobulins G. Protein G was covalently
bound to the Au, exploiting a single surface exposed engineered Cys
residue. Changes in the drain current were observed mainly due to
transconductance changes upon binding of the PPV to the surface
immobilized antibody, while biorecognition had minimal effect
on the threshold voltage. This finding suggested that the biosen-
sor response was dominated by changes in the capacitance. By
constructing a calibration curve based on transconductance
changes as a function of the PPV concentration, a theoretical
LOD of 180 pg mL ™" was estimated and operated the biosensor
within a dynamic range spanning four orders of magnitude from
5 ng mL ™" to 50 pg mL~ . The sensitivity and dynamic range of
the EGOFET-based biosensor were comparable to those of com-
mercially available enzyme-linked immunosorbent assay (ELISA)
platforms for detecting plant pathogens.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc04265d

Open Access Article. Published on 18 March 2025. Downloaded on 7/29/2025 7:09:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Journal of Materials Chemistry C
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(b) EGOFET fabrication
\)
Gate oscC
Functionalisation Deposition by BAMS
Fig. 61 (a) Scheme of the Au surface functionalization protocol with Approach (top) | and (bottom) II. (b) Scheme of the EGOFET fabrication, including the gate

functionalization, organic semiconductor deposition and the EGOFET implementation (reproduced with permission from ref. 232. Copyright 2020, Elsevier).

—
e

Source

Quartz substrate

L

Fig. 62 Schematic experimental setup with the highlighted source, drain, and
gate electrodes, the organic semiconductor layer on the quartz substrate, the
electrolyte and the electrical connections (left). On the right is a zoom-in view of
the functionalization strategy: PPV antibodies are immobilized on the gate surface
through covalent binding of protein G, exploiting a single surface exposed
Cysteine (reproduced with permission from ref. 233. Copyright 2019, Elsevier).

Poimanova et al. reported that the biosensitivity of the
EGOFET devices could be achieved by modifying the receptors
of the electronically active OSC surface of transistor.>** Functio-
nalization of the OSC layer was advantageous in the creation of a
planar architecture and compact devices for lab-on-chip design.
A fast and simple technique was proposed based on Langmuir-
Schaefer and doctor blading methods for functionalization of
the semiconducting surface of 2,7-dioctyl[1]benzothieno[3,2-b]-
benzothiophene (Cg-BTBT-Cg). This allowed the fabrication of a
large-scale biorecognition layer based on the novel functional
derivative of BTBT-containing biotin fragments, 5-[(3aR,4R,6aS)-
2-oxohexahydro-1H-thieno[3,4-dJimidazol-4-yl]-N-({1-{6-(7-undecyl[1]-
benzothieno|[3,2-b][1]benzothien-2-yl)hexyl]-1H-1,2,3-triazol-4-yl}-
methyl)pentanamide (BTBT—Dbiotin) as a foundation for further

This journal is © The Royal Society of Chemistry 2025

biomodification (Fig. 63). The fabricated devices were very
efficient and operated stably in phosphate-buffered saline
solution with high reproducibility of the electrical properties in
the EGOFET regime. The development of the biorecognition
properties of the proposed biolayer was based on the streptavi-
din (SA)-biotin interactions between the consecutive layers, and
could be used for a wide variety of receptors. The responses of
the sensor to different SA concentrations upon changing the V;,
of EGOFETs without (0% biotin) and with the bioreceptor layer
(30% BTBT-biotin) were measured. The responses of the device
with bioreceptor layers was linear in the region of the SA
concentration from 6 to 50 pg mL™", while it leveled off at the
concentration of 50 to 200 pug mL ™" within the experimental
error. The LOD of SA was found to be 3 times the standard
deviation (over 10 replicates) of the response and it was equal to
6 ug mL~". All of the devices displayed very low degradation and
reproducible electrical characteristics.

Kyndiah et al reported on EGOFETs based on a solution
processed small molecule, 2,8-difluoro-5,11-bis(triethylsilylethynyl)-
anthradithiophene (diF-TES-ADT) blended with polystyrene for
recording the extracellular action potentials of human pluripotent
stem cells-derived cardiomyocyte cells (hPSCs-CMs).>** hPSCs-CMs
are known as a powerful tool in cardiac biology for cardiac disease
modelling. The functionality of these EGOFETs remained unal-
tered when an extracellular matrix such as Matrigel (commonly
employed for attaching cells) was coated on top of the transistors
(Fig. 64). These sensing devices displayed excellent stability in
physiological conditions over weeks with an almost negligible
decrease in the charge carrier mobility (less than 1 order of
magnitude) and with a shift of below 0.1 V in the threshold

J. Mater. Chem. C, 2025, 13, 8354-8424 | 8399
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Illustration of the fabrication process of the (c) EGOFET device with BTBT—biotin containing a biorecognition layer by means of combination of

the (a) doctor blading and (b) Langmuir—Schaefer techniques (reproduced with permission from ref. 234. Copyright 2022, ACS).
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Fig. 64 Schematic diagram of the EGOFET coupled to hPSCs-CMs grown
as a cluster of cells (reproduced with permission from ref. 235. Copyright
2020, Elsevier).

voltage. The stability of these devices was attributed to the
smoothness and high crystallinity of the films deposited by the
shearing technique BAMS.**® Additionally, cytotoxicity tests of

8400 | J Mater. Chem. C, 2025, 13, 8354-8424

pharmaceutical drugs, such as verapamil and norepinephrine were
achieved with remarkable sensitivity.

Poimanova et al. reported on EGOFETs based on the semi-
conducting material, 2,6-dioctylthieno[3,2-b]thieno[2’,3":4,5]-
thieno[2,3-d]thiophene(2,6-dioctyltetrathienoacene) ~ (C8-TTA-C8)
and the biorecognition layer based on the biotin-containing
derivative of [1]benzothieno [3,2-b]-benzothiophene (C8-BTBT-
C8) (Fig. 65).>*” These devices displayed stable operation in
electrolytes under different pH values and a fast sensor response
to the electrolyte pH value, which allowed one to use these
devices under actual conditions. This was critical to the devel-
opment of liquid biosensors. This study demonstrated that
biosensing properties could be imparted to EGOFETSs by coating

S A S CgH17
S Lyt \ O
CeHir— S S S

C8-TTA-C8 C8-BTBT-C8

Fig. 65 Chemical structures of the compounds C8-TTA-C8 and C8-
BTBT-C8.

CgH17
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Antigen

Antibody

Fig. 66 The schematic representation of the OFET-based SiMoT plat-
form. Step 1: the PDBT-co-TT/DMP[5]-COOH was spin-coated as the
charge transport layer on the OTS-modified SiO,/Si substrate with the
deposited Au source and drain electrodes; step 2: the antibodies were
immobilized as sensitive probes for the determination of tumor biomar-
kers; step 3: the antibody-antigen recognition events (reproduced with
permission from ref. 238. Copyright 2022, ACS).

the semiconductor surface with the biorecognition layer con-
taining biotin functional groups acting as reactive sites for the
biotin-streptavidin interaction.

Sun et al. developed label-free single molecule level determina-
tion with a transistor (SiMoT) platform for the recognition of various
ultralow abundance biomolecules (Fig. 66).>*® Pillar[5]arene with
carboxylic groups, (DMP[5]-COOH), was integrated as a signal
amplifier, which was later used for efficient immobilization of
antibodies as sensitive probes. DMP[5]-COOH is rich in host-
guest chemistry and has efficiently recognized various target
analytes. Pillar[n]arene, a new type of macrocyclic host, is also
rich in host-guest chemistry and the electron-rich cavities in
pillar{n]arene not only specifically recognized various target
analytes, but also provided suitable reaction sites by modifying
functional groups. The sensitivity was greatly improved with the
integration of DMP[5]-COOH in a certain ratio and the detection
limit reached 4.75 aM. Afterward, the OFET-based SiMoT plat-
form was separated into different areas and the multibiomar-
kers, carcinoembryonic antigen (CEA), a-fetoprotein (AFP) and
prostate antigen (PSA) were determined simultaneously, which
indicated that this proposed multiplexed OFET-based SiMoT
platform could provide a key step in reliable early cancer
diagnosis. In order to guarantee that the OFET-based SiMoT
platform could also be applied in the clinical diagnosis, 1 ng mL ™"
of AFP, 1 ng mL ™" of CEA, and 1 ng mL ™" of PSA were reacted with
the sensing areas, and the specific response values of AVy, under
different conditions were 2.32 =+ 0.155 V on anti-AFP, 4.21 & 0.425V
on anti-CEA, and 1.72 £+ 0.113 V on anti-PSA, respectively. As
compared to the blank control response to phosphate buffer
solution (1x PBS), 0.51 £ 0.216 V on anti-AFP, 0.53 £+ 0.101 V on
anti-CEA, and 0.33 £ 0.031 V on anti-PSA, the results proved that
the OFET-based SiMoT platform could achieve simultaneous
determination of AFP, CEA, and PSA below the cut-off value

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry C

(AFP=10ng mL™',32 CEA=2.5ng mL ™', 33 PSA=2.5ng mL ",
34), so as to improve the accuracy of cancer screening in early
cancer diagnosis.

Wang et al. developed an OFET-based biosensor using diketo-
pyrrolopyrrole-quaterthiophene as the OSC material for the
carcinoembryonic antigen (CEA) bioassay.”*® This biosensor
responded sensitively to the antigen-antibody immune-recognition
reaction under darkness and illumination conditions, thus generat-
ing electrical signal changes of Vi, and Ips. The detection limits for
CEA detection of 0.5 and 0.2 pM, respectively, were determined using
Ins and Vi, as the response signals under darkness. Light would
influence the charge-carrier transport process in the conductive
channel when a specific intensity of light was applied, resulting
in the biosignals turning into higher electrical signal changes of
Vin and photocurrent under illumination. The biosensor dis-
played higher sensitivity for CEA detection under illumination
with detection limits of 13.5 and 16.9 fM, as compared to the
detection results under dark conditions. The protein was
negatively charged, when the pH of the solution exceeded the
isoelectric point (pI) of the protein since the pI of CEA was 3.40,
which was lower than the pH value of the solution (~7.40).
Consequently, when an antigen-antibody immune reaction
occurred to form an immune complex, more negatively charged
proteins were attached to the biosensing layer, thus promoting
the generation of more carriers in the conductive channel
because of electrostatic interaction. The binding of negatively
charged CEA with receptors on the semiconductor surface
would cause the threshold voltage to move in a positive direc-
tion and the source-drain current of the organic device to
increase under dark conditions (67a). When the p-type OSC
with photoelectric activity was employed as the semiconductor
layer of OFET, the excitons in the conductive channel disso-
ciated to produce photogenerated carriers when a certain inten-
sity of light was applied to the OFET (Fig. 67b). Driven by the
internal electric field, electrons and holes accumulated at the
source electrode and the drain electrode, respectively, causing
the reduction of the hole-injection barrier at the interface
between the electrode and the conductive channel, thus indicat-
ing the higher channel conductivity (Fig. 67c). Illumination
caused the trapped holes in the channel to escape from the
trap and rejoin the carrier-transport process to increase the
carrier concentration caused by biological combination, increas-
ing the Ins and shifting V,;, towards the positive direction, thus
improving the detection sensitivity (Fig. 67).

Yousefi et al. reported on an OFET-based biosensor for
detecting protein-protein interactions (PPIs).>*° This sensory
platform was tested by employing a pair of interacting proteins,
which were stable with reasonably high binding affinity, pre-
ferably in the low nanomolar range and formed a 1:1 complex
with a known binding site (Fig. 68). Deubiquitinase (DUB)
enzyme ubiquitin-specific protease 8 (USP8) and its cognate
ubiquitin variant inhibitor UbV8.2 were selected as a model
system for testing and validating the sensing ability of these
biosensors. DUBs are enzymes critical for maintaining pro-
tein homeostasis in cells, and their deregulation can result in
many diseases. Poly-(diketopyrrolopyrrole-co-thienovinylthiophene)

J. Mater. Chem. C, 2025, 13, 8354-8424 | 8401
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Fig. 67 Mechanism of the OFET-based biosensor under illumination and
darkness: (a) working principle of the OFET-based biosensor for the
detection of CEA in the dark, (b) generation of photogenerated carriers
of the OFET-based biosensor under light illumination, (c) movement of
photogenerated carriers in the electric field, (d) working principle of the
OFET-based biosensor for the detection of CEA under illumination (light

source = 2.13 mW cm~2, 808 nm) (reproduced with permission from ref.
239. Copyright 2021, ACS).

[P(DPP-TVT)}based semiconducting polymer was employed in an
OFET sensing device on which an epoxyterminated monolayer,
(3-glycidoxypropyl)trimethoxysilane (GPTMS), was deposited for
protein immobilization. UbV8.2 was immobilized covalently on
the device for functioning as the bait, and for creating a
functionalized channel to detect the presence of the prey that
is USP8. The fabricated sensors depicted a LOD of 0.22 nM
(0.01 pg mL™"). These devices were only responsive to USP8
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when UbVS8.2 was immobilized as the bait. These results sug-
gested that the covalent immobilization of UbV8.2 and the
sensor surface have a small impact on the protein structure or
orientation necessary for molecular recognition by USPS8.
Domingo et al. proposed an organic inkjet-printed TGBC
BioFET structure using a perfluoropolymeric material Cytop™
as both the gate insulator and the transducing layer.?*' Per-
fluoropolymers possess interesting characteristics, such as low
water absorption and high electrical breakdown. The weak
dispersive interactions of fluorocarbons, dipolar cancellation
and lack of polarizability that were conferred by C-F bonds in
perfluorocarbon compounds made them a good choice for top-
gate OFET and BioFET applications. The OSC was not directly
exposed to the sensing environment as it was protected by the
dielectric, which was in direct contact with the medium to be
analyzed (Fig. 69). The bio-recognition element was anchored
onto the dielectric surface, which acted as the sensing area.
This configuration ensured field-effect operation without
charge transfer between the electrolyte and the OSC, blocking

I Gate electrode

Electrolyte Buffer

Fig. 69 Optical image of the electrical characterization setup of the top-
gate BioFETs (reproduced with permission from ref. 241. Copyright 2020,
Elsevier).
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Fig. 68 Schematic of the (a) fabricated bottom-gate top-contact OFET with chemical structures of the semiconducting polymer layer [P(DPP-TVT)] and
functionalized layer (GPTMS). (b) Diagram of the device surface after bait protein immobilization and prey protein binding. The top gold electrodes are
omitted for clarity (reproduced with permission from ref. 240. Copyright 2022, ACS).
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Fig. 70 (a) Schematic representation of the OFET-based biosensors; (i) fabrication of the OFET-based biosensors; (ii) Au source and drain electrodes are
deposited; (i) PDVT-8 film is spin-coated as the charge transport layer; (iv) and (v) BFPA functional layer is modified on the device as the functional layer;
(b) AFP antibodies are immobilized to form the receptor layer for the determination of the target AFP biomarkers; (iii) schematics showing surface

modification; (iv) to immobilize antibodies as receptors; (v) for the determination of the target AFP biomarkers (reproduced with permission from ref. 242.
Copyright 2021, ACS); (c) chemical structure of the organic molecules (BFPA and PDVT-8).

the passage of the current, which could promote electrochemical
reactions such as hydrolysis. The immobilization of the receptors
onto the insulator by covalent bonding was achieved using a
simple approach involving a model protein. The main advantage
of the proposed method was that no specialized equipment was
needed, so it could be conducted in most laboratories. The
detection of the model antigen HIgG was conducted as a proof-
of-concept, showing that the developed procedure could be used in
immunosensing analysis. These BioFETs operated at threshold
voltages in the range of 1-2 V, detecting the HIgG with a LOD of
5.71 pg mL~ " with good reproducibility and selectivity. These
devices displayed durability even when exposed to oxygen plasma,
aqueous media and wet amine functionalization treatments.

Sun et al. designed an ultrasensitive OFET-based biosensor
modified with 2,6-bis(4-formylphenyl)anthracene (BFPA) materials,
and employed it to determine the concentration of alpha-
fetoprotein (AFP) biomarkers with femtomolar accuracy in human
serum for the diagnosis of early liver cancer.*** This device displayed
improved reliability in sensing the AFP biomarker by monitoring
changes of the Ing and Vy, electrical signals, and distinguished
between healthy individuals and liver cancer patients. BFPA
materials were used for maintaining device performance as the
protective layer and efficiently immobilized antibody receptors
as the functional layer (Fig. 70). The average carrier mobility was

This journal is © The Royal Society of Chemistry 2025

0.18 cm® V' s, with a maximum hole mobility of 0.24 cm®> vV~ "s™".

The output electrical signals were affected by biochemical reac-
tions between antigens and antibodies before transduction, and
then amplified by this biosensor. Electrical output responses
were strongly dependent on protein charges at different pH
values. Particularly, the isoelectric point (pI) of the AFP biomarker
occurred at 4.9. There is a high density of COO™ in the anti-AFP/
AFP complex at pH values higher than the pl, causing weak
electrostatic interactions between the surface charges and chan-
nel region. Therefore, there is a notable negative shift in the Vi
electrical signal and decrease in the Ipg electrical signal. The
decrease in Ips was attributed to depleted holes in the channel
region, resulting from higher levels of negative charges acting as
channel traps, making the device harder to turn on and causing
Vin shifts to a negative direction. The charge screening effects
were expected to take place when detecting charges that exceed
the Debye length (1p).>*® In this study, notable charge screening
effects might occur at short A, = 0.7 nm in 1x PBS as the AFP
antigen and antibody interactions needed salts for maintaining
bond stability.>** The Donnan effect was proposed for further
guaranteeing the effective detection.”®® In this, proteins were
considered as a charged molecule layer on the device and small
ions could shuffle between the proteins and 1x PBS. The redis-
tribution of ions at the interface resulted in a detectable change
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Table 24 Contact resistance of the OFET devices after being placed for 3
months in water, air or water vapors>+°

Riotarr W (kQ cm) NDTT-8 NDTT-10 Pentacene PDVT-10
As-prepared 17.5 22.4 14.9 5.3

Air 78 71 24 9.8
Water vapor 71 92 36 7.1
Water 85 99 23.7 10

in the interfacial potential, following the incubation of biomar-
kers. Thus, biomolecules could then be detected through surface-
charge sensing devices such as OFET.

Li et al. reported on water stable transistors based on naph-
thodithieno[3,2-b]thiophene derivatives NDTT-8 and NDTT-10,
with two long alkoxyl side chains.>*> Excellent water stabilities
were displayed by the devices based on NDTT derivatives. Con-
tinuous monitoring of the device performance was performed
under constant conditions, in which the devices were kept under
three different experimental conditions, including water, water
vapor and air (Table 24). The carrier mobility was maintained at
more than 50%, even after 90 days in water. The long hydrophobic
alkoxyl chains in NDTT-8 and NDTT-10 molecules were responsi-
ble for better water stabilities of their OFET by effectively prevent-
ing water from spreading to the interface between the OSC layer
and the insulating layer (Fig. 71).

Macchia et al. proposed a highly selective, label-free sensing
response of a single molecule with a large transistor (SiMoT)
platform toward genomic biomarkers.*® These SiMoTs were
based on an electrolyte-gated FET with a gold gate electrode bio-
functionalized with a self-assembled monolayer, a densely packed
layer of recognition elements (Fig. 72). Until the publication of this
work, the SiMoT platform had been employed for the detection of
only protein biomarkers such as C-reactive protein, human
immunoglobulin G, immunoglobulin M and HIV1 p24 antigen.
In this study, the SiMoT approach was successfully employed for

CgH470 OCgH47

{0

\ | |
S S
NDTT-8

R R = 2-decyltetradecyl

PDVT-10
Fig. 71 Molecular structures of the organic semiconductors NDTT-8, NDTT-10, PDVT-10 and pentacene.
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detecting a single copy of a genomic biomarker. The miR-182
biomarker for multiple sclerosis was chosen as a prototypical
example. The gate was functionalized with a genomic biomarker
for multiple sclerosis (miR-182). The bioprobe was attached on
the gate surface instead of attaching it on the surface of OSC to
elude the generation of defects in the delocalized electronic
system, affecting the charge carrier mobility. Furthermore, the
SiMoT device exploited solution-processable semiconducting
device fabrication protocols that were fully compatible with
scalable large area and printing techniques. The SiMoT sensing
platform could detect both genomic and protein markers at the
physical limit, and a LOD level of 7% was estimated.

Dey et al. exploited the charge density on the bacterial cell
wall to influence the charge density in OFETs, thereby providing
authentic mechanistic signals and useful information regarding
bacteria-probe interaction.”*” A low voltage, n-type OFET was
fabricated using a hybrid tri-layer (Al,O3/TiO,/PMMA) dielectric
system for the label-free detection of Gram-positive and Gram-
negative bacteria (Fig. 73). Each dielectric layer in the device
architecture had a significant contribution towards building an
efficient bacteria sensor device by decreasing the operational
voltage of N,N-dioctyl-3,4,9,10-perylenedicarboximide (PDI-C8)-
based OFET. This device provided rapid and multiple measur-
able signals with enhanced accuracy of measurement, in addi-
tion to providing mechanistic insights on the process of bio-
analyte detection in water. For the accurate bacterial sensing, it
was crucial to determine the interaction between the charge
carriers in the channel and the surface of the bacterial cell wall.
In the presence of Gram-negative bacteria, the average u.
decreased from 0.3 ecm®> V' s7' to 0.2 em® V' s with
increased Vi, from 0.2 V to 0.5 V, while the average pi. increased
from 0.3 cm®>V ' s ' to 0.5 cm® V' s ! with reduced Vy, (0.2 V
to —0.5 V) in the presence of Gram-positive bacteria. This was
the first report of an OFET-based detection of bacteria, provid-
ing a clear ability of distinguishing the bacteria types and

CioH21Q OCqoH2q

n

Pentacene
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Fig. 73 Operational mechanism of the same device in the presence of Gram-positive and Gram-negative bacteria in the channel (reproduced with

permission from ref. 247. Copyright 2019, RSC).

having detection limit of 10° cfu per mL for Gram-negative and
Gram-positive bacteria with a low operating voltage of ~2 V.
These devices were fabricated using low-cost glass and PET
substrates without using ITO or/and Si/SiO,. The device para-
meters of the bacteria sensors are summarized in Table 25.
Fang et al. fabricated a low-voltage organic inverter, namely
complementary metal-oxide-semiconductor (O-CMOS) on
flexible polyimide substrates for sensing S. aureus, E. coli, and

This journal is © The Royal Society of Chemistry 2025

E. faecalis.”*® The active layers consisted of n-type N,N’-ditri-
decylperylene-3,4,9,10-tetracarboxylic diimide (PTCDI-C13) to
serve as a bacterial sensor and p-type pentacene (Fig. 74). For
enhancing the stability of the inverter’s performance while
reducing the potential effect of the bacterial culture liquid
when introduced into the device, the cross-linked poly(4-
vinylphenol) (C-PVP) was incorporated as an insulating layer.
Bacteria were introduced into the inverter for investigating
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Table 25 Device parameters of OFET-based bacteria sensors®*’
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With/without bacteria Ven (V) plem?>v'ts™ Ion/Iog Tatio Limit of detection (LOD) CFU per mL
Bare — 0.20 (40.03) 0.30 (40.02) 10* —
With Gram-positive bacteria 439 —0.50 (£0.04) 0.50 (40.03) 10° 2.3 x 10°
1305 —0.47 (40.03) 0.52 (£0.04) 10° 2.7 x 10°
With Gram-negative bacteria 2488 0.49 (40.02) 0.21 (40.03) 10° 2.4 x 10°
DH50. 0.52 (40.03) 0.22 (40.02) 10° 2.8 x 10°
E. coli S. aureus E. faecalis

999496

Pentacene

P,
p \ N-CuHzn
"7'». f’ % 4

%
PTCDI-C,;

Fig. 74 Structures of the OFETs and organic inverter (reproduced with permission from ref. 248. Copyright 2024, MDPI).

their effect on the carrier transport under the low voltage of 2 V.
A summary of the electrical performances for PTCDI-C13- and
pentacene-based OFETs is provided in Table 26. Different con-
centrations of bacteria were introduced into the n-type channel
of the O-CMOS. The switching voltage offset of the O-CMOS,
which could be read rapidly and directly, gradually decreased

Table 26 Summary of the electrical performances for PTCDI-C13- and pentacene-based OFETs

with a decrease in the bacterial concentration. The O-CMOS
device reliably detected the presence of bacteria even when the
concentration was decreased to approximately 10> CFU per mL,
indicating its excellent sensitivity for rapid detection (Table 27).

Chen et al. reported on remote-gate-configured OFET sen-
sors for the label-free detection of vascular endothelial growth

248

Organic semiconductor Types of solutions Vin (V) Vin (V) (average value of five devices) On/off current ratio SS (V dec™)
PTCDI-Cy3 Non solution 0.38 0.31 £+ 0.39 1.37 x 10* 0.15

DI water 0.48 0.50 + 0.38 1.27 x 10* 0.23

E. coli —0.09 —0.12 + 0.21 7.85 x 10° 0.06

S. aureus 0.06 0.19 + 0.73 6.45 x 10° 0.11

E. faecalis 0.28 0.07 + 0.28 6.99 x 10° 0.08
Pentacene Non solution —0.68 —0.56 + 0.08 1.58 x 10* 0.37

DI water —0.44 —0.30 + 0.19 3.23 x 10° 0.46

E. coli —0.31 —0.39 + 0.17 1.68 x 10° 0.69

S. aureus —0.37 —0.25 £ 0.71 8.51 x 10° 0.42

E. faecalis —0.43 —0.28 + 0.51 4.01 x 10° 0.52
8406 | J Mater. Chem. C, 2025, 13, 8354-8424 This journal is © The Royal Society of Chemistry 2025
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Table 27 The switching voltage offset (AVs) of the O-CMOS device after
being dropped on different concentrations of bacteria®*®

. . AV (V

Concentration of bacteria s (V)

(CFU per mL) E. coli S. aureus E. faecalis
10® 0.56 0.51 0.45

10" 0.27 0.29 0.30

10> 0.19 0.06 0.16

factor (VEGF), which is a critical biomarker associated with
various diseases, including diabetic retinopathy, cancers and
macular degeneration. This study offered a systematic comparison
of their performance.**® The poly[3-(3-carboxypropyl) thiophene-
2,5-diyl] (PT-COOH) transducer films on remote dual gates were
functionalized with the VEGF aptamer (VEap), either alone or in
conjunction with its complementary single-stranded DNA (PT-
VEap vs. PT-VEap/CS) (Fig. 75). The single-stranded aptamer VEap,
specific to VEGF121, was functionalized on the PT-COOH film
surface using amidation, while CS DNA was engineered to form a
double-stranded structure, regulating the conformation of VEap
through base pairing. The single-stranded and double-stranded
aptamer-based sensors displayed opposite changes in Vi, in
response to VEGF, and the contribution of CS pairing to signaling
was evidenced by the lower detection limit of the PT-VEap/CS
sensors (0.1 ng mL ") as compared to that of PT-VEap sensors (1
ng mL ). The PT-VEap sensors showed a faster response, while
the PT-VEap/CS sensors provided reliable and more stable signals.
Both sensors exhibited high sensitivity to VEGF across a broad pH
range (5-9) and ionic strength (0.05-1.0x PBS), with a slight
advantage for PT-VEap/CS in salt resistance and for PT-VEap in
PH resistance.

This novel remote dual-gate architecture integrated com-
mercial FETs, and was derived from charge-modulated FET
sensors featuring a floating extended gate. This design achieved

View Article Online
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stable signal conversion through commercial FETs, and also
eliminated errors induced by random potential drifts between
the gates. The parallel connection of the two remote gates created
double capacitive coupling instead of the conventional single
coupling, ensuring that occasional errors in either remote gate do
not compromise the signal integrity within the three-terminal
system. The sensing mechanism was studied by analyzing the
surface structural changes and their effect on field effect varia-
tions near the surface of the PT-based transducers. DNA strands
are negatively charged in slightly acidic to alkaline solutions due
to the ionization of the phosphate backbone. In the VEGF
sensing on the PT-VEap surface (Process I in Fig. 76), the space
between the PT surface and the farthest end of VEap could be
likened to a plate capacitor. The charges stored in the equivalent
capacitance remained unchanged when VEGF was bound to
VEap, while the distance between the plates decreased. The
natural electric field formed by VEap and PT in this region
increased, according to the relationship E = U/d. Consequently,
more positive charges were induced on the PT surface, which led
to an increase in Erg. The aptamers in the VEap/CS probes were
partially complementary and shaped with another ssDNA (CS),
showing distinct interface response behaviors. The CS-confined
aptamer had a higher affinity for its target VEGF than the base
pairing interaction because of its chemical and spatial compat-
ibility. This competitive advantage allowed VEap to dissociate
from the double-stranded probe, bind to VEGF, and release the
CS. In the VEGF sensing on the PT-VEap/CS surface (Process II in
Fig. 76), the major change involved the significant departure of
CS from VEap, which is much more pronounced than the
configurational transformations in VEap itself. Consequently,
the equivalent plate capacitor formed between PT and the end
of probes experienced changes primarily in the stored charge
quantity during the response process. According to equation E =
Q-4nk/eS, it could be deduced that the natural electric field

(a) |

o

R.E. (Ag/AgCl) Sample solution Probe
[_. D ) J j
o Ym I Ym -
(b) © .
{
HO r’ ——NH
» EDC P
+ ¥ “Nas > ¥
i /J

Fig. 75

(@) Schematic of the remote dual-gated FET sensing system: the two remote gates are connected in parallel to the gates of the commercial

transistor. (b) Functionalization of the PT-COOH film with probe VEap/CS to form the PT-VEap sensing surface on the remote gates using EDC/NHS
chemistry. (Reproduced with permission from ref. 249. Copyright 2025, Elsevier.)

This journal is © The Royal Society of Chemistry 2025
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Fig. 76 Proposed mechanisms of VEGF responses on the PT-VEap (Pro-
cess 1) and PT-VEap/CS (Process Il) as remote gates of the FET sensors.
The primary change in Process | is attributed to the conformational folding
of VEap upon VEGF binding, which reduces the separation distance
between the plates of the model capacitor. The primary effect in Process
II'is attributed to the release of the CS along with VEGF binding to VEap,
leading to a decrease in the charge stored in the model capacitor.
(Reproduced with permission from ref. 249. Copyright 2025, Elsevier.)

formed by PT and VEap decreased. This reduction in the surface
electric field intensity on PT led to a decreased concentration of
the induced positively charged carriers on the sensing surface,
causing a decrease in Egg.

Verma et al. reported the growth mechanism of a mercury-
sensing molecule, pyridine-end oligo-p-phenylenevinylenes (POPV),
deposited on pentacene in a BGTC OFET configuration (Fig. 77a).
These sensing molecules possessed a lone pair at the nitrogen atom
in the pyridine end, which helped in the formation of a selective
coordination with mercury ions (Hg”") (Fig. 77b). The introduction
of a thin layer of receptor molecules specifically binding with
mercury atop the pentacene semiconductor facilitated its function
as a sensing layer without impeding its functionality as an active
layer.>® The surface doping of receptor molecules above OSC
diffused through the grain boundaries, changing electronic proper-
ties. The device performance was affected upon exposure to the
target species. The uniform, controlled growth of mercury-sensing
molecules above the semiconductors enabled highly effective
sensing devices. The deposition of thin films over OSCs could
impede charge transport, warranting a comprehensive examination
of the growth mechanisms that optimized the device performance.
Surface roughening and smoothening processes significantly influ-
enced the surface morphology, which is vital for effective sensing
applications, as they modulate the surface characteristics impacting
the performance of the sensing-device.

Controlled samples of Zn>*, Ca>*, Cr**, Ni**, Mg”*, Mn”*, Pb*",
and Hg?" salt solution nitrate (NO;~) as the counter ions were
prepared. A droplet of 2 pL solution containing the analyte was
deposited in the channel region of the device. Upon introduction
of the solution, a notable direct ionic current was observed flowing
from the source to the drain terminals. This current gradually
decreased over time and eventually reached a saturation point. The
selective binding of POPV with Hg>" induced trap states, which

8408 | J Mater. Chem. C, 2025, 13, 8354-8424
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reduced the charge carrier mobility and consequently lowered the
conductivity compared to other ions. By examining how the drain
current changed when the OFET was exposed to different ionic
species, selectivity of the sensor toward its target ion, Hg>" could be
determined. This involved measuring the response of the drain
current to different ions and comparing these responses to the
response obtained from Hg>" ions. The attainment of the smallest
saturated drain current corresponded to the binding of Hg>*
with the pyridine-end oligomer, demonstrating the specificity of
the sensing mechanism toward Hg>* detection. This observation
showed the effectiveness of the device in selectively detecting Hg”*
within the tested analyte solutions. The binding of Hg>* ions with
the surface molecules doped within the channel induced changes
in the electronic properties, resulting in a decreased device
current. In OFETs employing pentacene, where hole flow predo-
minates, this reduction in the current suggested an increase in the
electron supply to the channel due to the interaction between the
molecules and Hg”" ions. This selective interaction with Hg”" ions
is a vital factor in the device’s ability to detect heavy metal ions in
water with high specificity. The selective interaction between the
Hg”" ions and pentacene disrupted the hole conduction more
effectively compared to other ions, which was crucial for achieving
selectivity in ion detection. Consequently, a higher concentration
of Hg”" ions results in a lower device current.

Poimanova et al. demonstrated the possibility of quantita-
tive, fast and specific determination of virus particles by an
aptasensor based on electrolyte-gated OFET. Organosilicon
BTBT-dimer and BTBT-C8 were employed as OSCs due to their
stability in air and aqueous media (Fig. 78). The sensitivity and
selectivity of the sensing devices were examined with the
influenza A virus, as well as with control bioliquids like
influenza B, Newcastle disease viruses or allantoic fluid with
>*1 The high specificity of these sensing
devices was proved by providing statistically significant dose-
dependent signals in the concentration range of 6 x 10*-6 x 10°
viral particles per mL of the influenza A virus, which is on par
with no interfering signals in the presence of off-target viruses
(influenza B virus and virus of Newcastle disease) or virus-free
biological fluid (allantoic fluid). The LOD of the influenza A
virus of up to 6.1 x 10" viral particles per mL was achieved for
the device with the BTBT-dimer thin OSC layer, and up to 6.1 x
10° viral particles per mL for the device with the C8-BTBT-C8
thick OSC layer. The influence of the OSC layer thickness on the
sensory properties of EGOFETs was investigated. It was found
that the device based on a single biotinylated bioreceptor layer
without an OSC sublayer exhibited sensitivity to the influenza A
virus, but it was poorly reproduced. Meanwhile, devices with
both thin and thick active semiconducting layers and a bioti-
nylated bioreceptor layer showed high sensitivity to the influ-
enza A virus. The thinner organic semiconducting sublayer
displayed a more intense signal (1.5 times higher) to the virus
and an order of magnitude of greater sensitivity. The electrical
parameters of the three types of investigated devices are sum-
marized in Table 28. The fabrication of a multi-flow cell that
simultaneously registered the responses from several devices on
the same substrate was also reported. The responses of the

different dilutions.

This journal is © The Royal Society of Chemistry 2025
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Fig. 77

(a) Schematic design showing the visual representation of the OFET highlighting the arrangement of the various layers involved. (b) Molecular

structure of the mercury-sensing molecule POPV forming a coordination complex with mercury. (Reproduced with permission from ref. 250. Copyright

2025, ACS)

-Bi
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Fig. 78 Architecture of the EGOFET-based biosensor devices manufactured with different OSC sublayers: (a) C8-BTBT-C8; (b) BTBT-dimer; (c) without
any OSC sublayer. (Reproduced with permission from ref. 251. Copyright 2023, MDPI.)

elaborated bioelectronic platform to the influenza A virus
obtained with application of the portable multi-flow mode were
well correlated with the responses acquired in the laboratory
stationary mode.

Utsumi et al. reported the fabrication of an OFET sensor for the
detection of urea hydrolysis under urease. A 2,6-diphenylanthracene
(DPA) thin film was employed for the preparation of a p-channel
FET that detected this enzymatic reaction (Fig. 79¢). The absolute
drain current, |I|, of the transfer curve rapidly increased at any gate

This journal is © The Royal Society of Chemistry 2025

voltage, Vi, when a droplet of 0.1 M phosphate buffer solution (pH =
6.7 at 25 °C) containing 25 mM urea and 49 nM urease was placed
on a different gate electrode (ie., sensor electrode) than the Vg
electrode.””> Thus, urea hydrolysis directly affected the value of Vg,
enhancing |I|. Using high-k gate dielectric ZrO, in the OFET device
resulted in the reduction of the absolute value of Vg, |Vg|, by ~1.0V
in the transfer curve. Employing high-k gate dielectric was essential
not only for detecting any small electrical variation caused by a
biological reaction, but also for enabling low-bias voltage operation,

J. Mater. Chem. C, 2025, 13, 8354-8424 | 8409
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Table 28 Electrical parameters of the biosensor devices manufactured with different OSC layers (averaged on 60 devices)?*!
Device Ion, HA Ioer, HA Zmy A2 V7(x10°%) Vi, MV
C8-BTBTC8/biorecognition layer with 30%BTBT-biotin —0.11 £ 0.02 —0.01 £ 0.004 —-3.5+ 0.5 —215 £ 50
BTBTDimer/biorecognition layer with 30% BTBT-biotin —0.35 £ 0.05 —0.05 £ 0.006 —6.3 £ 0.7 —235 + 30
Biorecognition layer with 5%BTBT-biotin —0.10 £ 0.03 —0.01 £ 0.005 —3.4 £ 0.6 —112 £ 20
gm = the transconductance.
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Fig. 79
Proposed mechanism of urea hydrolysis under urease.

which was important from the perspective of the practical applica-
tion of biosensors. The complementary metal oxide semiconductor
(CMOS) inverter with thin films of DPA as a p-channel and N,N'-di-
n-octyl-3,4,9,10-perylenetetracarboxylic diimide (PTCDI-C8) as an n-
channel was prepared for detecting urea hydrolysis. The logic
threshold voltage Vi in the CMOS inverter increased by placing
a droplet containing urea and urease on a different gate electrode
than that delivering the input voltage Vj,. A ring oscillator consisting
of five CMOS inverters was fabricated to detect the variation in the
oscillation frequency throughout the reaction, revealing an unam-
biguous reduction in the frequency. This successful detection of
urea hydrolysis was the first step toward the realization of a practical
biosensor incorporating a CMOS inverter and ring oscillator.

Data related to the device design and performance of OFET-
based biosensors have been summarized in Table 29.

3. OFET-based sensors advancements
with recent technological
breakthroughs

The advancements in OFET sensor technology over time con-
tinue to expand the horizon of what is possible in fields like

8410 | J Mater. Chem. C, 2025, 13, 8354-8424

(a) Molecular structures of DPA and PTCDI-C8. (b) OFET device structure (reproduced with permission from ref. 252. Copyright 2025, ACS). (c)

environmental monitoring, biosensing, flexible and wearable
electronics. The recent progress into the synthesis of novel
materials, fabrication techniques, and sensor integration is
expected to discover new capabilities for OFET sensing devices,
thus providing more flexible, efficient and scalable solutions
for a broad spectrum of applications. Some of the key break-
throughs are as following:

(i) Organic semiconductors with improved performance

Advances in the design and development of new OSCs have
led to OFETs with improved electrical performance and OFET
sensors with enhanced sensitivity. There is a trade-off relation-
ship between the performance of OFETs and OFET-based sen-
sors. When OFETs display very high mobility, the current
changes (AI) induced by the analytes or stimuli can be relatively
small compared to the original currents (I,), so that the devices
will show only a small response to the analytes or stimuli. For
OFETs with moderate electron or hole mobilities, a small change
in Ipg can be obvious since I, is low, and the Al/l, can be high;
thus, the devices can display high sensitivity. However, if the
OFETs performance is too low, the devices cannot give strong
and stable output signals. OSCs that include small molecules
and polymers are being synthesized for higher mobility,
enhanced sensor sensitivity and high stability. Examples include

This journal is © The Royal Society of Chemistry 2025
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semiconductors like diketopyrrolopyrrolesexithiophene (DPP6T),
TIPS-pentacene, 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothio-
phene (C8-BTBT), 2,8-difluoro-5,11-bis(triethylsilylethynyl)an-
thradi-thiophene  (diF-TES-ADT), polydiketopyrrolopyrrole-
dithienylthieno[3,2-b]thiophene (DPP-DTT), etc. Organic two-
dimensional (2D) semiconductor materials, including carbon
nanotubes and transition metal dichalcogenides, have opened
new avenues for improving the performance of OFET sensors.

(ii) Flexible and wearable electronics

The integration of soft electronics and stretchable polymers
into OFETs has made it possible to create sensors that maintain
performance even under stress or deformation, thus presenting
a better alternative for the brittle and ductile inorganic semi-
conductor-based devices. These sensors are potential candidates
for applications such as wearable health monitoring systems that
need to conform to the shape of the body. Flexible substrates like
plastic, textiles and paper are being employed for fabricating
OFETs, making them ideal for applications in flexible displays,
e-skin, etc. Recent progress includes the development of sub-
strates that can stretch without compromising the performance
of the OFET sensors.

(iii) Self-healing and robust sensors

Researchers have made great strides in improving the stability
of organic materials to environmental factors like oxygen, humid-
ity, and pH, which have limited the extended performance and
shelf life of OFETs. The use of self-healing materials in OFETs have
improved their durability. These materials have the potential to
recover from mechanical damages such as scratches and cracks in
a long-term use process, which inevitably lead to a shorter service
life, lower durability and unsatisfactory performance. Self-healing
makes OFET sensors more reliable under harsh environmental
conditions and in long-term monitoring applications. An intrinsic
self-healing procedure is of great significance, as it can repair the
damages without external intervention (with reversible interac-
tions of noncovalent or covalent bonds and/or the molecular
movement and rearrangement within polymer networks).

(iv) Enhanced sensitivity for chemical and biological detection

The requirements for different sensory properties can be contra-
dictory for a sensor. For example, sensors with high selectivity
generally need strong interactions between the analyte and device,
which leads to limited recoverability. Thus, properties should be
tuned for sensors according to the specific applications of particular
sensors. The development of OFETs for detecting volatile organic
compounds or other analytes has made significant progress. Mole-
cularly imprinted polymers and nanostructured materials have been
integrated with OFET-based sensors for improving the detection of
gases like NH;, CO,, H,S or NO,. OFETs are increasingly being
employed for the detection of specific biomolecules, such as DNA,
glucose or proteins. Functionalization of the gate electrode with
biorecognition elements (e.g., antibodies or enzymes) enhance the
sensitivity and selectivity of OFET sensors.

(v) Integration with AI and machine learning

Integration of OFET sensors with artificial intelligence and
machine learning algorithms for improved analysis and data
processing is particularly beneficial in applications like health
diagnostics, where the sensor data need to be analyzed in
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real-time to quickly make decisions. One of the examples
includes the use of an artificial neural network (ANN), a modern
algorithm for predicting the output data from the input data with
high accuracy that has been reported for quantifying the toxic
H,S detected by OFET sensors. Machine learning models can
improve the interpretation of complex sensor data, allowing
predictive capabilities. The sensors can predict disease progres-
sion or response to treatment in medical applications by analyz-
ing subtle changes in biomarker concentrations.

(vi) Integration with microfluidics and lab-on-a-chip systems

The integration of sensors into microfluidic systems for lab-
on-a-chip applications is increasing, as these systems allow for
the detection of various chemical or biological agents in small
concentrations, enabling portable, low-cost diagnostic tools.
Multi-channel OFET-based sensor arrays enable the simulta-
neous detection of several analytes or biomarkers. This makes
OFETs ideal for complex analytical tasks like environmental
sensing or real-time monitoring of multiple health parameters.

4. Conclusion and future outlook

OFET-based sensors have been fabricated by exploiting the highly
sensitive nature of organic semiconducting materials to different
stimuli, gases, chemicals and biomolecules. However, there are only
a few reports on the use of OFETs for humidity sensor applications.
The main advantages of OFETs are the multi-parameter sensing
capabilities, since various device parameters such as carrier mobi-
lity, threshold voltage, saturation current, sub-threshold slope, and
off current, are highly sensitive to the adsorbed analytes. The OSCs
used as an active channel of the device can be conveniently
functionalized with different functional groups for enhancing the
sensitivity of the sensors, and can be prepared by the simple
solution and low temperature processing protocols unlike inorganic
sensors that require expensive fabrication strategies. Despite lagging
behind the silicon-based transistors in terms of the switching speed
and efficiency and packaging density OFET-based sensors has
received a tremendous boost in the preceding years, owing to the
advent of low-cost fabrication protocols, as well as development of
flexible and stretchable substrates. Sensitive, stable, fast and reu-
sable sensors are a better replacement for the slow, costly and
laborious methodologies, especially in the healthcare sector.

The high operating voltage of OFETs is still a challenge that
limits their development in practical applications. Therefore,
the fabrication of low operating and low power consumption
devices is of great significance for reducing the leakage current.
The choice of a gate dielectric material is crucial for turning on
the device at only few volts. Dielectric engineering has grabbed
much attention and various modified dielectric materials have
been reported. Using naturally occurring, biodegradable and
water-processable dielectric materials such as Khaya gum can
not only reduce the cost of processing, but they also produce
low electronic waste, thus contributing towards the develop-
ment of green and sustainable fabrication protocols.

Achieving high device stability under ambient conditions is
one of the most important requirements for employing OFETSs

This journal is © The Royal Society of Chemistry 2025
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as sensors. In that context, the p-type OSCs have been widely
reported so far, while their n-type materials remain rarely inves-
tigated because of the availability of a small number of electron-
accepting building blocks and their ambient instability. There are
few examples of n-type small molecules for sensing applications,
such as naphthalene and perylene diimides. So far, gold (Au), as a
stable conductor, has been frequently employed as a contact for
OFETs. It has a work function of ~5.1 eV. Therefore, hole
injection is more favored rather than electron injection, which
results in large contact resistances with consequent low electron
mobilities. Barium, calcium and aluminum with lower work
functions are suitable for electron injection, but are difficult to
handle due to the susceptibility of their thin films towards
oxidation. Exploration of OSC with low LUMO levels or high
electron affinity is crucial for developing n-channel OFETs, which
can be useful in coping with the low charge mobility as the speed
of electrons is higher than the holes. Furthermore, functionaliza-
tion by electron-withdrawing substituents allows for the design of
n-type semiconductors, enabling stable OFET operation in air.
Further exploration of new building blocks for making novel n-
type materials and optimization of processing conditions and
device structures are required for improving the performance,
particularly air stability. The n-channel OFET-based sensors can
be of great help in detecting electron donor analytes, such as
amines, NH;, H,S and thiols. Highly functionalized n-type com-
pounds such as naphthalene diimide have been reported for
sensing NO, and HCI, while hybrid materials consisting of n-
type materials with p-type compounds have also been used for
biosensing for detecting specific proteins.

Recently, very limited reports on the OFET-based pH sensors
are available due to constraints lying in the poor sensing margin
within the Nernstian limit (59 mV per pH) at room temperature
and the degradation of organic compounds in solution.
Although DGOFETs have been proved helpful in improving
the sensing margin (>59 mV per pH), it still remains an active
area of research that needs significant attention in developing
device design and active materials capable of detecting varia-
tions in the aqueous (electrolyte) medium.

EGOFETs have recently emerged as a promising platform for
fast, ultrasensitive, label-free, low-cost, single-molecule detection. As
new high-performing materials are being explored for their sensing
activity, focus must also be placed on more thorough studies into
the materials operational and ambient stability, their cytotoxicity
and biocompatibility, and how these aspects can be optimized
through the molecular design and careful control of, eg., the
material’s purity. Due care must be taken while choosing mono-
meric constituents to limit detrimental side reactions. Additionally,
introducing new immobilization protocols of antibodies, the estab-
lishment of a self-enclosed space to resist non-specific adsorption
and pollution, and the improvement of lifetime in biosensors, are
still required to realize the full use of an OFET-based platform for
real sample analysis. Strategies to control contamination and
corrosion should be improved for the operational stability of devices
that operate in direct contact with aqueous electrolytes. Recently, a
polymer-based EGOFET has been reported as a promising archi-
tecture for protein lysozyme detection in ultrapure water, and in a

This journal is © The Royal Society of Chemistry 2025
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physiological sodium phosphate buffer solution for 1500 min.
The device displayed operational stability exceeding 900 min in
a variety of electrolytes, with an overall lifetime exceeding 2
months in ultrapure water and 1 month in various electrolytes
via careful control of stability-limiting factors, including corro-
sion and contamination.

Although strategies including nanostructuring and surface
functionalization and modification are introduced for improving
the performance and sensitivity of OFET sensors, the exploration
of new strategies to fabricate OFETs with more fascinating func-
tionalities is still full of opportunities for realizing the greater
potential of OFET sensors, offering high stability at elevated
humidity and temperature, long dynamic range, short response
and recovery times, minimal hysteresis loss, low operational and
maintenance costs. Moreover, there is a great scope of developing
green protocols by synthesizing and discovering eco-friendly mate-
rials that can be processed using green solvents, and are biode-
gradable in order to help with electronic waste management and
to bring the fabrication process in line with the principles of green
and sustainable chemistry.

Porous organic polymers (POPs) have been increasingly
explored for OFET-based sensors by virtue of their high surface
area and tunable porous structure. POP’s have been reported to
display enhanced sensitivity, as the large porous surface area
allows greater interaction with target molecules and more mole-
cules can be adsorbed onto the sensor surface. The presence of
porosity helps with improving the overall charge transport prop-
erties in OFETs. The porous network facilitates the electron or
hole movement, potentially boosting the performance of the
device. However, the non-soluble nature of this class of materials
limits their processability to form uniform films, which is
essential for device fabrication. The degree of crosslinking in
POPs affects their solubility. Highly cross-linked polymers tend to
have lower solubility since the network structure hinders the
movement of solvent molecules through the polymer. Functio-
nalization of the polymer chains using groups, such as -COOH,
-OH, and -NH,, can increase their solubility through hydrogen
bonding or other interactions. Additionally, functionalization
also enhances the material’s selectivity for certain analytes,
including gases and biomolecules. For example, amine groups
have a strong affinity for acidic gases, such as H,S, CO,, and NO,,
as well as biomolecules such as peptides, nucleic acids and
proteins. Their nitrogen atoms act as electron donors, creating
ionic interactions and hydrogen bonds with the analytes that
contain electronegative atoms. Basic gases such as NH; or
amines interact well with the carboxyl group and biomolecules
containing basic sites via electrostatic interactions or hydrogen
bonding. Fabricating reproducible and uniform porous struc-
tures can also be challenging, as variations in porosity can lead to
inconsistent sensor performance. Controlling the conditions
such as the temperature and pressure during electrospinning,
sintering or foaming and consistent concentration of the pre-
cursor solution can significantly help in uniform pore formation.
Moreover, optimized polymer blends, cross-linkers or surfactants
can help control the porosity and make the structure more
uniform. Real-time monitoring (e.g., using X-ray tomography,
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optical imaging) during fabrication can help identify issues early
in the process, and provide feedback for adjusting parameters for
better control.

Although OFET-based sensors have gained enormous atten-
tion due to the advantages that have been discussed in this
review, there are still a few key hurdles in their efficient deploy-
ment in industrial settings. Ensuring the long-term stability
without experiencing significant decline in performance over
time is the biggest challenge since OSCs are sensitive to factors
such as temperature, humidity and oxygen. This degradation of
OSCs is problematic in industrial environments where sensors
are exposed to harsh conditions, which reduce the operational
lifespan of devices. OFETs are considered less suitable for certain
high performance applications because of their lower charge
carrier mobility and consequently low sensitivity compared to
their inorganic counterparts. Although OFETs have shown a great
potential in detecting various biological and chemical sub-
stances, attaining the high sensitivity required for some indus-
trial applications still remains a challenge. This is particularly
important in applications such as quality control or environmen-
tal monitoring, where very low concentrations of a target sub-
stance must be detected. This fact is also evident from the
publication of a limited research related to OFET-based sensors
for environmental monitoring. OFET sensors need to be power-
efficient for industrial applications that require continuous mon-
itoring. Obtaining an optimal balance between energy consump-
tion and sensitivity on the industrial scale remains a challenge
even though OFET sensors generally have low power consump-
tion compared to some other classes of sensors.

There has been a tremendous push for improving the perfor-
mance of the OFET sensors to afford higher sensitivity and
selectivity by employing state-of-the-art techniques. While OSCs

Glossary
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provide an opportunity to fabricate OFET sensors using low-cost
roll-to-roll and inkjet printing techniques, scaling these processes
to produce large quantities of high-performance sensors can be
hard. Achieving high yield and uniformity in mass production
while maintaining performance is a significant obstacle. The
solution-based processing techniques can suffer from variability
in material properties, uniformity and thickness, which can affect
the consistency and reproducibility of the sensors across large
areas. Device performance can also be affected by the failure in
controlling the thickness and morphology of thin films at large
scales. The active channel layer or the receptor layer with the active
channel should be spatially sensitive to the changing concen-
tration of analytes. To obtain such a response to small changes
of analytes, it is required to have a control over the composition of
OSC matrix or the pore sizes in the materials. Moreover, the
thickness of the thin-films or the thinning of the receptor layer
on top of the active layer of the OFET do not always enhance the
sensitivity. In order to achieve the highest sensitivity to the
corresponding analyte, the optimal thickness must be determined,
while being stable to other environmental factors.

Optimization of the deposition and printing processes for mass
manufacturing requires transition from laboratory-scale produc-
tion to large-scale commercial production, including large-area
substrates and high throughput. This transition can be tough,
while keeping the quality consistent. A singular platform having
the capability of embedding different OFET-based sensor arrays
that can specifically detect and transduce multi-environmental-
parameters is a key obstacle due to the broad range of variations
and degradation of OSCs in the environment. Lowering the cost
and complexity, OFET sensors can be employed on flexible sub-
strates, for swift commercialization. Laser-scribed graphene meth-
odologies can be of great help for this purpose.

Term Definition

Bias stress effect

The current-voltage (I-V) characteristic of OFETs changes with application of Vs and Vpg for an extended period of

time. This change output and transfer characteristics over time is referred as the “bias stress effect”. This effect is
attributed to charge trapping at the dielectric-semiconductor interface, or in the bulk of the semiconductor (or
dielectric). The effect results in a shift of the threshold voltage over time.

Bottom-gate top-contact
(BGTC)

Bottom-gate bottom-
contact (BGBC)

Charge carrier mobility (1)

on the semiconducting layer.

semiconductor.

Gate is deposited over the substrate with the dielectric layer on top, and the source and drain contacts are deposited
Gate is deposited over the substrate with the dielectric layer on top, and the source and drain contacts lay under the

Charge carrier mobility refers to the ability of charge carriers (holes and electrons) to move through a material, such

as a metal or semiconductor, when an electric field is applied.

Exposure limit

Limit of detection (LOD)
analytical method.

On/off ratio

PPM (parts per million)

Exposure limit is a safety threshold for the amount of a hazardous substance that a person can be exposed to.
It is usually defined as the lowest quantity or concentration of a component that can be reliably detected with a given

The on/off ratio is a measure of the ratio of the current when a device is on compared to when it is off.
Concentration in parts per million (ppm) means the measurement of how much of a specific substance is present in

a solution, expressed as a ratio of “one part of the substance per one million parts of the solution,” essentially
indicating a very small concentration of a substance (1 per every 1000000 or 1/1 000 000) within a larger mixture;
often used when discussing pollutants in water or soil.

Threshold voltage (Vin)

The threshold voltage (Vi) is the gate voltage at which the device begins to switch on or the minimum voltage

required to create a conducting path between the source and drain terminals of a field-effect transistor.

PPB (parts per billion)

It is a unit of measurement that compares the amount of a substance to a billion parts of the substance that it is in. It

is often used to measure the concentration of contaminants in the environment.
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Term Definition

Subthreshold slope (SS) The ratio of the change in the gate voltage with respect to the change in the drain current keeping Vg constant is
called the Sub-threshold slope.

Subthreshold swing It is defined as the change in the gate voltage which must be applied in order to create a one decade increase in the
output current.

Top gate top contact The gate electrode is deposited on top of the semiconductor layer, and the source and drain contacts are deposited

(TGTC) on the semiconducting layer.

Top gate bottom contact The gate electrode is deposited on top of the semiconductor layer, and the source and drain contacts lay under the

(TGBC) semiconductor.
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