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Recent progress in chemical gas sensors
based on organic thin film transistors

Mengge Wu,?® Sihui Hou,® Xinge Yu (2 *° and Junsheng Yu (2 *?

Chemical gas sensors have important applications in the fields of environmental supervision, chemical
pharmaceuticals, disease diagnosis and so on. With the rapid development of organic materials and
device fabrication methods, research in organic thin film transistor (OTFT) based gas sensors has made
significant progress and excellent sensing performances have been achieved. This review highlights
recent progress in OTFT based gas sensors in the past several years, including the advances in typical
sensing materials, interfacial engineering, and microstructure regulation. Furthermore, other
developments in gas sensors such as application of new materials and integration of sensor arrays are
also discussed in detail. This review aims at providing a comprehensive and fundamental understanding
of OTFT based gas sensors, in terms of selection of sensing materials, functional thin film formation, the
influence of interfacial properties and gas sensing mechanisms. And it is hoped that this will contribute
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1. Introduction

Organic thin film transistors (OTFTs) have attracted enormous
research interest due to their inherent advantages and wide
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to the fabrication of high-performance gas sensors and the development of related industries.

potential for application in many fields."™® Compared to

traditional inorganic materials, organic semiconductors (OSCs)
are superior in terms of materials design, light weight, mechan-
ical flexibility and cost-effectiveness.""*> OSCs have great
potential in the consecutive improvement and functionaliza-
tion of sensing performances via the regulation of molecular
structures, which is beneficial for achieving multifunctional
integrated devices.""® In addition, the rapid low-temperature
annealing process of OSCs is compatible with printing technol-
ogies for large area and flexible electronics.'*'® OTFT is a three
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terminal device which consists of a OSC sensitive layer, a
dielectric, source-drain electrodes and a gate electrode. According
to the relative position of source-drain electrodes/gate electrode
and OSC layer, OTFTs are divided into four categories, viz.,
bottom-gate bottom-contact structure (BG/BC), bottom-gate top-
contact structure (BG/TC), top-gate bottom-contact structure
(TG/BC), and top-gate top-contact structure (TG/TC). An OTFT
can be understood as an electrical switch that regulates the
source-drain current (Ipg) through changing the gate voltage (V).
When V;; is applied, the charge carriers will gather at the interface
of the OSC layer/dielectric interface. If an appropriate voltage is
applied to the source-drain electrodes (Vps) at this time, carriers
will flow between the source and drain electrodes forming the Ips.

Based on the unique characteristics of OTFTs, the application
of OTFT in gas sensors has attracted great attention."** The rapid
development of organic semiconductors (OSCs) enables the devel-
opment of low-cost OTFT sensors with the capability of real-time
detection of toxic gases. The interaction between the analyte gas
and OSCs can be converted into easy-to-read/record data. Respon-
sivity (R), sensitivity (S), selectivity, response/recovery time, stability
and limit of detection (LOD) are key parameters to quantify the
sensing performance of a gas sensor. R is defined as the ratio of
the change of an electrical parameter (usually the current in OTFT)
to its initial value before and after exposure to the analyte gases. It
can be calculated as follows:

AY YGas — Yo
R="—x100% =~ "% % 100% )
Yo Yo

where AY represents the variable quantity of electrical parameter,
Y, means the initial value and Yg,s is the value after exposure to
analyte gases. S is defined as the slope of the linear relationship
between responsivity and the gas concentration, which can be
calculated using the following equation, and the unit is % ppm ™"
or % ppb ™.
OR
S = B 2)
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where ¢ denotes the gas concentration. Selectivity is used to
identify whether the sensor can still distinguish the analyte gas
in the presence of interferents. Response time is defined as the
time of current increase from Iog to (Loge + 90% X Al), and recovery
time refers to the time of current recovery from I, to (Iog +
10%x Al), where AI = I, — Lo, Logr and I, are the initial current
with no exposure to analyte gas and saturation current upon
exposure to analyte gas, respectively. Stability usually involves
operation stability and environmental stability in gas sensors.
LOD in gas sensors is typically used as a predictor of the detection
limit, where the concentration of the gas analyte is assumed to be
detectable. Prominent advances have been achieved in the last
several decades, and the sensor performance has been boosted
significantly, with a sensitivity of over 1000%/parts per million
(% ppm '),”>* response and recovery time at the seconds
level,***” and a LOD as great as parts per billion (ppb).>

In this review, we aim at providing a systematic survey of the
recent advances in designing and exploring OTFT based gas
sensors with excellent performance, from sensitive materials, to
interfacial engineering, to microstructure regulation of OSC, and
to the integration strategy of sensor arrays. Chemical gas sensitive
materials are the key to realizing gas sensors. In Section 2, we
review the recent progress in the sensitive materials and the
corresponding sensing mechanisms that have been used in OTFT
sensors. Interfacial properties in OTFT play an important role in
the gas sensing performance; therefore, interfacial engineering is
an efficient route to enhance the performance of sensors. In
Section 3, we review the recent progress of OTFT based gas
sensors from the perspective of interfacial engineering, including
modifications in the related interfaces and efforts made in
changing the chemical and physical properties at the interfaces
using novel methods. Microstructure regulation in OSC layers via
different techniques is discussed in Section 4. Other important
studies, such as exploring biomaterials as dielectric and developing
sensor arrays are summarized in Section 5. The conclusion of
this paper and outlook in terms of further research prospects
are discussed in Section 6.
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2. Chemically sensitive materials

Charge transport in OSCs happens between molecules via the
conjugated m bonds, which shows great relevance to the external
environment and thus makes them serve as gas sensors.”’ Organic
materials based gas sensors typically work in the following steps:
(i) the gas molecules (analytes) adsorb onto the surface of the OSC
thin film; (ii) the analytes diffuse into the bulk OSC thin film; and
(iii) the analytes vary the charge transport properties of the OSC
thin film either in a physical absorption such as dipole-dipole
interaction via van der Waals forces, or through a chemical reaction
such as hydrogen bonding and electrostatic interactions.>”?*3*
The essential difference between physical absorption and chemical
interaction lies in whether there are new substances produced.
Generally, gas sensors based on physical absorption can be used
repeatedly, while some sensors based on chemical interactions can
be used only once due to the irreversibility of the chemical
reactions. The properties of OSCs such as chemical structures,
charge transfer capabilities, and functional groups as well as the
film morphologies determine the sensing performance
significantly.**® So, the key to the success of organic gas sensors
is to realize an obvious correlation between electrical properties
and analyte gases. For instance, the design of sensing materials
into a porous film can facile gas diffusion into the bulk film for
enhancing the absorption amount of the gas analytes®>*° or to
explore sensing materials to form certain molecular structures with
specific recognition functional groups for targeting gases.*"**
Similar to inorganic semiconductors, OSCs can be divided
into p-type and n-type, where p-type represents hole-dominated
transport and n-type represents electron-dominated transport.
Typically, oxide gases, such as NO,, O,, Cl, etc. can lead to a
conductivity enhancement for the p-type OSCs, while reductive
gases such as NHj, H,S, H, etc. often cause a conductivity
decrease. On the contrary, the conductivity of n-type OSCs
mostly represent opposite response behaviours to gases that
are of p-type OSCs. According to the molecule structures, OSCs
can be divided into small molecules and polymers. Small
molecules mostly relies on physical vapour deposition and
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exhibit the advantages of high purity and crystallization con-
trollability, while polymers are typically cast via solution routes
and are more suitable for large area processing. Table 1 sum-
marizes the representative high performance OTFT based gas
sensors reported in recent literature. Fig. 1 and 2 sum up the
chemical structures of polymers and small molecules men-
tioned in this review, respectively.

2.1 Polymer OSCs as sensitive layers

Polythiophene and its derivatives are the most reported p-type
polymer OSCs for gas sensors due to their simple material
synthesis processes (Fig. 1a). Poly(3-hexylthiophene) (P3HT) as
a representative material has been widely used in OTFT based
gas sensors for many years.’>®>° Taking the sensing of a typical
harmful gas ammonia (NH;) as an example, the interaction
between P3HT and NH; can reduce the density of hole carriers,
leading to a decrement of conductivity in the P3HT channel and
thus present a response to NH; via current decrease and the
threshold voltage shifts. As Seohyun et al. reported, the LOD of
P3HT single crystal nanowire on NH; can lower to 8 ppb.”®
Doping functional materials such as metal oxides and polymers
in P3HT thin films enables changing of the microstructures in
the sensing layer and thus improves sensitivity. A detailed
discussion of the corresponding studies can be found in the
following sections. Poly(9,9-dioctyl-fluorene-co-bithiophene)
(F8T2) is another typical polythiophene derivative that is often
used to detect specific organic vapours, i.e. acetone and ethanol.
F8T2 contains fewer polarity branches than P3HT, which
improves the selectivity. However, the low sensitivity of F8T2
is a problem, since only a small amount of gas analytes can
adsorb onto the F8T2 thin film due to weak van der Waals
forces. Introducing functional groups into F8T2 can improve the
sensitivity. A successful example reported by Kim et al. involved
combining F8T2 with oleylamine-modified graphene oxide
(OA-GO), where OA-GO was used to enhance the interaction
with the analyte gas.>" Poly(bisdodecylquater thiophene) and
poly-(bisdodecylthioquater thiophene) (PQT12 and PQTS12,

Table 1 High-performance OTFT based gas sensors reported in recent years

Target gases Material Sensitivity LOD Response/recovery time Ref.
NO, TIPS-pentacene 1329% ppm 1.93 ppb 10 min/>20 min 25
DPP-fluorene-based polymer 614% at 20 ppm 0.5 ppm 5 min/~3 min (40 °C) 43
TIPS-pentacene 1181% ppm 20 ppb 200 s/400 s 44
CuPc 160 000% at 30 ppm 400 ppb 400 ppb 45
PQTS-12 410% at 5 ppm 1 ppm 15 min/— 46
NH; P3HT nanowire ~220% at 5 ppm 8 ppb N/A 28
PDFDT 56% at 10 ppm 1 ppm >180 s 34
DNTT 340% ppm * 10 ppb 95 /200 s 39
Pentacene/gelatin 17.6% at 0.5 ppm 174.0 ppb 15.4 5/42.2 s 47
P3HT-DPPCN 53% at 0.5 ppm 0.5 ppm 5 min/5 min 48
CoPc + TPFB 63% at 4.5 ppm 0.35 ppm 90 s/— 49
pDPPBu-BT 45% at 10 ppm 10 ppb 5 s/— 50
P3HT-PMMA 1481% at 30 ppm 0.7 ppb N/A 51
DMMP F;6CuPc 10°% ppm ' <5 ppm 20 min/180 min 52
6PTTP6 70% at 5 ppm ~10 ppb 40 s/— 53
SO, CuPc nanowire 764% at 20 ppm 0.5 ppm 3 min/8 min 54
H,S BDFTM 11% at 0.1 ppm 10 ppb 5s 27
Spirobifluorene-based polymer 95% at 1 ppm 1 ppb 15 s/— 55
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Fig. 1 Chemical structures of polymer OSCs mentioned in this review. (a) The schematic illustrations of physical adsorption of OTFT sensors and some
representative polymers. (b) A polymer with a chemical reaction response mechanism. Adapted with permission from ref. 31, 50, 55, 60, 61 and 63-66,
respectively. Copyright 2017 American Chemical Society, 2016 Wiley, 2014 The Royal Society of Chemistry, 2016 American Chemical Society, 2017 Wiley,
2016 Wiley, 2009 American Chemical Society, 2016 Wiley, 2017 American Chemical Society and 2016 The Royal Society of Chemistry.

respectively) are two other sensing materials worth mentioning,
which contain sulphide groups serving as functionalized analo-
gue adjacent to thiophene rings. The sulphide groups can
increase the trap density and enhance the redox interactions
between OSCs and gas analyte molecules.*®
Diketopyrrolopyrrole (DPP)-based conjugated polymers have
received increasing attention in recent years, and have been

This journal is © The Royal Society of Chemistry 2020

applied in high-performance NH; sensors. As reported by Khim
et al., poly[[2,5-bis(2-octyldodecyl)-2,3,5,6-tetrahydro-3,6-dioxo-
pyrrolo[3,4-c|pyrrole-1,4-diyl]-alt-[[2,2'-(2,5-thiophene)bis-thieno
(3,2-b)thiophene]-5,5’-diyl]] (DPPT-TT) showed a pronounced
response to NH;, and a high sensitivity of 82% to 10 ppm
NH; gas when deployed in OTFT as the sensing layer based with
a thickness of 2 nm.®® Meanwhile, the DPPT-TT based sensors

J. Mater. Chem. C, 2020, 8,13482-13500 | 13485
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Fig. 2 Chemical structures of the small molecule OSCs mentioned in this review. (a) The schematic of physical adsorption and small molecules involved.
(b) Small molecules with the sensitive mechanism of chemical reaction. Adapted with permission from ref. 20, 27, 38, 39, 44, 52, 84, 85, 97-99 and 122,
respectively. Copyright 2017 Wiley, 2013 Wiley, 2019 The Royal Society of Chemistry, 2017 Wiley, 2017 Wiley, 2009 American Institute of Physics
Publishing, 2016 Wiley, 2013 Wiley, 2015 The Royal Society of Chemistry, 2019 The Royal Society of Chemistry, 2018 The Royal Society of Chemistry and

2014 Wiley.

also exhibited obvious responses to ethanol (1000 ppm) and
ethylene vapours (1000 ppm). pDPPBu-BT is another representa-
tive DPP polymer for gas sensing, in which the tert-butoxycarboxyl
groups incorporated in the side chains can convert groups to
carboxyl groups (-COOH) by thermal annealing treatment.*® As a
result, the annealed pDPPBu-BT film exhibits a rapid response
ability towards NH; and better selectivity to other volatile gases

13486 | J. Mater. Chem. C, 2020, 8,13482-13500

such as CH,Cl,, hexane and ethyl acetate.?® Other DPP derivatives
such as poly(diketopyrrolopyrrolethiophene-thieno[3,2,b]thiophene-
thiophene) (DPP2T-TT) are also sensitive to gases.®’ Moreovet,
introducing nano-porous structure into the DPP based thin
film can significantly improve the sensor performance, and an
ultrafast response to NH; of below 1 ppb at a sub-second time
level can be achieved.®® Besides the p-type DPP derivatives

This journal is © The Royal Society of Chemistry 2020
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mentioned above, there are many ambipolar DPP derivatives
that can conduct both holes and electrons. Therefore, ambipo-
lar DPP derivatives are promising candidates for high selectivity
gas sensors due to the diverse sensing parameters from both
n-type and p-type OTFTs. Ambipolar poly(diketopyrrolopyrrole-
terthiophene) (PDPPHD-T3) exhibites balanced mobility for
both holes and electrons due to the additional planarity
induced by unsubstituted terthiophene units between each pair
of DPP derivatives.®”®* Combining the changes in both hole
and electron mobilities, the PDPPHD-T3 based gas sensor can
identify xylene isomer vapors easily.

Besides the physical adsorption sensing mechanism in the
above-mentioned polymers, chemical interaction is another
important sensing mechanism in polymers. For instance, as
exhibited in Fig. 1b, the sensing mechanism of the poly(4-(4,4-
bis(2-ethylhexyl)-4H-silolo-[3,2-b:4,5-b’]dithiophen-2-y1)-7-(4,4-
bis(2-ethylhexyl}-6-thiophen-2-yl)-4H-silolo[3,2-b:4,5-b' |dithiophen-2-
yl)-5,6-difluorobenzo|c|[1,2,5]thiadiazole) (PDFDT) polymer to
NH; is that fluorine atoms in PDFDT interact with hydrogen
atoms in NH; by weak hydrogen bonds and electrostatic inter-
actions, thus changing the hole transport behaviour via low-
ering of the HOMO level of PDFDT.** In Benjamin et al’s
report, the PDFDT gas sensors could achieve a LOD as low as
1 ppm and a sensitivity of 56% to 10 ppm NH;. In addition,
polyvinyl alcohol formaldehyde (PVF)-based composites of PVF-
coumarin-6 (PVFCOU) can form PVFCOUSO, through chemical
reaction with SO, and the occurrence of chemical interactions
between PVFCOU and SO, are mainly manifested in the stretching
frequency shifts of PVFCOU and PVFCOUSO, in their FT-IR
spectra.®® As a result, an ultrafast response time of 3 s for
400 ppb SO, and LOD of as low as 115 ppb were achieved.
Besides, the polyimide (IMIDE) reacts with NH; and forms
amides (AMIDE), achieving an efficient sensor with the molarity
lowered to 3.5 mM.

2.2 Small molecule OSCs as sensing layers

Small molecule OSCs are widely used in OTFT based gas
sensors due to the advantages of material purity, controllable
crystallization, chemical stability and higher mobility than that
of most polymers. However, the deposition method for small
molecule OSCs are typically physical vapour based, which limits
the manufacturing of large-area sensor arrays.®” Furthermore,
the microstructures of small molecule OSCs are basically poly-
crystalline based, which also raises problems of uniformity and
flexibility.®®

Due to the well-organized molecular arrangement beha-
viours, pentacene and its derivatives exhibit high mobility
and structural stability.>®®°”7> The earliest report on a
pentacene-based gas sensor was presented by Takashi Minkata
and a reversible LOD of 0.2 ppm for NO, gas was achieved,
which revealed the application potential for detecting oxidizing
gases in air.”* In 2014, Misbah et al. reported a novel monolayer
pentacene-based gas sensor to detect NH;, with a LOD of
10 ppm which is more sensitive than a conventional sensor
with a 50 nm pentacene layer.*® Typical pentacene based gas
sensors have been thoroughly studied, and thereby researchers

This journal is © The Royal Society of Chemistry 2020
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have combined new functional materials with pentacene to
fabricate high-performance biocompatible gas sensors in
recent years. Taking the study of Shi et al. as an example, the
negatively charged phosphate groups in DNA could adsorb
more NO, molecules at the dielectric/pentacene interface com-
pared to a sensor without DNA. As a result, the responsivity of
the DNA/pentacene device improved by an order of
magnitude.”* Furthermore, guanine was also applied in penta-
cene based gas sensors, and the sensing mechanism of guanine
to NO, is that the amino group (-NH,) and imino groups (-NH)
in guanine can adsorb NO, molecules.”* Therefore, the sensi-
tivity was improved and the detection limit decreased to 1 ppm.
Shi’s research studies provide new ideas for fabricating
high-sensitive pentacene gas sensors. 6,13-Bis(triisopropyl-
silylethynyl)pentacene (TIPS-pentacene) is one of the most used
pentacene derivatives in OTFTs for gas sensors, and the TIPS-
pentacene response to gases is through a physical adsorption
mechanism.>>**”® Wang et al. reported an ultrasensitive NO,
sensor based on TIPS-pentacene, and the device achieved a
sensitivity of 1000% ppm ' and detection limit lowered to
20ppb.** The effect of TIPS-pentacene thickness on the respon-
sivity was studied, and results demonstrated that the reason for
the best performance of the thinnest 5 nm device is that
ultrathin films can combine small original charge carrier
concentration and efficient charge transport, thus realizing
an obvious change in carrier density. In addition, Zhuang
et al. reported nanofibrillar structured TIPS-pentacene via an
orthogonal/parallel off-center spin-coating method; as a result,
TIPS-pentacene films with highly aligned conjugated back-
bones and well-regulated potential barriers at grain boundaries
were obtained.”® Upon exposure to NO,, the interactions of
TIPS-pentacene and analyte occurred and then effective charge
carriers were released at grain boundaries due to the reduced
potential barriers induced using an off-center process, leading
to enhancement in carrier mobility. In consequence, I, values
show a variation of about 32.9% and 52.7% under 1 ppm NO,
for orthogonal and parallel devices respectively, which are
higher than that of 2.3% for an on-center device.
Phthalocyanines (Pcs) are well known small molecule OSCs
due to their good chemical and physical stability, which have
been widely used in OTFT based gas sensors. In 1987, research
on the response of five kinds of phthalocyanines to oxidizing
gases was reported by Laurs and Heiland.”” The results revealed
that the conductivity of p-type Pc increased obviously upon
exposure to gases with high affinity (such as I, and Br,), which
is over the O,-induced level. The most frequently-used Pc
materials applied in gas sensors are copper(u) phthalocyanine
(CuPc,)**7878% and cobalt(n) phthalocyanine (CoPc),*”’*" and the
molecular structures are displayed in Fig. 2a. To further boost
the sensing properties, various treatment methods have been
devoted to the Pc based OTFT sensors based on different
sensing mechanisms.®® For instance, Huang et al. demon-
strated NO, gas sensors based on CuPc with a limit of detection
of 400 ppb and maximum sensitivity of 160000% by simple
UV-ozone treatment of polymer dielectrics.”® UVO treatment
induces many polar carbon-oxygen functional groups at the

J. Mater. Chem. C, 2020, 8, 13482-13500 | 13487
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dielectric surface, leading to more NO, molecules being
adsorbed via van der Waals forces. Song et al. pointed out the
selective transferability of gas sensors with dinaphtho[3,4-
d:30,40-d0]benzo[1,2-b:4,5-b0]dithiophene (Ph5T2) modified
CuPc.®” The so-called selective transferability is that unmodi-
fied CuPc sensors exhibited a stronger response to H,S, while
modified CuPc sensors showed a greater response to N,O.
Under the same test conditions, the former’s response to
10 ppm H,S reached 1088% while 10 ppm NO, was only
97.5%, in contrast, the latter’s response to H,S reduced to
234% while that to NO, increased to as high as 460%. Kumar
et al. decorated reduced graphene oxide (rGO) with unsubsti-
tuted CuPc to enhance the Cl, sensing performance, which was
attributed to the synergetic effects of the higher number of
interaction sites in CuPc and the conductive network induced
by rGO.”® In addition to CuPc, CoPc has been also studied and
various strategies have been adopted to form high-quality CoPc
for high-performance gas sensors. In 2019, Kaya et al. synthe-
sized a new CoPc sensor with 5-(trifluoromethyl)-2-mer-
captopyridine and it showed enhanced NH; performance in
terms of a LOD of 0.3 ppm and fast response/recovery rate.””
Moreover, this CoPc gas sensor displays excellent selectivity to
NH; even though volatile organic vapors are present in the gas
mixture. All these advances provide new ideas for the precise
detection of mixed gases.

The co-oligomers of benzene and thiophene have the advan-
tages of ultrahigh mobility, air stability and thermal-oxidative
stability and have thus attracted attention and have been used in
gas sensors. Typical benzene/thiophene co-oligomers are alkyl
derivatives of benzothieno[3,2-b][1]benzothiophene (BTBT),**%
dinaphtho[2,3-b:2",3’-f |thieno[3,2-b]thiophene (DTNN),>***® and
dithieno[2,3-d;20,30-d0]benzo[1,2-b;4,5-b0]dithiophene (DTBDT).***%°
In 2011, Minemawari et al synthesized 2,7-dioctyl[1]benzo-
thieno[3,2-b][1]benzothiophene (Cg-BTBT) single crystals via
anti-solvent crystallization and inkjet printing, obtaining a high
mobility of 16.4 cm® V™' s~ .5 Afterwards, He et al. demonstrated
a high performance OTFT based monolayer of Cg-BTBT with a
hole mobility as high as 30 em®> V7' s7'.°" An interesting
phenomenon in 2-(4-dodecyl phenyl)[1]benzothieno[3,2-b]benzo-
thiophene (C;,-Ph-BTBT) was found, in which C;,-Ph-BTBT
showed a bilayer structure after annealing and a mobility of up
to 8.7 cm” V' 5.5 Trul et al. developed a new BTBT organo-
silicon dimer of a,o/-dialkylquaterthiophene (D2-Und-BTBT-Hex,
as shown in Fig. 2a) and explored the conditions of fabricating
low-defect D2-Und-BTBT-Hex monolayers.®® The OTFT based on
D2-Und-BTBT-Hex achieved great performance with a mobility of
7 x 1072 em? V' s7! and an I,,/Ig of 10°. Furthermore, the D2-
Und-BTBT-Hex OTFT also showed a great response to NH; with a
LOD of 400 ppb. Since the conduction channel of OTFT is only a
couple of nanometers along the dielectric surface, thus short-
ening the diffusion distance from the surface of the OSCs to the
conductive channel is critical. Lu et al reported using the
versatile template method to deposit ultrathin micro-porous
OSC films of dinaphtho [2,3-b:2/,3'-f |thieno[3,2-b]thiophene (DNTT)
for the gas sensor, yielding a high sensitivity of 340% ppm ™' to NH;
and a LOD at the ppb level.*® Werkmeister et al. investigated the
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influence of a DNTT film morphology on the response time of
NH;, and the results showed that the fastest response was
achieved from the Volmer-Weber 3D structure.®® To help under-
stand the sensing mechanism in many OTFT based gas sensors,
Zhou et al. studied the recovery behaviours of gas sensors based
on n-nonanyl substituted DTBDT (DTBDT-C9) in N, and in air.
The results illustrated that, different with the conventional
simple absorption/desorption process, H,O pre-doped in
DTBDT-C9 film before NH; absorbed and H,O re-doped in
DTBDT-C9 film when NH; desorbed, respectively.*

The advance in n-type OSCs is limited due to their low
mobility and instability in air, while the stability of the n-type
materials can be improved via incorporation of electron with-
drawing groups such as cyan groups (CN '), fluorine ions (F )
and chloride ions (C1™") on their backbones or side chains. Two
kinds of representative n-type OSCs, perylene diimide (PDI)**
and naphthalene diimide (NDI)*>~®° derivatives are the most
reported for gas sensors of NH3, NO, and some volatile organic
compounds. The performance of PDI is comparable with most
p-type OSCs, and therefore it is regarded as one of the most
promising n-type OSCs. Liu et al. reported alkyl and fluoroalkyl
substituted core-tetrachlorinated perylene diimides (4CIPDI)
with a mobility of up to 1.43 em® V' s™' and Ion/log of 10%.°?
In 2000, the earliest NDI derivative of H,H-NDI-CH,C-,F,5 was
reported by Katz et al., which had a mobility of 0.1 cm* V' s !
and a high Io/Ig of 10°.°% Zang et al. discovered an interesting
phenomenon of NDI derivatives (NDI(20D)(4tBuPh)-DTYM2)
using a gas-phase reaction assisted detection method. Effective
adsorption of NH; on NDI(20D)(4tBuPh)-DTYM2 occurred and
the increased change in I, was not reversible. Next, when HCI
gas exposured to this NHjs-adsorbed sensor, Ips decreased
obviously and recovered to device’s initial level when none
gas exposed. The reason can be attributed to the de-
adsorption process of NH; enabled by the NH,Cl nanoparticles
(formation due to the chemical interaction between HCIl and
NH; absorbed).’®> As a result, the adsorption of NH; on the
NDI(20D)(4tBuPh)-DTYM2 sensitive layer assisted the precise
detection of HCI gas.

Most small molecule OSCs respond to analyte gases mainly via
physical adsorption (trapping or doping process), while there are
still some small molecules that are gas sensitive through chemical
reactions. Generally, the selectivity of OTFT sensors obtained via
chemical reactions is better than those of physically adsorbed ones
because of the targeting behaviours for specific gases in chemical
reactions. However, the recovery characteristics of OTFT sensors
based on chemical reaction are a problem since most of the
chemical reactions are irreversible. Luo et al reported a new
cruciform donor-acceptor molecule 2,2'-((5,5'-(3,7-dicyano-2,6-
bis(dihexylamino)benzo[1,2-b:4,5-b'|difuran-4,8-diyl)bis(thiophene-
5,2-diyl))bis(methanylylidene))dimalononitrile (BDFTM) that can
detect H,S.>” And the reaction mechanism of BDFTM to H,S is
presented in Fig. 2b, which illustrates that the selective sensing of
H,S with BDFTM derives from the Michael addition of H,S to the
2-methylenemalononitrile groups in BDFTM. Therefore, comparing
the responses to H,, CO,, and NH;, BDFTM based gas sensors
showed obvious decrement of I, for low concentration H,S under
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the same detection conditions, and achieved high sensitivity with a
detection limit down to 10 ppb. However, due to the irreversible
chemical reaction, this BDFTM-based gas sensor cannot be reused.

3. Interfacial engineering

As Nobel laureate Herbert Kroemer said “The interface is the
device”.'® The interface plays important roles in the growth of
OSCs and the injection/transport of carriers in the bulk and at
the surface. There are three interfaces in conventional BGTC
OTFTs: the gate electrode/dielectric interface, the dielectric/
OSC interface, and the OSC/D-S electrode interface. Among
them, the dielectric/OSC interface is the most important one
because the effective conductive channel is in several single-
molecule layers (several nanometers) of the OSC layer on top of
the dielectric. Compared to inorganic materials, organic mate-
rials can’t form real energy bands due to the weak inter-
molecular forces. For this reason, the migration of charge
carriers in organic materials is realized by hopping.'®* There-
fore, to know the effect of the dielectric/OSC interface on the
performance of gas sensors, many perspectives need to be
taken into account. At the same time, the OSC/D-S electrode
interface is also an important research topic, since it is related
to the injection and transport of charge carriers. Factors
affecting the quality of the OSC/D-S electrode interface are
mainly determined by the energy gap and the contact resistance
between OSC and D-S electrodes. The closer the Fermi level of
the metal electrode to the Highest Occupied Molecular Orbital
(HOMO) energy level of p-type OSC or the Lowest Unoccupied
Molecular Orbital (LUMO) energy level of n-type OSC, the more
effective the carrier transport that could happen in OTFTs.'*?
Over the past decade, extensive efforts have been devoted to the
interfacial engineering in OTFT-based gas sensors, including
chemical modifications such as growing covalently bonded
self-assembled monolayers (SAMs) or physical modification
methods such as insertion of a thin buffer layer at the specific
interface. In this section, we summarize and analyse the
recent studies of interfacial engineering in OTFT based gas
Sensors.

The dielectric/OSC interface determines the crystallization
of OSC and charge transport at this interface.'%*'*
The chemical and physical properties of the dielectric have a
huge influence on the crystallization of 0SCs.'®® For instance,
the surface energy of the dielectric is closely related to device
mobility."® By comparing the surface morphology of OSC thin
films, it is found that the grain size of the OSCs is likely to
change with the surface energy of the dielectrics. M. Yoshida
and F. S. Kim studied the crystallinity of OSCs on different
dielectrics including PMMA, PS and PVA and found that the
morphologies were obviously different, leading to a dramatic
variation of the gas sensing performance.'%”'® Interfacial traps
act as scattering centres and trap the hole/electron carriers,
resulting in the decrement of sensing performance. In this
regard, reducing the density of traps that are located at the
dielectric/OSC interface by interfacial engineering is an
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effective way to improve the charge transport. Interfacial engi-
neering for a dielectric/OSC interface using various modifica-
tion methods provides an important and effective way to
improve the crystallization and the charge transport, and thus
promoting the sensing performance of a gas sensor. Next, we
will describe the efforts devoted to interface engineering in
terms of improving the crystallization and charge transport.
Dielectric modification is a common strategy for tuning the
surface energy of a dielectric/OSC interface. To date, polymers,
small molecule and metal oxides have been used as modifica-
tion layers for dielectrics. For example, Sun et al. used small
molecules of para-hexaphenyl (p-6P) as the modification layer
between SiO, and a-sexithiophene (u-6T), as displayed in
Fig. 3a.'® The results showed that the o-6T film on the
p-6P/SiO, substrate was more continuous with a larger grain
size of o-6T than that of those on the bare SiO, surface.
The corresponding p-6P modified OTFT sensors exhibit a great
sensitivity of 998% ppm ™" and a low detection limit of 1 ppm.
As shown in Fig. 3b, Shao et al. studied the effect of processing
solvents (including chlorobenzene, dichlorobenzene, toluene
and o-xylene) on the crystallinity of TIPS-pentacene, which was
mainly reflected in the effect on the balance between crystal-
linity and the density of grain boundary.> The results demon-
strated that the TIPS-pentacene thin film formed from o-xylene
solution exhibited the best NO, response, in terms of a detec-
tion limit of 1.93 ppb and sensitivity with 60-fold improvement
over that of 274.8%. As shown in Fig. 3c, polymers having
methyl cellulose (MC) as the modification layer are introduced
to control the crystallization of pentacene to provide more trap
sites, resulting in enhanced gas responsivity (detection limit of
1 ppm for NO,).*® According to AFM images and impedance
spectroscopy, it was found that the MC layer not only controlled
the growth of OSCs, but also induced electrostatic interactions
with NO, via its dipole alignment. A SAM is a kind of 2D
material with a highly ordered structure formed on various
surfaces spontaneously, and has been used to modify dielec-
trics to control the crystallization of OSCs.'*'°® One of the
most well-known embodiments is the surface modification of
SiO, with n-octadecyltrichlorosilane (OTS) or hexamethyldisila-
zane (HMDS), which enables creation of a covalently bonded
surface with tuned surface energy for improving the crystal-
lization of OSCs. Considering dielectric modification in OTFT
sensors, creating additional trapping sites that can interact
with the analyte gases is an effective route. Han et al. reported a
high-response NO, gas sensor with the ZnO nanoparticles/
PMMA hybrid dielectric, as shown in Fig. 4a.'’® The ZnO
nanoparticles acting as impurities embedded in a PMMA layer
increased the surface energy of the mixed dielectric and thus
played the roles of both reducing the grain size of pentacene
and enlarging the depth of grain boundaries of a CuPc sensing
film. The high electron affinity of NO, allowed interaction with
both CuPc and ZnO nanoparticles, resulting in enhanced
variation of saturated current and carrier mobility upon expo-
sure to NO,. Based on a similar strategy, polymers with hydro-
xyl dipoles, such as PVA have also been proved to be an effective
modification layer, since the hydroxyl dipoles can reorient
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Fig. 3 Examples of adjusting the OSC crystallization via interfacial engineering mentioned in this review. (a) A small molecule of p-6P was introduced
into the SiO,/a-6T interface. On the top left is the schematic of the device structure, on the bottom left is the AFM images of a-6T films without and with
p-6P underlayer, and on the right is the /ps—time—NO, concentration response performance curves of a p-6P/a-6T based gas sensor. (b) Organic solvent
selection method used in a TIPS-pentacene based NO, gas sensor to regulate the crystallization of TIPS-pentacene. On the top is the schematic of the
device structure, on the bottom left is the crystallization schematic of four TIPS-pentacene films, and on the bottom right is the responsibility—NO,
concentration curve of the O-xylene device. (c) Polymer of methyl cellulose (MC) as the interlayer to improve the crystallinity of pentacene. On the left is
the schematic of the device structure, in the middle is the AFM images of pentacene without and with an MC interlayer, and on the right are the
normalized Ip—time response curves. Adapted with permission from ref. 104, 25 and 38, respectively. Copyright (a) 2019 Elsevier, (b) 2019 The Royal

Society of Chemistry, (c) 2019 The Royal Society of Chemistry.

under a gate bias, which creates new trapping sites for charge
carriers and leads to electrical property responses to gas
analytes. Interestingly, bio-inspired or bio-compatible materials
can also serve as modification materials for OTFT sensors.
Shi et al. reported the introduction of a thin DNA layer as
modification on top of a PMMA dielectric by spray coating, as
shown in Fig. 4b.”* Due to the strong interaction between
oxidative NO, molecules and the reductive phosphate groups
in DNA molecules these OTFT sensors exhibited much greater
sensitivity than the sensors without DNA modifications. Other
bio-materials that are inbuilt with polarization functional
groups (such as C-O, C—C, C—O0, -NH and -OH) can also
serve as functional modification layers or even dielectric layers
for OTFT sensors.”” These functional layers can interact with
gas analytes, and fetter free charge carriers, which offers a new
idea for the selection of dielectric materials. In addition,
poly(vinyl alcohol) (PVA) was utilized as a gas accumulation
layer, in which PVA could adsorb/desorb NH; when an electrical
field was applied or removed, as exhibited in Fig. 4c."*! This is
attributed to the re-orientation of hydroxyl dipoles induced by
programming-erasing bias. As a result, under —40 V gate plus,
responsivity of I,, increases to 66.9% for 0.5 ppm NH; and
30.2% for 0.2 ppm NH3, respectively.
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4. Microstructure regulations of
sensing layers

The organic active layers play a vital role in both charge
transport and sensing of OTFT based sensors. Microstructure
regulations of organic active layers are one of the most straight-
forward and effective methods to improve the performance of
OTFT sensors. There are several microstructure regulation
methods that can effectively improve the sensitivity and
response rate of the devices, including adopting ultrathin
OSC films, creating porous OSC films and introducing binary
or ternary OSC blend films. Ultrathin and porous OSC films can
effectively shorten the diffusion distance of the gas analytes
from the atmosphere to the conduction channel, which can
accelerate the response/recovery time and improve the sensi-
tivity, while the OSC film blends can enhance the absorption
efficiency of the active film to analytes, thereby increasing
sensitivity.

4.1 Ultrathin OSC films

The thickness of the conduction channel is only about a few
molecular layers in the OSC films near the interface between
the OSC and dielectric. However, the thickness of the OSC films
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Fig. 4 Examples of dielectric modifier can interact with analyte gases
directly mentioned in this review. (a) On the left is the schematic of the
device structure where ZnO nanoparticles as impurities embedded in
PMMA/CuPc-pentacene, and on the right is the responsivity—NO,
concentration curve. (b) On the left is the schematic of the device
structure where DNA is the interlayer and on the left are the current
responsivity—time curves. (c) On the left and in the middle are the
orientation schematics of hydroxyl dipoles of the gas sensor without and
with bias applied, and on the right is the responsivity curves of carrier
mobility and saturation current at different NHz concentration when —40 V
gate voltage is applied on the PMMA/PVA based gas sensor. Adapted with
permission from ref. 110, 74 and 111, respectively. Copyright (a) 2016
licensee MDPI Basel, Switzerland, (b) 2015 Elsevier, (c) 2016 Elsevier.

used in OTFTs is basically tens of nanometers, which limits the
diffusion of the gas analyte to the channel and may cause slow
response and recovery and poor sensitivity. There are many
techniques that can be considered to fabricate ultrathin
OSC films, such as bar-coating,®® thermal evaporation,'** '
spin-coating,"'*''®> drop-casting, blade-coating,'*¢"'*$
printing, spray-coating, dip-coating,''® and self-assembly.
Thermal evaporation is a common fabrication technique for

inkjet
120

small-molecule OSCs, that can precisely control the thickness
of OSC films in sub-nanometer scales.*® For instance, Katz et al.
reported ultrathin OTFTs based on the 5,5'-bis(4-hexylphenyl)-
2,2'-bithiophene (6PTTP6) monolayer as the OSC sensing part,
which demonstrated much greater sensitivity and faster
response than devices with a thicker OSC film.”* In a report
by Wang et al., ultrathin 5 nm TIPS-pentacene with high
mobility was deposited on the modified SiO,/Si substrate
(Fig. 5a).** Both an ultrahigh sensitivity of 1000% ppm ' and
a calculated LOD of 20 ppb were obtained. In addition, this

This journal is © The Royal Society of Chemistry 2020

View Article Online

Journal of Materials Chemistry C

IS
TIPS-pentacene

o060 00

p-6P
20 40 60 80
b Time (min)

Si0,/Si

w
o

1day

5 days
— 10 days
20 days
30 days

n
o

R1x10°(S)
S
NO, concentration (ppm)

N W bh o o

0 100 200 300 400 500 9
T (min)

Ultra-thin Film
1.6 Air g A
1.2

100 ppm
~ Air

Air /\ f I
/ |

gl
0.4

1.21Thick Film 10 ppm

Ios()/1ps(0)

1.0 NH; Air NH, Air NH; Air NH; Air NH Air NH,
08 X N X NN NN ANY

0.6 Ultra-thin Film

20 40 60 80 100
Time (second)

Air NH3

~e—2.16 nm
v-5.02 nm
< 1276 nm

Ios(t)/1ps(0)

1.0p Wk i

0 20 40 60 80 100
Times (min)

I5(0)/1q(t)

80
100

Recovery (Avg) ﬁ["
i . 180

o/

[+
=1

)
N
()= =]

L2 —_
e 460 &
U\ g

= 0.1 ppm NH; (Avg) {40 E

Response (Avg) #———% 420

=y

S
I

N
o

Shearing Direction

-————

______________________ 9
Heated SiO,/Si Substrate

N
o

*— v

Sensitivity (Al/ly) (%)

?
-
-
1 1 1 1 0

1~2 ML 3~4 ML 5~6 ML 12~13 ML
Thickness

Fig. 5 Schematic illustration of the device configuration (left), and the
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spin-coating approach (left), and dynamic response of the
NDI(20D)(4tBuPh)-DTYM2 based film and ultrathin-film transistors to
1 and 10 ppm NH3z under ambient conditions (right). (d) The schematic
illustration of bar-coating with wound wire in the bar (left), and the
normalized current response of the devices with different film thickness
when exposed to NHs (right). (e) Schematic diagram of solution-shearing
technique (left), and the sensitivity, response and recovery time of NHsz
sensors with different thickness toward 100 ppb NHs (right). Adapted with
permission from ref. 44, 121, 122, 60 and 123, respectively. Copyright
(a) 2017 Wiley, (b) 2013 Wiley, (c) 2012 Wiley, (d) 2016 Wiley and (e) 2014
The Royal Society of Chemistry.

work systematically studied the relationship between the high
sensing performance and the charge transport characteristics
of the films by using different OSC materials (TIPS-pentacene
and pentacene), and found that the combination of high
mobility and low initial carrier concentration is a critical factor
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to acquire ultrahigh sensitivity. Besides the sole material-based
monolayers, ultrathin OSCs based on two-layer heterojunction
structures were also developed and used in OTFT for NO,
detection. The reported ultrathin heterojunction was deposited
by thermal evaporation of N,N’-diphenyl perylene tetracar-
boxylic diimide (PTCDI-Ph) onto an ultrathin para-hexaphenyl
(p-6P) film, where both PTCDI-Ph and p-6P were sensitive to
NO, (Fig. 5b)."*" As a result, the heterojunction devices exhib-
ited great sensitivity, recoverability, and stability.

The thermal evaporation methods can be used to easily tune
the film thickness via controlling the deposition rate, and the
obtained ultrathin film is of high-quality with low-density defects.
Nevertheless, the requirement of specific vacuum equipment
increases the fabrication cost and limits the large area processing.
Furthermore, polymer OSCs cannot be deposited by thermal
evaporation but only by solution methods. In this case, many
studies have focused on the use of innovative solution methods to
obtain ultrathin OSC films. Zhang et al. reported a simple and low-
cost on-the-fly-dispensing spin-coating approach, in which a small
amount of NDI(20D)(4tBuPh)-DTYM2 solution was dropped on
the high speed rotating substrate (Fig. 5c).'*> The 4 nm thick
NDI(20D)(4tBuPh)-DTYM2 ultrathin film used as a sensing layer
in OTFTs showed a much higher sensitivity and faster response
time to NH; compared with 70 nm thick NDI(20D)(4tBuPh)-
DTYM2 based OTFT sensors. Khim et al. reported OTFT sensors
using an ultrathin DPPT-TT layer using a simple bar-coating
method (Fig. 5d).°° The corresponding devices with 2.16 nm,
5.0 nm and 12.8 nm thick DPPT-TT ultrathin films presented
sensitivities of 82%, 27% and 10% to 10 ppm NHj, respectively. As
displayed in Fig. 5e, Zhu et al. reported high-sensitive NH; sensors
with a solution-shearing coated ultrathin 1,4-bis((5'-hexyl-2,2'-
bithiophen-5-yl)ethynyl)benzene (HTEB) film as the active layer,
achieving ppb level detection capability."*

4.2 Porous OSC films

The porous structures in OSC active layers allow analytes to
diffuse through nano/micropores to the conduction channel
more easily than dense OSC films. So, creating porous struc-
tures has been widely adopted in gas sensors in recent years.
Here we discuss several effective approaches for fabricating
porous OSC films to improve the performance of gas sensors.

Using templates for assisting pore formation with control-
lable pore sizes is an effective way to develop porous OSC films.
As shown in Fig. 6a, Zhang and co-workers reported the use of a
nanoporous insulating layer as the template to create adjusta-
ble porous structured DPP OSC layers, where the template was
prepared by adding 4,4'-(hexafluoroisopropylidene)diphthalic
anhydride (HDA) into poly(4-vinylphenol) (PVP) tetrahydro-
furan (THF) solution as a cross-linking agent.®' By adjusting
the HAD/PVP ratio, the diameter of the nanopores could be
programmed ranging from 50 to 700 nm, and thus “printed”
on the OSCs via meniscus-guided or spin-coating. The resulting
porous sensors showed that the sensing performance was
highly relevant to the pore size, and the device with average
pore diameters of 700 nm exhibited the best sensing perfor-
mance for NH; and formaldehyde with a LOD as low as 1 ppb.
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Similarly, Kang et al. deposited Dbis(triphenylsilyl)benzene
(TSB3) on heated SiO, substrates to form porous templates,
followed by deposition of a pentacene thin film on top as the
porous OSC sensing layer."®* Short response and recovery time
are obtained by the devices with TSB3. Meanwhile, the devices
show high sensitivity and stable sensing behavior. Templates
“lift-off” are another effective way for creating porous OSC
films. For instance, Huang et al. reported ultrathin porous
OSC based OTFT sensors via deposition of a dinaphtho[2,3-
b:2',3'-flthieno[3,2-b]thiophene (DNTT) OSC thin film on an
SiO, dielectric with pre-dispersed polystyrene (PS) micro-
spheres (Fig. 6b).>° The microporous structures were obtained
by physical removal of PS microspheres using adhesive tapes,
and the size of the pores was controlled by the diameter of the
PS microspheres. The resulting sensors showed great sensitivity
of 340% ppm ' at a ppb level of detection.

Another simple method to create porous OSC films can be
realized by doping additives into the OSC films. Wang et al.
reported the development of microporous conjugated-polymer
semiconductor PBIBDF-BT films via blending of an insulating
material poly(1,4-butylene adipate) (PBA).">> As shown in
Fig. 6c, the blend solutions were first spin-coated onto the
amorphous fluoropolymer (Cytop)-treated SiO,/Si substrate,
and a phase-separation between the PBIBDF-BT and PBA
occurred in the blend film. Then the microporous PBIBDF-BT
films could be formed via simple removal of PBA using acetone.
The sensors with the microporous PBIBDF-BT films exhibited
greater sensitivity to NH; than dense PBIBDF-BT film-based
devices. Zhang et al. fabricated porous P3HT/PS blend films by
a breath figure patterning method.'*® They placed the blend
film in a humid environment to allow the water vapour to
condense on the film surface, resulting in solid films with a
porous structure. The porous devices showed a responsivity of
280% to 10 ppm NO,, a couple of times greater than that of the
dense film-based devices.

4.3 Blend OSC films

In recent years, a large number of studies on OTFTs with OSC/
polymer blend films were reported, which showed advantages
of great electrical performance, good environmental stability,
and remarkable mechanical properties.'*”**® These blend
films can provide a large density of interfaces to interact with
gas analytes, resulting in efficient detection of gases, and thus
were widely applied in OTFT based gas sensors. Han et al.
reported a NH; gas sensor with OSC/insulating polymer blend
as the active film (Fig. 7a)."*" Phase separation of the blend film
resulted in P3HT-enriched on the top of the blend film that
offered effective interaction between the OSC and the gas
analyte with a sensitivity of 74% to 50 ppm NH;. Further study
of the insulating polymer selection in blend films for gas
sensing was carried out by the same group, and poly(9-
vinylcarbazole) (PVK) was discovered to be a good candidate
for the blend system (Fig. 7b)."**> Due to the increased contact
area of P3HT/NH; and hole-transportation/electron-block
effects induced by PVK, an ultra-high responsivity of
~22000% was achieved by the P3BHT/PVK blend OTFT sensor,

This journal is © The Royal Society of Chemistry 2020
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which is 37 times greater than that of pure P3HT sensors. By
carefully controlling the blending ratio and the solution pre-
paration process, vertical phase separation between OSC and
the insulating polymer can be realized, that allows layer by layer
formation of OSCs and insulating polymers to be completed in
a one-step coating. Recently, Hou et al. reported a simple one-
step processing method via vertical phase separation of P3HT
and poly(methyl methacrylate) (PMMA) in OTFT for NO, detec-
tion (Fig. 7¢).”" A large amount of micro/nano-gaps formed
between P3HT and PMMA in self-stratified films resulted in an
enhanced adsorption amount of NO,. Compared to the devices
obtained by the traditional two-step process, the one-step
devices show similar or even better electronic performance
and an improved sensitivity to NO,, with a LOD of 0.7 ppb. In
addition, the decent selectivity, environmental stability and an
excellent limit of detection of 242.6 ppb were also realized by
blending OSCs with poly[N,N'-bis(4-butylphenyl)-N,N'-bis(phenyl)-
benzidine] (poly-TPD), exhibiting the expansive prospect of the
blend films in gas sensor applications.>

This journal is © The Royal Society of Chemistry 2020

5. Other progress in OTFT based gas
sensors

Besides interfacial engineering and microstructure regulation,
other efforts have also been made for developing OTFT based
gas sensors. In this section, we discuss the recent advances in
exploration of new biomaterials and deployment of circuits and
sensor arrays for OTFT sensors with high sensitivity, high
selectivity and environmental stability.

5.1 Biomaterials in OTFT based gas sensors

Biomaterials have attracted great attention in recent years as
which can be used in bio-markers, bio-integrated electronics
and many other fields. Biomaterials are basically organic
materials, owing to the advantages of low-cost, low-toxicity,
abundance, and environmental friendliness. Therefore, applying
biomaterials in OTFTs is a natural step in exploring OTFTs. One
of the key points of applying biomaterials in OTFTs is the
compatibility between biomaterials and the other functional
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Fig. 7 (a) Schematic structure of OTFT sensors based on P3HT/PS blend films (left), real-time responsivity to dynamic NH3 concentrations (middle), and
response curves to NHsz at different concentrations tested twice successively and after storing in the atmosphere for 40 days (right). (b) Schematic
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change of current to different NO, concentrations (middle), and sensitivity of the blend devices in low concentration of NO,, and calculation of the limit
of detection (right). Adapted with permission from ref. 131, 132 and 51, respectively. Copyright (a) 2016 Elsevier, (b) 2018 American Chemical Society,

(c) 2019 American Chemical Society.

material in OTFTs. Guanine plays an important role in organisms
in living bodies, which interestingly is an excellent dielectric
material due to its low dielectric loss properties. In 2017,
guanine was adopted as a functional layer in pentacene OTFTs
by Shi et al., where both guanine and pentacene were thermally
deposited (Fig. 8a).”" The guanine/pentacene having a layer-by-
layer structure neutralized the charge traps, resulting in the
enhancement of the OTFT performance compared to the pure
pentacene structure. Furthermore, the guanine/pentacene
OTFTs can be used as sensors for NO, detection with an
enhanced sensitivity compared with that of pure pentacene
OTFT. In addition, the two kinds of OTFTs showed different
response behaviours to various gas analytes (Fig. 8a), which
indicated the potential of developing OTFT sensors with great
selectivity.”” Polymeric biomaterials can also be used as
functional layers in OTFT based sensors. Jang et al. introduced
methyl cellulose (MC) as the modification layer of dielectrics
for high performance pentacene OTFT based gas sensors.>®
As shown in Fig. 8b, the sensors with MC modification layer
showed improved sensitivity with a shorter recovery time
compared with that of sensors without MC. An increased

13494 | J. Mater. Chem. C, 2020, 8,13482-13500

number of grain boundaries induced by the MC buffer layer
were claimed to be the reason for the enhancement of sensing
performance. Gelatin, obtained from animal bones and skins,
is another polymeric material that can also be used in the OTFT
based sensor. Zhuang et al. fabricated OTFT based NH; sensors
with gelatin as the dielectric layer (Fig. 8c).”” The functional
groups on the gelatin dielectric surface exhibited the ability to
adsorb NH;, resulting in high sensitivity.

5.2 Integrating sensor arrays

The sensor array formed by integrating a large number of
OTFTs can realize advanced functions that cannot be obtained
using a single OTFT device.®® OTFT sensor arrays are excellent
platforms to improve the selectivity of gas analytes. The inter-
actions between gas analytes and different OSCs could
induce corresponding responses which exhibit their own
characteristics. Thus, integration of various OSC based OTFT
sensors enables selective recognition of gas analytes. Crone and
co-workers studied the selective detection of 16 gas analytes by
using an OTFT gas sensor array, where 11 different OSCs were
used as sensing layers (Fig. 9a)."** Subsequently, Katz et al.

This journal is © The Royal Society of Chemistry 2020
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combined the multiple detection parameters, including I,
u, and Vi, with the OTFT sensor array and successfully
identified 16 gases using only three kinds of OSCs (CuPc,
N,N’-dioctyl naphthalenetetracarboxylic diimide (8-NTCDI),
and dimethylpropylamine naphthalenetetracarboxylic diimide
(DMP-NTCDI)) (Fig. 9a)."** These results indicated the ability
for selective recognition of individual analytes by introducing
various OSCs into an OTFT array. In addition, many efforts
have been devoted to enhance the sensitivity of OTFT based
sensor array. Lee et al. reported 5,11-bis(triethylsilylethynyl)
anthradithiophene (TES-ADT) OTFT arrays by using a solvent-
containing engraved polydimethylsiloxane (PDMS) mold
(Fig. 9b)."*> The number of integrated OTFTs can be controlled
by changing the width of the TES-ADT pattern. The sensor array
with more OTFTs offered a more effective diffusion pathway,
and thus exhibited faster response/recovery rates and higher
sensitivity.

OTFT based integrated circuits with unique functionalities
can also be used in gas sensing. Fan et al. reported a poly-
(bisdodecylquaterthiophene) (PQT-12)/PS based sensitive cir-
cuit for humidity-stabilized sensing, and this circuit consists
of two OTFTs in series which share one gate electrode, as

This journal is © The Royal Society of Chemistry 2020

illustrated in Fig. 9¢."*® Furthermore, the PQT-12/PS sensitive
blend film in device A was treated by UV-ozone for 10 s,
whereas it was not treated in device B. Device A exhibited a
sensitivity of 93% to 200 ppb NO,, nearly 15 times greater than
the devices with untreated films, which was due to the effective
adsorption of NO, by the UV-ozone newly induced functional
groups. The V., of the invertor was used as the detection
parameter for humidity, and a common multimeter can be
used to read the sensing signal instead of semiconductor
analyzers. Yuvaraja et al. built an analog-to-digital converter
(ADC) gas detection system based on two OTFTs, where
poly{3,6-dithiophen-2-yl-2,5-bis(2-decyltetradecyl)pyrrolo[3,4-c]
pyrrole-1,4-dione-alt-thienylenevinylene-2,5-yl} (PDVT-10) served
as the OSC (Fig. 9d)."*” The single 3D metal-organic framework
(MOF)-modified devices as gas sensing blocks showed excellent
sensitivity and selectivity. The gate voltage of the bottom device
was tuned in five-step intervals from —7 to —25 V to control the
output voltage. When the output voltage surpassed the reference
voltage level, the ADC system generated either a “1” under the
function of the inverting operation amplifier, otherwise a “0”.
Then the concentrations of target gas were quantified into
digital bits.

J. Mater. Chem. C, 2020, 8,13482-13500 | 13495
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6. Conclusions and outlook

OTFT based gas sensors have been proven to have great
potential in the field of drug delivery, food storage, fire detec-
tion, environmental monitoring, and smart health care, owing
to the advantages of low cost, low temperature processability
and operability, multi-parameter detectability and mechanical
flexibility. The recent progress of OTFT gas sensors summar-
ized in this review involves chemically sensitive materials,
interfacial engineering, microstructure regulation of organic
active layers, utilizing biomaterials, and integrating sensor
arrays. Practical gas sensing applications based on OTFTs can
be considered in the future by adopting the advanced strategies
mentioned in this review.

Although great progress has been achieved in the past
decade, there are still some challenges that limit the commer-
cial applications of OTFT sensors. Further work may focus on
the following areas: (1) further investigations of the sensing
mechanisms need to be studied in detail. A specific question as
to how the analytes affect the electrical parameter variations is
still an X factor, since the interactions mainly happen in several
parts such as between the analytes and the active materials, the
grain boundaries and the dielectric surfaces. (2) There are
conflicts between some electrical characteristics of the sensors.
For example, the stronger interaction between analytes and
devices leads to higher sensitivity but also limits the recovery
rate. (3) The long-term operation stability issue is that OTFT
sensors with bias can achieve a great signal-to-noise ratio, but
the bias induced current draft comes behind. (4) Selectivity is
an intrinsic limitation of OSCs. Even though modifying the
OSCs with functional groups is an effective strategy to improve
selectivity, it is not applicable for mass production, and reco-
verability is also a problem. Thus, more efforts are needed to
focus on state-of-the-art strategies, such as integrating sensor
arrays. (5) Most of the reported OTFT sensors adopted SiO, or
polymer as dielectrics, so the high operation voltage is still a
problem when considering the development of OTFT sensors
into portable and wearable electronics. Overall, we hope that
this review will provide a comprehensive understanding of the
advances in materials science, chemistry and physics in OTFT
based gas sensors, and offer inspiration and guidance to both
academics and industry to explore the topmost level of sensing
capacity of OTFT sensors.
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