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Tactile and temperature sensors are the key components for e-skin fabrication. Organic transistors,
a kind of intrinsic logic devices with diverse internal configurations, offer a wide range of options for
sensor design and have played a vital role in the fabrication of e-skin-oriented tactile and temperature
sensors. This research field has attained tremendous advancements, both in terms of materials design
and device architecture, thereby leading to excellent performance of resulting tactile/temperature
sensors. Herein, a systematic review of organic transistor-based tactile and temperature sensors is
presented to summarize the latest progress in these devices. Particularly, we focus on spotlighting
various device structures, underlying mechanisms and their performance. Lastly, an outlook for the
future development of these devices is briefly discussed. We anticipate that this review will provide a
quick overview of such a rapidly emerging research direction and attract more dedicated efforts for the
development of next-generation sensing devices towards e-skin fabrication.
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1 Introduction

From the ages of World War I, efforts to develop robots
that could help (even replace) human beings to perform
tough tasks have been continuously increasing which led
to the realization of intelligent machines that tend to

∗Special Topic: Organic Semiconductors and OFETs (Eds. Hong
Meng & Guangcun Shan).

evolve more and more closely to a real human in near
future. However, without strong sensing capability of hu-
man skin, the “hard” body of a robot is more like to be
just the exoskeleton of crabs. Lately, the development of
micro-nano materials and sensors makes it possible to in-
corporate massive and a variety of sensors in the robot’s
body to enhance the sensing ability. Furthermore, the rise
of conductive polymers [1–3] and advances in the boom-
ing research on flexible electronics [4–7] gave birth to the
electronic skin (e-skin). e-skin is a kind of electronic de-
vice that can bionically imitate the skin of human beings.
Robots comprising e-skin can interact with human and en-
vironment more effectively, just like a real body of human
beings. Besides, e-skin with enough compliance, flexibil-
ity, and high sensitivity can be applied directly on the
human skin as a wearable device to enhance its sensation
to environmental stimuli.

Tactile and temperature sensing are two of the most
important and basic functions of an e-skin. Among ex-
tensive reports on e-skin-oriented sensors, there are two
main types of devices to realize tactile and temperature
sensing: resistor-type (including, impedance and any re-
sponse that results from the change in resistance in non-
transistor-based devices), and transistor-type. Resistor-
type sensors are based on a pressure or temperature sen-
sitive resistor that could respond to pressure/temperature
stimulus. To meet the needs of e-skin fabrication, usu-
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ally, the materials for such resistor application can be con-
ductive two-dimensional (2D), like graphene [8–12] and
transition-metal carbide/carbonitride (MXene) [13–15], or
more commonly, composites of inorganic conductive ma-
terials and flexible organic matrices [16–19]. The resistor-
type sensors benefit from their simple structure and mech-
anism, but they are not capable for the post-processing
of input signal of pressure or temperature. Compared
with the resistor-type, transistor-type counterparts can
respond to the pressure or temperature stimulus with real-
time logic control by the on/off status of a transistor,
which is quite effective for the integration of e-skin-based
intelligent circuits or systems. Typically, the active ma-
terials applied in the fabrication of tactile/temperature
sensitive transistors include inorganic 2D [ [20–25], or-
ganic [26–30], and inorganic/organic composite semicon-
ductors [31, 32]. Compared with 2D semiconductors, or-
ganic materials possess innumerable structures with plen-
tiful properties, which offer a wide range of options for
transistor design. Furthermore, most of the organic ma-
terials exhibit excellent flexibility, and the overall perfor-
mance of organic transistors can be conveniently modu-
lated by both molecular and structural design. Thus, after
years of development, organic transistors now demonstrate
encouraging prospects for e-skin fabrication. Tactile and
temperature sensors based on organic transistors (TTS-
OT) can be classified into several typical categories, as
schematically illustrated in Fig. 1.

Herein, historical evolution and recent progress of TTS-
OT are systematically reviewed, especially focusing on
their structures, mechanism and performance. Finally,
considering the current status and challenges in this re-
search field, a brief outlook is provided for the future
development of organic transistor-based high-performance

tactile/temperature sensors.

2 Tactile sensors

Tactile sensing is one of the basic functions of human
skin. From the perspective of bionics, tactile sensing is
indispensable for e-skin fabrication, which is mainly real-
ized via incorporating tactile sensors. The mechanism of
organic transistors-based tactile sensors can be generally
classified into three types: capacitive-type, piezoelectric-
type and resistive-type [ [36–39], as described in the fol-
lowing sections. It is to be noted that research on organic
transistor-based sensors has garnered tremendous atten-
tion in recent years, and several articles that provide a
systematical review of the history and development of this
field have been published [40–45]. Thus, herein, we mainly
focus on the latest research advancements reported in the
past three years.

2.1 Capacitive-type tactile sensors

The dielectric layer of an organic transistor can be re-
garded as a parallel plate capacitor, and the capacitance
satisfies the following equation [36]:

C =
ε0εrS

d
, (1)

where C, ε0, εr, S, and d correspond to capacitance, per-
mittivity of vacuum, relative dielectric constant, area of
the parallel electrode plates and distance between the two
electrode plates, respectively. Apparently, the pressure
stimulus exerted on a transistor can lead to the deforma-
tion of dielectric layer, i.e., the area and distance between

Fig. 1 Various types of TTS-OT [32–35]. Reproduced with permission from Refs. [32–35].
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the two electrode plates will be consequently changed,
thereby causing a variation in the capacitance of dielectric
layer. Capacitance is strongly related to the output char-
acteristics of transistors, so the capacitive-type organic
transistor-based tactile sensors can detect the tactile pres-
sure signal via the capacitance change of the dielectric
layer of a transistor.

The typical structure of capacitive-type organic transis-
tors is a suspended gate configuration. In this structure, a
narrow air-gap exists between the gate electrode and the
active layer; the shape of this air-gap will change upon
exerting pressure stimulus on the device, resulting in a
capacitance change of the air-gap. Usually, applied pres-
sure will reduce the vertical distance of air-gap, thereby
increasing the capacitance and effective gate voltage which
causes an increase in the current between source and drain
electrodes. Sun and co-workers developed a capacitive-
type organic transistor-based tactile sensor that works on
this mechanism [Fig. 2(a)] [46]. High-k Al2O3 dielectric
layer was printed on a flexible poly(ethylene terephtha-
late) (PET) substrate by a roller printer with a thick-
ness range of 12.4−23.9 nm. By incorporating with a
tin doped indium oxide (ITO)/poly(ethylene terephtha-
late) (PET) extended suspending gate electrode, the or-

ganic transistor-based device exhibited high pressure sen-
sitivity (8 kPa−1), fast response time (<100 ms) and
low operation voltage (−2 V). Yin et al. fabricated a
capacitive-type organic transistor-based pressure sensor
with the same structure and mechanism [47]. In their
work, poly(methyl methacrylate) (PMMA)/ polyacrylic
acid (PAA) bilayer as a dielectric layer is proposed to im-
prove the transistor characteristics by decreasing the oper-
ation voltage, suppressing the hysteresis and reducing the
leakage current. After the introduction of same ITO/PET
suspending gate voltage, the device showed a super-high
pressure sensitivity of 56.15 kPa−1 at low operation volt-
age (−5 V). Contrary to the suspended gate structure, a
new type of capacitive tactile sensor was designed by Yin
and colleagues via modulating the contact area between
parallel-plate electrodes and the dielectric material, elas-
tic ionic polyacrylamide hydrogel (EIPH) [Fig. 2(b)] [48].
EIPH was patterned as a pillar-like structure and placed
between the two ITO/PET substrates to form a parallel
plate capacitive pressure sensor element. Once the capac-
itor is pressed, the top of the EIPH pillar is deformed and
the contact area of the ITO/PET and EIPH is increased,
resulting in a capacitance enhancement and current re-
sponse to the pressure.

Fig. 2 Schematics of typical capacitive-type organic transistor-based tactile sensors. (a) Air-gap-based capacitive tactile
sensor with Al2O3 dielectric layer. (b) Contact area controlled capacitive tactile sensor. Reproduced with permission from
Ref. [46] (a) and Ref. [48] (b).
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2.2 Piezoelectric-type tactile sensors

Piezoelectric effect is an intrinsic property of piezoelectric
materials which can convert pressure to electricity directly
through an electric polarization process. By incorporat-
ing a piezoelectric material into organic transistors as the
functional dielectric layer, the resulting device will be able
to respond to the tactile signal with a change in current
due to the charge modulation caused by the piezoelectric
effect.

Poly(vinylidene difluoride) (PVDF) is a widely used
flexible piezoelectric organic material which is quite
suitable for transistor fabrication. Ogunleye and co-
workers developed a dual-gate organic transistor tactile
sensor by laminating a layer of PVDF-trifluoroethylene
(TrFE) on the 6,13-bis(triisopropylsilylethynyl) (TIPS)-
pentacene/polystyrene channel [Fig. 3(a)] [49]. Owing to
the piezoelectric effect of PVDF-TrFE, a pressure-induced
voltage can be generated when pressure is exerted on
the corresponding device. This will cause a shift in
the threshold voltage of the transistor and thereby re-
spond to the pressure stimulus. Viola and collabora-
tors also proposed a PVDF-TrFE-based organic transistor
pressure/temperature bimodal sensor [Fig. 3(b)] [50]. Al-
though their device structure is bit different, the mecha-
nism of pressure sensing is still based on the charge vari-
ation caused by the PVDF-TrFE piezoelectric effect. The
device could work at a low operation voltage of −5 V
and respond to pressure robustly in the range of 1−5 N.
Besides, Xu’s group developed a lead zirconate titanate
(PZT) piezoelectric ceramic-based organic transistor bi-
modal sensor [Fig. 3(c)] [51]. According to the similar
mechanism as reported in the aforementioned works, the

as-fabricated device showed obvious response to natural
tapping on its surface.

2.3 Resistive-type tactile sensors

Resistive-type tactile sensors work on the change in con-
ductivity or resistance during charge transportation be-
tween source and drain (S/D) electrodes upon the appli-
cation of pressure on a device. A typical structure to
realize the resistive response to the pressure is to pattern
the S/D electrodes which should be deformable enough
to cause some variation in the contact resistance as a re-
sult of applied pressure. As designed by Baek and collab-
orators [Fig. 4(a)] [52], poly(dimethylsiloxane) (PDMS)
embedded with single-walled carbon nanotubes (SWC-
NTs) was patterned to develop pyramid shape array that
worked as deformable S/D electrodes of a transistor-based
pressure sensor. The contact area between the pyramid
PDMS/SWCNT electrodes and the semiconductor would
increase when pressure is exerted, resulting in a signif-
icant reduction of the contact resistance, thereby lead-
ing to a high pressure sensitivity (18.96 kPa−1). Like-
wise, Wang and colleagues used Au-coated pyramid-type
PDMS electrodes and dinaphtho [2,3-b:2′,3′-f] thieno [3,2-
b] thiophene (DNTT) organic semiconductor to fabricate
a highly sensitive pressure sensor [Fig. 4(b)] [53]. The
device showed excellent sensitivity as high as 514 kPa−1,
low limit of detection (10 Pa) and fast response time
(1.8 ms). Instead of patterned pyramid electrodes as men-
tioned above, Liu and co-workers directly used an ITO
coated PET sheet as flexible top gate electrode of a tran-
sistor pressure sensor [Fig. 4(c)] [54]. The ITO/PET sheet
showed bending when pressure was applied on it, which

Fig. 3 Schematics of typical piezoelectric-type organic transistor-based tactile sensors. (a) P(VDF-TrFE)-based piezoelectric
tactile sensor. (b) Piezoelectric tactile sensor with physically separated sensing and amplification elements. (c) PZT piezoelec-
tric ceramic-based organic transistor tactile sensor. Reproduced with permission from Ref. [49] (a), Ref. [50] (b) and Ref. [51]
(c).
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Fig. 4 Schematics of typical resistive-type organic transistor tactile sensors. (a) A piezoelectric tactile sensor based on
pyramid shaped S/D electrodes. The contact resistance varies according to the shape change when pressure is exerted. (b)
A DNTT-based resistive transistor tactile sensor that works on the same mechanism as of (a). (c) Resistive transistor tactile
sensor based on the control of contact resistance between flexible active layer and the electrodes. Reproduced with permission
from Ref. [52] (a), Ref. [53] (b), and Ref. [54] (c).

led to a change in the pressure-dependent contact inter-
face area between the gate and semiconductor. Therefore,
the drain current responds to the pressure according to
the similar mechanism as elaborated above. Especially,
by using PAA:poly(ethyleneglycol) (PEG) dielectric layer,
the device achieved a high sensitivity (452.7 kPa−1) at an
extremely low operation voltage of −0.7 V.

2.4 Other types of tactile sensors

Certainly, tactile sensing can be realized by various mecha-
nisms. Zhang et al. developed a new type of water dipole-
based transistor pressure sensor [33]. The transistor was
fabricated by introducing a layer of water-based hydrogel
between the gate and semiconductor layer. The hydrogel
layer could reduce the operation voltage as well as mini-
mize the requisite pressure through pressure-induced ori-
entation change of water molecule dipoles. The device
exhibited large response range, from several hundred Pa
to 9 kPa, and high sensitivity at a low operation voltage

of less than 0.5 V. Triboelectric-type sensors have been
developed as an important type of tactile sensors that
work on the basis of triboelectric charges and their trans-
fer during a touch-separation process [55–57]. This type
of sensors is mainly known for self-powered working mode
and high sensitivity. The key component of such devices is
a triboelectric nanogenerator (TENG) which is generally
constructed by organic materials. Some of the TENGs
can be incorporated into transistors to form triboelectric-
type transistor tactile sensors, as the device developed by
Wang’s group and depicted in Fig. 5 [58]. TENG con-
sists of a pair of frictional layers: a Kapton negative-
charge receiving layer and an aluminum positive-charge
residual layer. Each of them could work as a mobile layer
to receive external forces. When an external force is ap-
plied on or released from the mobile layer, an electron flow
between source and mobile electrode will be induced by
the triboelectric-charge-field to form a tactile sensitive in-
ner electric field, which is equivalent to the gate voltage
and enables the device to sensitively respond to the tactile
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Table 1 Characteristics and device parameters of recently reported organic transistor-based tactile sensors.

Type∗ Semiconductor∗∗
Mobility

(cm2·V−1·s−1)
Operation
voltage Sensitivity Pressure

range
Detection

limit
Response

time

C [46] Pentacene 0.65 −2 V 8 kPa−1 0–14 kPa 500 Pa <100 ms

C [47] PIDT-BT:TCNQ 0.11 −5 V 56.15 kPa−1 0–32.8 kPa / <20 ms

C [48] PIDT-BT:TCNQ
PTB7-Th / 2 V 12.64 kPa−1

17.95 kPa−1
0–1.5 kPa / 540 ms

P [49] TIPS-Pentacene/Polystyrene 0.8 / / 0–451 kPa / /

P [50] TIPS-Pentacene / / / 1–5 N / /

P [51] Pentacene 4.81×10−3 0–0.9 V / / / /

R [52] DPP-DTT / −1.2 V 18.96 kPa−1 0–38.7 kPa 12 Pa 140 ms

R [53] DNTT 1–2 −5–60 V 514 kPa−1 0–1 kPa 10 Pa 1.8 ms

R [54] PIDT-BT:TCNQ 0.56 −0.7 V 452.7 kPa−1 0–32.8 kPa 200 Pa 57.9 ms

O [58] p-Si / 5 V / / / /

O [33] diF-TES-ADT:PS 0.8 <0.5 V ~10 mV·kPa−1 0.3–9 kPa / 2000 ms

C [59] PIDT-BT:TCNQ 4.65 −3 V 691.9 kPa−1 0–33.43 kPa 13.3 Pa 19.4 ms

R [60] DNTT 0.3–2.45 −5 V / / / /

P [61] TIPS-Pentacene/Polystyrene ~0.3 0 / / / /

P [62] DNTT 0.02–0.56 / ~65 mV·N−1 0–9 N / /

R [63] 29-DPP-SVS/SEBS ~1.37 10–30 V / / / /

P [64] TIPS-Pentacene ~0.07 / 25 nA·g−1 0–1 kPa / /
∗C, R, P, and O refer to capacitive-type, resistive-type, piezoelectric-type and other types of organic transistor-based tactile sensors,
respectively.

∗∗See detailed structures in the corresponding references.

signals.
The characteristics and device parameters of recently

reported (since 2018 and onwards) organic transistor tac-
tile sensors are summarized in Table 1. It should be noted
that some works just demonstrated the potential of cor-
responding devices in tactile sensor application without
systematic measurements, so we could not add some of

Fig. 5 A triboelectric-type tactile sensor based on a transis-
tor with TENG. Reproduced with permission from Ref. [58].

the parameters in the table.

3 Temperature sensors

Compared to tactile sensors, there are quite a few re-
ports on organic transistors-based temperature sensors,
especially in the case of single mode temperature sen-
sors. More commonly, temperature sensing element is
integrated in a bimodal sensor which can work as both
tactile and temperature sensors.

3.1 Integrated organic transistor-based temperature
sensors

As a matter of fact, organic transistor-based tempera-
ture sensors have been developed in the very early stage
of research on e-skin-inspired organic transistor sensors.
Someya and group designed an integrated bimodal sensor
by integrating thermal and pressure sensing modules into
a transistor array (Fig. 6) [65].

The thermal sensing unit in their device was com-
posed of a copper phthalocyanine (CuPc)/3,4,9,10-
perylenetetracarboxylic-diimide (PTCDI) diode, while the

13302-6 Miao Zhu, et al., Front. Phys. 16(1), 13302 (2021)



Topical Review

Fig. 6 Schematic and temperature response of organic transistor-based bimodal sensor with a CuPc/PTCDI diode temper-
ature sensing element. Reproduced with permission from Ref. [65].

Fig. 7 Typical structures of integrated organic transistor-
based temperature sensors. Structure A: The thermosensitive
element is located between S/D electrodes and the active layer;
Structure B: The thermosensitive element located between gate
electrode and the active layer.

pressure sensor component was based on a conductive rub-
ber.

The sensing and transistor modules were pasted to-
gether in order to sense the thermal and pressure signals
with the logic circuit constructed by organic transistor
array. Generally, the skeleton of these devices can be de-
scribed as a frame of “thermosensitive elements + transis-
tor” (Fig. 7). The thermosensitive elements can either be
located at S/D terminal (structure A) or at gate terminal
(structure B). Theoretically, the thermosensitive elements

in structure A can be a thermosensitive diode or a ther-
mistor, while in structure B, it can be a thermal sensitive
capacitor or a thermistor, too.

Apparently, the device described above adopts struc-
ture A. In contrast, Graz and co-workers combined an
organic transistor with layers of polymers embedded with
piezoelectric ceramic and pyroelectric particles on a flexi-
ble substrate to construct a flexible bimodal organic tran-
sistor sensor using structure B [Fig. 8(a)] [66]. The tem-
perature or pressure stimulus could lead to a variation in
carriers of the sensing element which worked as a charge
source parallel to the sensor capacitance, enabling the cur-
rent response to temperature and pressure. The piezo-
electric/pyroelectric sensing mechanism simplified the de-
vice structure to a certain extent, but it seems still com-
plex compared to the intrinsic transistor sensor. Cer-
tainly, the mechanism of the sensing element is varied.
Ren and co-workers proposed a thermistor temperature
sensing element composed of Ag nanoparticles (NPs) and
pentacene [67]. The strong temperature dependence of
the thermistor led to a high dynamic range of the whole
device after it was integrated into an organic transistor.
Due to the outstanding temperature sensing properties of
Ag NPs/pentacene thermistor, it was further applied in

Fig. 8 Organic transistor-based temperature sensors with (a) pyroelectric sensing element and (b) Ag NPs/pentacene ther-
mistor sensing element. Reproduced from Refs. [34, 66].

13302-7 Miao Zhu, et al., Front. Phys. 16(1), 13302 (2021)



Topical Review

Fig. 9 Intrinsic organic transistor temperature/bimodal sensors based on (a) rGO/P(VDF-TrFE), (b) rGO/PU and (c)
pentacene. Reproduced with permission from Ref. [31] (a), Ref. [32] (b), and Ref. [69] (c).

an organic transistor array with DNTT active layer and
Al2O3/self-assembled monolayer (SAM) dielectric to real-
ize a flexible, large-area and low operating power organic
transistor-based temperature sensor [Fig. 8(b)] [34].

Different from traditional thermopiles and pyroelec-
tric temperature sensing mechanism, Zhao et al. devel-
oped a new concept of thermosensitive element based on
ionic thermoelectric effects [68]. The large Seebeck coeffi-
cient (~104 µV·K−1) of the polymer electrolyte ionic ther-

moelectric material, poly(vinylphosphonic acid-co-acrylic
acid) (P(VPA-AA)), could enable a much higher ampli-
fication (~103 times) of the temperature response than
the devices based on traditional thermoelectric sensing el-
ements.

The integrated organic transistor-based temperature
sensors exhibit good flexibility with excellent response to
thermal stimulus, and can be directly integrated in various
flexible electronic devices. However, the overall structure

Table 2 Characteristics and device parameters of recently reported organic transistor-based tactile sensors.

Type∗ Semiconductor∗∗
Mobility

(cm2·V−1·s−1) Sensitivity Temperature
range

Detection
limit

I [65] Pentacene 1 / 30–160 ◦C /

I [66] α-Si:H
Pentacene

0.66
/ / / /

I [34] DNTT ~0.5 0.044 (TCR)*** 20–100 ◦C 0.4 ◦C

I [68] P3HT / ~104 µV·◦C−1

(Seebeck coefficient)
15–45 ◦C(∆T ) /

I [73] Pentacene 0.25–1.46 / 20–50 ◦C 0.0043 ◦C

II [31] rGO/P(VDF-TrFE) ~0.006 ~2.483×10−7 A·◦C−1 30–80 ◦C 0.1 ◦C

II [32] rGO/PU / 1.34% ◦C−1 30–80 ◦C 0.2 ◦C

II [69] Pentacene ~0.00768 / 25–70 ◦C /

II [70] PDPPFT4 ~0.21 −2.89% ◦C−1 25–55 ◦C 1 ◦C

PII2T ~0.28 −4.23% ◦C−1 1.5 ◦C

II [71] Pentacene 0.146 / 20–100 ◦C /

III [72] CuPc 0.004 / −23–97 ◦C /

III [35]
C10-DNBDT
GSID 104031-1
(BASF SE)

3
0.1

−0.87% ◦C−1

(PEDOT:PSS)
0.064% ◦C−1 (Cr/Au)

20–80 ◦C /

∗I, II and III represent the integrated-type, intrinsic-type and other types of temperature sensors based on organic transistors, respectively.
∗∗See detailed structures of the semiconductors in corresponding references.
∗∗∗TCR refers to the temperature coefficient of resistance, which is defined by TCR= R−1 dR/dT [34].
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of such devices still remains complicated. On the other
hand, intrinsic organic transistor-based temperature sen-
sor, which can sense the temperature by itself without
any additional sensing elements provides a good solution
to this issue.

3.2 Intrinsic organic transistor-based temperature
sensors

Semiconductors play a crucial role in the development
of intrinsic organic transistor-based temperature sensors.
During the early stages, 2D materials were typically com-
bined with organic semiconductors to form a composite
active material for the transistor channel. Lee’s group
synthesized copolymers by adding reduced graphene ox-
ide (rGO) sheets into P(VDF-TrFE) [Fig. 9(a)] [31] and
polyurethane (PU) [Fig. 9(b)] [32] to fabricate sensitive
all-elastomeric flexible bimodal sensors. The as-fabricated
devices exhibited excellent temperature response perfor-
mance. The rGO/PU-based device was able to indicate
the temperature change of skin effectively upon drinking
warm water. However, the channel composed of massive
reduced graphene sheets was discontinuous microscopi-
cally; the high contact resistance between the graphene
sheets and large amounts of structural defects led to the
low mobility (~10−3 cm2·V−1·s−1) of these devices. Mean-
while, pentacene, a widely used organic semiconductor,
was also used to fabricate a bimodal sensor based on a
similar structure by the same team [Fig. 9(c)] [69]. In this
work, a general approach to fabricate e-skin-oriented bi-
modal organic transistor sensors was proposed, which en-
ables real-time sensing and extracts different effects (for
example, temperature and pressure) from multiple stimuli.

Unlike integrated temperature sensors, it is hard
to improve the performance of intrinsic temperature
sensors by structural modifications. A practical way
is to design more effective molecules for the ac-
tive layer. Zhu and co-workers synthesized two typical
organic semiconductors, poly(diketopyrrolopyrrole-[3,2-
b]thieno[2′,3′:4,5]thieno[2,3-]thiophene) (PDPPFT4) and
poly (isoindigo-bithiophene) (PII2T), which were depo-
sited on polystyrene-block-poly(ethylene-ran-butylene)-
block-polystyrene (SEBS) with azide-crosslinker dielectric
layer as the active materials for organic transistor-based
temperature sensor [70]. The as-fabricated devices exhib-
ited reliable stretchability and temperature dependence in
a temperature range of 25–55◦C.

Till now, most of the reported flexible organic
transistor-based temperature sensors are fabricated on
polymer substrates. Although these substrates can pro-
vide excellent flexibility and high mechanical strength,
the large thermal resistance severely reduces the ac-
curacy of temperature sensor and delays the response
time. In order to resolve this problem, Meng’s group
developed an organic transistor-based temperature sen-
sor on a piece of commercial graphite paper which man-

ifested both super-high thermal conductivity and enough
mechanical strength as an efficient flexible substrate
[Fig. 10(a)] [71]. The as-fabricated device exhibited high
linearity in a wide temperature range from 20 to 100 ◦C
with nearly hysteresis-free transfer characteristics, which
greatly expanded the potential substrate materials for
the fabrication of flexible organic transistor sensors. Since
graphite paper has been widely used as thermal conduc-
tive material in modern electronic devices, graphite paper-
containing organic transistor-based temperature sensor of-
fers convenience and great potential for integration in such
devices as an accurate and fast temperature sensing com-
ponent.

Finally, it should be mentioned that there are indeed
some other types of organic transistor-based temperature
sensors that operate under totally different mechanism.
Subbarao and co-workers found that the hysteresis of an
organic thin-film transistor based on PMMA/poly(vinyl
alcohol) (PVA)/Al2O3 dielectric layer and CuPc active
layer was sensitive to temperature in a range of −23–

Fig. 10 (a) Flexible organic transistor-based temperature
sensor fabricated on commercial graphite paper substrate. (b)
An organic transistor temperature sensor based on hysteresis-
dependence temperature change. (c) A digital-output organic
transistor-based temperature sensor that adopts a Wheatstone
bridge temperature sensor and organic comparator. Repro-
duced from Ref. [71] (a), Ref. [72] (b), and Ref. [35] (c).
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97 ◦C, which can be used as a temperature sensor and
monitor [Fig. 10(b)] [72]. Nakayama and collaborators
integrated a Wheatstone bridge temperature sensor com-
posed of Cr/Au metal resistors and PEDOT:PSS organic
resistors into a P/N organic transistor comparator to re-
alize a digital-output temperature sensor [Fig. 10(c)] [35].
The diverse variety of such working mechanisms greatly
enriches the types of organic transistor-based tempera-
ture sensors and facilitate their integration into various
electronic systems.

The characteristics and device parameters of typical or-
ganic transistor-based temperature sensors are presented
in Table 2.

4 Conclusion and perspectives

In summary, tactile and temperature sensors are criti-
cal components for e-skin fabrication. After years of re-
search and evolution, the performance of TTS-OT has
been greatly improved and the underlying operation mech-
anism of these devices can be categorized in several typ-
ical modes. Most of the organic transistor-based tactile
sensors work on the pressure-induced change of capaci-
tance, charge modulation and resistance, corresponding to
the capacitive-type, piezoelectric-type and resistive-type
tactile sensors, respectively. Whereas, organic transistor-
based temperature sensors can be classified in two typi-
cal models, including integrated and intrinsic temperature
sensors. Although they work under different mechanisms,
there is no obvious evidence that indicates the sensitivity
or other parameters of these sensors are directly associ-
ated with their type. Hence, these sensors can be adopted
for e-skin design and fabrication without any discrimina-
tion. Instead of the device type, materials (especially, ap-
plied as the dielectric layer) play an important role in
reducing the operation voltage and power consumption of
a transistor sensor. By innovation in materials synthesis
and optimization of dielectric layer structure, the opera-
tion voltage has been reduced to less than 0.5 V till now.
As the research in this area is intensifying, we believe that
transistor sensors with low power consumption will emerge
in the future. Furthermore, organic light-emitting diodes
and other real-time display elements are being integrated
into various flexible sensors [74–78], which would enable
a transistor sensor to work as an independent device in a
more complicated e-skin-based systems.
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