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A B S T R A C T   

Temperature is a characteristic often correlated with environmental and health issues. This paper presents an 
organic thin film transistor (OTFT) based temperature sensor having a detection range of 30–45 �C, which, 
therefore, encompasses the human body temperature. The OTFT sensor featured thermosensitive poly(N-iso-
propylacrylamide) (PNIPAM) and pentacene as the gate dielectric and semiconductor, respectively. The PNIPAM 
film possessed a dielectric constant of 4.2 with very low leakage current density. The OTFT exhibited high 
electrical performance, with a hole mobility (μ) of 0.90 � 0.04 cm2 V� 1 s� 1, a threshold voltage (Vth) of � 15.4 �
1.16 V, and an on/off ratio of 104. Significant changes in the drain current and the values of Vth and μ occurred 
when the temperature of the device was varied within the range 30–45 �C at an interval of 0.5 �C. The operating 
principle for this temperature sensor was based on the structural transformation of the PNIPAM dielectric and the 
enhanced charge transport of the pentacene semiconductor upon varying the temperature. Flexible OTFTs 
fabricated on polyethylene terephthalate substrate displayed hole mobilities as high as 0.39 � 0.01 cm2 V� 1 s� 1, 
values of Vth of � 18.6 � 0.45, and on/off ratios of 102, and were workable for over 100 bending cycles.   

1. Introduction 

Because of their high sensitivity, biocompatibility, low cost, and 
simple fabrication, organic thin film transistors (OTFTs) have been 
studied widely for their use in chemical and physical sensors [1–4]. Such 
sensors have been developed for, among other things, the detection of 
gases [5–7], pressure [8], light intensity [9], temperature [10–12], and 
biological [13] and chemical substances [14]. In addition to pressure 
and light, heat is another physical parameter that is often measured in 
sensing applications [10]. Highly sensitive temperature sensors are used 
in electronic skin [15], in personal health monitoring [16], and in 
detecting body temperatures in medical settings [10,11]. Among the 
reported electronic sensors, responsive polymer-based sensing systems 
are relatively rare [17]. Responsive polymers exhibit reversible or 
irreversible changes in their physical properties and/or chemical 
structures in response to external stimuli (e.g., pH; temperature; ionic 
strength; light; mechanical forces; electric, magnetic, and acoustic fields; 

specific analysts; external additives) [18–22]. A temperature-responsive 
polymer will undergo volume phase transitions at certain temper-
atures—the so-called lower critical solution temperature (LCST) and 
upper critical solution temperature (UCST)—with rapid changes in the 
solvation state resulting in chain collapse or expansion [23,24]. 

Poly(N-isopropylacrylamide) (PNIPAM) is a thermoresponsive 
polymer that undergoes a reversible phase transition upon heating [25]. 
PNIPAM experiences a coil-to-globule phase transition, followed by 
phase separation, in water upon heating at temperatures above its LCST 
(ca. 32 �C) [26,27]. Because of its sharp and reversible transition 
behavior and an LCST close to human body temperature, PNIPAM has 
attracted great attention for various applications, especially for those in 
pharmaceutical and biomedical fields [28,29]. Herein, we report the 
dielectric properties of PNIPAM and the fabrication of an OTFT-based 
temperature sensor incorporating thermoresponsive PNIPAM and pen-
tacene as the gate dielectric and semiconductor, respectively. This 
temperature sensor operated in the range from 30 to 45 �C, thereby 
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encompassing the human body temperature (ca. 36.5–37.5 �C). Our 
OTFT could sense temperature changes as small as 0.5 �C. A device 
fabricated on a flexible substrate displayed stable performance for up to 
100 bending cycles at a bending radius of 1.5 cm. The concept behind 
this temperature sensor may be useful for potential applications in 
flexible and wearable monitoring devices. 

2. Results and discussion 

The OTFT temperature sensors were fabricated employing a bottom- 
gate and top-contact configuration, as illustrated in Fig. 1a. The device 
exhibited p-type performance, as verified from the output and transfer 
curves in Fig. 1b and c. A pentacene OTFT incorporating a 600-nm-thick 
PNIPAM dielectric displayed a hole mobility of 0.90 � 0.04 cm2 V� 1 s� 1, 
a value of Vth of � 15.4 � 1.16 V, and an on/off ratio of 104. Fig. 1d 
presents the chemical structure of the PNIPAM carboxylic acid termi-
nated that was employed in this study. Fig. 1e and f display the surface 
morphology of the PNIPAM and pentacene films, obtained using AFM in 
tapping mode. The spin-coated PNIPAM film had a very smooth surface, 
with root-mean-square (RMS) surface roughness of 0.33 nm. The ther-
mally evaporated pentacene exhibited a typical dendrite structure when 
grown on top of the PNIPAM dielectric film. The measured RMS surface 
roughness of the pentacene film was 11.8 nm. 

The dielectric properties and gate leakage current are important 
parameters for any gate dielectric material in an OTFT. To investigate 
the leakage current and dielectric properties of PNIPAM, a metal-
–insulator–metal (MIM) structure comprising indium tin oxide (ITO)/ 

PNIPAM/Au was fabricated. Fig. 2a displays the capacitance of the 
PNIPAM film at various thicknesses, measured in the frequency range 
from 20 Hz to 1 MHz. The capacitance exhibited a slight frequency- 
dependence, increasing upon decreasing the film thickness, because 
the charge in the capacitor was inversely proportional to the distance 
between the bottom and top electrodes. The measured capacitances for 
the 750-, 600-, 530-, and 420-nm-thick PNIPAM films at 20 Hz were 
439, 657, 753, and 910 pF, respectively. The dielectric constant of the 
PNIPAM was calculated to be 4.2. Fig. 2b provides a representative plot 
of the leakage current density with respect to the electric field for the 
600-nm PNIPAM film. The leakage current density of the PNIPAM 
dielectric was less than 1.2 � 10� 9 A cm� 2 within the range from � 1.3 to 
þ1.3 MV cm� 1. 

The responses of the OTFT devices to temperature were investigated 
by measuring their output and transfer characteristics over the tem-
perature range from 30 to 45 �C. Fig. 3a reveals that the values of IDS 
increased upon increasing the temperature, from an initial value of � 5.7 
μA at 30 �C to a final value of � 9.8 μA at 45 �C. This inclination was 
presumably associated with a threshold voltage that shifted to a more 
positive value upon increasing the temperature, as displayed in Fig. 3b. 
The value of Vth shifted from � 16.2 to � 9.9 V, as the temperature 
increased from 30 to 45 �C. Because of the limitations of the equipment 
used, the lowest applicable increment in temperature was 0.5 �C (Sup-
plementary Fig. S1). To investigate the sensitivity of the OTFT toward 
the temperature, the electrical performance was measured after varying 
the temperature; the data are summarized in Fig. 3c and d. The 
measured values of IDS and μ increased linearly, while the value of Vth 

Fig. 1. (a) Schematic representation of a bottom-gate/top-contact OTFT employing 600-nm-thick PNIPAM as a dielectric. (b) Output and (c) transfer characteristics 
of the pentacene OTFT fabricated on an ITO/glass substrate. (d) Chemical structure of PNIPAM carboxylic acid terminated. (e, f) AFM images (5 μm � 5 μm) of (e) the 
PNIPAM film on ITO/glass and (f) the pentacene film grown on the PNIPAM dielectric. 
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decreased linearly, upon increasing the temperature. The temperature 
coefficients of IDS and Vth, obtained from linear fitting of the IDS and Vth 
data, were � 2.58 μA/�C and 0.4 V/�C, respectively. The on and off 
currents also increased as a result of increasing temperature. The change 
in the off current was on the order of nanoamperes; it cannot be 
observed clearly in Fig. 3d because it was much smaller than the change 
in the on current, which was in the microampere regime. Supplementary 
Fig. S2 presents a plot of the off current with respect to temperature on 
the nanoampere scale. We suspected that the changes in electrical per-
formance were correlated with the enhanced thermal transport 

properties of pentacene and the conformational change of the PNIPAM 
dielectric upon heating. In addition, we suspected that the PNIPAM 
dielectric might form a better interface with the pentacene semi-
conductor when heated [30]. 

To acquire a deeper understanding of the role of the PNIPAM 
dielectric, OTFTs incorporating SiO2 and PMMA as dielectric materials 
were also fabricated for comparison. As displayed in Supplementary 
Fig. S3, the fabricated devices containing SiO2 and PMMA as dielectrics 
also exhibited increases in the values of mobility, IDS and shifts in the 
values of Vth, but they were not as significant as those observed for the 

Fig. 2. (a) Capacitance of PNIPAM films of various thicknesses, measured at frequencies from 20 Hz to 1 MHz. (b) Leakage current density of a 600-nm PNIPAM 
dielectric, measured under electric fields varying from � 1.3 to 1.3 MV cm� 1. 

Fig. 3. Temperature-dependent (a) output and (b) transfer curves of pentacene OTFTs measured at a value of VDS of � 60 V upon heating from 30 to 45 �C. (c) Values 
of IDS and Vth and (d) mobility and on/off current plotted with respect to temperature. 
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OTFT incorporating the PNIPAM dielectric. In the case of SiO2, the value 
of mobility increased from an initial mobility of 0.085 cm2 V� 1 s� 1 to a 
final current of 0.093 cm2 V� 1 s� 1 upon heating from 30 to 60 �C. A 
similar trend was observed for the OTFT incorporating the PMMA 
dielectric: here, the value of mobility increased correspondingly from 
0.031 to 0.035 cm2 V� 1 s� 1. A summary of temperature-dependent 
mobility plotted with respect to temperature, as shown in Supplemen-
tary Fig. S4. Thus, charge transport through the pentacene semi-
conductor was indeed improved upon increasing the temperature [31, 
32], with PNIPAM playing an important role in enhancing the 
temperature-sensitivity of the OTFT sensor. The change in mobility vs. 
reciprocal temperature in our OTFT incorporating the various dielectrics 
materials, as shown in Supplementary Fig. S5a. As we can see the tem-
perature, dependent mobility exhibited an Arrhenius relationship [32]. 
The slopes of curves from supplementary Fig. S5a, the activation energy 
Ea was calculated at 3.19, 4.78, and 17.8 meV for various dielectrics 
materials SiO2, PMMA and PNIPAM, respectively, as shown in Supple-
mentary Fig. S5b. To confirm the influence of PNIPAM on the sensing 
performance, a ITO/PNIPAM/Au sandwich structure was fabricated; its 
capacitance was measured at various temperatures. Fig. 4a presents the 
dependency of the capacitance on temperature when the structure 
containing 600-nm-thick PNIPAM was heated from 25 to 45 �C and 
measured at frequencies in the range from 20 Hz to 1 MHz. Temperature 
rise led to an increase in capacitance and, therefore, an increase in 
dielectric permittivity. Fig. 4b presents the capacitance of the PNIPAM 
film measured at 20 Hz while heating from 25 to 45 �C. The measured 
capacitance increased linearly with respect to temperature: from 657 to 
688 pF upon increasing the temperature from 25 to 45 �C. 
Temperature-dependent current measured for up to six heating cycle, as 
shown in Supplementary Fig. S6. The phenomenon of capacitance and 
permittivity increases may be related to the PNIPAM backbone chain 
collapsing as the temperature increased [33,34]. PNIPAM contains both 
hydrophobic and hydrophilic groups that form hydrogen bonds with 
water molecules [26]. Increasing the temperature disrupts the hydrogen 
bonds between the water molecules and the hydrophobic moieties of 
PNIPAM, leading to a conformational change from a linear to a globular 
state [35–37]. This transformation from linear to globular occurs with a 
shrinking of volume that also affects the thickness of a PNIPAM film [38, 
39]. Our results confirmed that the enhanced sensing sensitivity of the 
OTFT sensor was governed by changes in the structure of the PNIPAM 
dielectric, as well as the improved thermal transport properties of the 
pentacene semiconductor. The comparison between OTFT based tem-
perature sensors, as shown in Supplementary Table S1. 

To measure the spatial temperature gradients, a 3 � 3 transistor 
array was fabricated on a 2 � 2 cm2 ITO/glass substrate (Fig. 5a). Fig. 5b 
presents the distribution of values of IDS of the individual OTFTs in the 

array. The insignificant variations in color indicated that all of the de-
vices maintained almost uniform values of IDS, with highest and lowest 
values of � 5.79 and � 5.19 μA, respectively. The slight variations in 
electrical performance of the OTFTs within the array were presumably 
caused by differences in the crystallinity of the organic semiconducting 
layer [40]. Supplementary Fig. S7 presents the IDS, Vth and μ of the nine 
devices within the 3 � 3 transistor array. The spatial temperature 
mapping was determined by heating one corner of the glass substrate to 
45 �C; the electrical performance of each transistor was recorded and 
plotted in two dimensions, with the intensity of the color representing 
the measured performance. Fig. 5c–e display the values of IDS, the 
mobility, and the gradient in the values of Vth while heating the upper 
corner of the substrate. The device closest to the heating source 
exhibited the highest values of IDS and μ and the largest shift in the value 
of Vth; the devices next to it were also slightly affected. 

Fig. 6a displays a photograph of a flexible OTFT fabricated on a 
polyethylene terephthalate (PET) substrate. The flexible OTFTs exhibi-
ted a charge carrier mobility of 0.39 � 0.01 cm2 V� 1 s� 1, a value of Vth of 
� 18.6 � 0.45 V, and an on/off ratio of 102, as extracted from the output 
and transfer curves in Fig. 6b and c. The electrical performance of the 
devices fabricated on the flexible substrates was poorer than that of 
those fabricated on the ITO/glass substrate, presumably because the 
adhesion and uniformity of the PNIPAM film on the PET substrate 
affected the growth of the semiconductor layer. The flexibility of the 
device was evaluated through cyclic bending at a radius of 1.5 cm. 
Fig. 6d plots the mobility, values of Vth, and on/off current of the flexible 
device as a function of bending number. The devices exhibited stable 
performance with no significant shifts in their transfer curves, as 
exemplified by the values of Vth increasing by 6.17% and mobility 
decreasing by 3.51% after 100 bending cycles. 

3. Conclusions 

We have fabricated OTFTs incorporating a thermoresponsive PNI-
PAM dielectric as a flexible sensing platform. The devices displayed a 
carrier mobility of 0.90 � 0.04 cm2 V� 1 s� 1, a value of Vth of � 15.4 �
1.16 V, and an on/off ratio of 104 at a gate voltage of � 60 V. The 
temperature-dependence of the characteristics were governed by (i) a 
linear-to-globular transformation of PNIPAM, causing the capacitance 
and permittivity to increase in the gate dielectric, and (ii) thermally 
activated charge transport in the pentacene semiconductor. A device 
prepared on a flexible substrate exhibited a carrier mobility of 0.39 �
0.01 cm2 V� 1 s� 1, a value of Vth of � 18.6 � 0.45 V, and an on/off ratio of 
102. This flexible OTFT displayed stable performance for more than 100 
bending cycles. This proof-of-concept study suggests the potential of 
using smart polymer dielectrics in flexible and wearable monitoring 

Fig. 4. (a) Capacitance of a 600-nm PNIPAM film, measured from 20 Hz to 1 MHz at various temperatures. (b) Capacitance of PNIPAM measured at 20 Hz, upon 
heating from 25 to 45 �C. 
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devices. 4. Experimental section 

4.1. Materials 

Pentacene (P1802, assay 99%) and PNIPAM carboxylic acid 

Fig. 5. (a) Illustration of the 3 � 3 transistor array; one device in the upper corner was heated at 45 �C. (b) Dispersion of the values of IDS of nine devices before 
heating; (c–e) corresponding values of (c) IDS/IDS0, (d) μ/μ0, and (e) Vth/Vth0 upon heating. 

Fig. 6. (a) Photograph of a flexible OTFT incorporating a 1150-nm-thick PNIPAM dielectric. (b) Output and (c) transfer characteristics of an OTFT fabricated on a 
PET substrate. (d) Changes in the mobility, on/off current, and value of Vth after 100 cycles of bending at a radius of 1.5 cm. 
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terminated (average Mn 10000) were purchased from Sigma–Aldrich 
and used without further purification. 

4.2. Device fabrication 

An indium tin oxide (ITO) coated glass substrate was cleaned with 
the usual procedure followed by DI water, detergent, acetone, and IPA 
for each 20 min and later UV-Ozone cleaner (30 min) used before to 
fabricate the bottom-gate top-contact OTFTs. A gate dielectric PNIPAM 
solution was prepared 15 wt% in DI water. A thin layer of PNIPAM was 
spin-coated on an ITO substrate by spin speed 2000 rpm for 30 s and 
further annealed the film at 85 �C for 40 min. The thermal deposition 
was used to deposit the active layer (pentacene, 70 nm) and metallic 
electrodes (source and drain, 40 nm). The electrodes deposited through 
the shadow mask having a dimension of channel width and channel 
length of 200 μm and 2000 μm, respectively. A similar procedure has 
been followed to fabricate the flexible devices on polyethylene tere-
phthalate (PET) substrates via two times of spin coating (1000 rpm, 30 s) 
a PNIPAM dielectric layer. 

4.3. Device characterization 

The carrier mobility of the OTFT devices in the saturated regime was 
calculated by using equation (1). 

ID¼

�
W
2L

�

CiμðVG � VTÞ
2 (1)  

where ID is the drain current in the saturated regime; W and L are the 
channel width and length, respectively; μ is the carrier mobility; Ci is the 
capacitance (per unit area) of the gate dielectric layer; and VG and VT are 
the gate and threshold voltages, respectively. 

To measure the leakage current and capacitance in OTFT device, 
MIM capacitors were fabricated using structure glass/ITO/PNIPAM/Au. 
The thickness of dielectric layer varying using various spin speed from 
1000 rpm to 4000 rpm and baked film at 85 �C for 40 min. The dielectric 
constant was calculated by using equation (2). 

k¼
Cd
ε0A

(2)  

where C is the capacitance, ε0 is the vacuum permittivity, d is the 
thickness of the dielectric layer, and A is the active area (¼ 0.1 cm2) of 
the capacitor. 

The dielectric layer thickness was measured using a Bruker Dektak 
profilometer. Morphology of OTFTs devices was measured using atomic 
force microscopy from Bruker. The capacitance of OTFTs was measured 
using a Solartron SI 1260 impedance/gain phase analyzer. 

To calculate the mobility of OTFTs devices, we have consider the 20 
Hz frequency. The electrical measurement of the OTFTs devices was 
measured using a Keithley 4200 semiconductor analyzer. The OTFT 
sensors were tested by pre-heat (40 s) and again measured the electrical 
performances. Bending tests of flexible devices were performed at a 
bending radius of 1.5 cm; changes in the electrical performance were 
measured in various cycles. All the electrical measurement performed 
under the N2-filled environment. 
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