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1  �Introduction

Over the last few decades, organic field-effect transistors (OFETs) have drawn sig-
nificant interests among the researchers due to their potential applications in radio 
frequency identification tag (RFID) [1, 2], nonvolatile memory device [3–5], dis-
play technology [6, 7], integrated circuit [8–10], electronic skin [11, 12], and in 
various sensors and detectors [13–15]. Flexibility and solution processability make 
the devices unique for many cost-effective large-scale innovative wearable applica-
tions. However, these devices suffer from poor field-effect carrier mobility due to 
weak Van der Waals interaction between organic semiconducting molecules and the 
interface roughness. Moreover, the device performance depends on several other 
parameters, like Schottky barrier height, the thickness of the dielectric and semicon-
ducting layers, annealing temperature, and growth temperature [16–19]. Many 
researchers have made efforts to improve device performance and the stability by 
proper selection of materials by optimizing the growth of various films. Besides, 
when OFETs are used as sensors, either the semiconducting or gate dielectric layer 
is used as a sensing layer [20–22]. In this work, we have used a temperature sensing 
material in the gate dielectric layer. OFETs-based sensors are efficient due to their 
multiparameter accessibility and amplification capability of the sensing signals, 
unlike chemisorption-based sensors. Here, we have focused on the fabrication of 
ultrafast, high-precession flexible temperature sensor through engineering the semi-
conductor/dielectric interface by controlling different growth parameters.
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Temperature is one of the essential physiological parameters in the human body. 
Continuous monitoring of the body temperature is a preliminary step to track differ-
ent health-related critical problems, such as febrile seizure and epilepsy, requiring 
more accurate measurement of body temperature at a fast rate [18–20, 23]. Even the 
precise monitoring of the body temperature change in women during the complete 
menstruation cycle can predict the ovulation time more accurately [24, 25]. Besides, 
the highly ambient-stable flexible temperature sensor can find applications in food 
and medicine preservation technology [26, 27]. Different types of flexible tempera-
ture sensors suitable for wearable applications are also demonstrated in the litera-
ture. Such sensors are mainly capacitive or resistive types, where a 
temperature-sensitive material is incorporating into the devices. The changes in 
capacitance or resistance due to temperature variation are measured to sense tem-
perature [28–33]. However, to improve the sensitivity and precision, OFETs are 
introduced as another platform, mainly in different wearable applications. OFET 
integrated with thermistor also has been widely used for wearable temperature sens-
ing applications [34–36]. However, the integration of thermistor can increase the 
complexity of the fabrication process. For the fabrication of the OFET-based tem-
perature sensor, a temperature-sensitive material is used as a dielectric layer in the 
device fabrication. The semiconducting channel layer can also be used as sensing 
materials in OFETs [37, 38]. However, such sensors suffer from higher response and 
recovery time that limits their applications. Nevertheless, these devices are operated 
at high voltage which prevents its usage from wearable applications [34–38].

We have introduced hexagonal barium titanate nanocrystals (h-BTNCs) as tem-
perature sensing materials for the fabrication of OFET-based temperature sensors. 
Barium titanate (BaTiO3, BTO) is a ferroelectric material that exhibits high dielec-
tric constant and low dielectric loss due to its spontaneous electric polarization. 
BTO is known to have different crystallographic structures, like rhombohedral, 
orthorhombic, tetragonal, and cubic at different temperature ranges. The dielectric 
constant of this material depends on the crystallographic structures. The difficulty 
to obtain these crystallographic phases is that high-temperature annealing process. 
It is not easy to grow smooth thin films with these materials as high-temperature 
annealing makes larger crystallite sizes and film grown with such materials make 
the film rough. Therefore, BTO in the crystalline phase has not been used for the 
fabrication of high-performance OFETs. In this work, we have synthesized the hex-
agonal nanocrystals of BTO within the amorphous phase. This material requires a 
low processing temperature (~80 °C). Besides, we can grow highly smooth inter-
faces and can fabricate OFETs with low operation voltage.

2  �Experimental Section

Materials Synthesis  The solgel method was adopted to synthesis the h-BTNCs 
solutions, where barium acetate and titanium butoxide were used as precursor mate-
rials. Glacial acetic acid and 2-methoxyethanol material were used as the solvent. 
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Initially, barium acetate was vigorously stirred to dissolved in the solvent for 3 h 
using a magnetic stirrer at room temperature. Titanium butoxide was added to the 
reaction mixture drop-by-drop by maintaining the stoichiometric ratio. The solution 
was stirred again for another 3 h at room temperature. Finally, the ambient-stable 
h-BTNCs solution was prepared and used as a dielectric material in OFETs.

OFETs Fabrications  In conventional OFETs, two metal electrodes such as source 
and drain are used to connect the organic semiconductor (channel). The other elec-
trode (gate) capacitively coupled through a dielectric layer is used to modulate the 
current that flows in between source to drain electrode through the channel. The 
OFETs were fabricated in bottom-gate-top-contact (BGTC) configurations on the 
glass as well as in the PET substrate. A thin film of aluminum with thickness 125 
(±10) nm was deposited on a clean substrate using a thermal evaporation chamber 
(~ 4×10−6 mbar). The aluminum surface was anodized at room temperature by using 
an anodic oxidation method to get a 15 nm thin alumina film used together with 
h-BTNCs as a bilayer dielectric system of the devices. In this anodization process, 
citric acid was used as electrolyte material and platinum wire as a cathode material. 
Source meter (Keithley 2450) was connected to the anode and cathode terminal to 
provide a constant current density for this anodic oxidation process. After anodiza-
tion, the anodic surface was flushed with DI water and subsequently dried using hot 
air. The h-BTNCs sol was spin-coated on top of alumina surface at 3000 rpm for 
60 s and subsequently annealed at various substrate temperatures (from 40 °C to 
120 °C) for 90 min to get a thin film of around 50 nm thickness. After that, a penta-
cene film of thickness around 20 nm was deposited under a high vacuum condition 
(~ 2×10−6 mbar) using organic molecular beam depositing (OMBD) system. Finally, 
Copper (Cu) film with thickness 60 nm was deposited on top of pentacene film as a 
source–drain electrode through a shadow mask to get the channel Length (L) and 
channel width (W) of 30 μm and 2 mm, respectively.

2.1  �Device Characterizations

Atomic force microscopy (AFM, Bruker) was used to characterize the surface mor-
phology of each layer of the devices. The thickness of each layer was measured 
using a 3D surface profilometry. The devices’ capacitance and leakage current were 
characterized in a simple metal–insulator–metal (MIM) structure using a LCR 
meter (Keysight) and source meters (Keithley 2450). Finally, the variation of drain 
current with temperature was carried out inside a custom design probe station using 
two source meters (Keithley 2450). The typical current resolution of the systems is 
around 1 pA in 1 mA scale and 10 pA in 10 mA current scale.

The field-effect carrier mobility of the devices was extracted from the saturation 
region by using the following equation.
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where ID, C, μ, VG, and VT are the drain current, the capacitance of the oxide layer, 
mobility, gate voltage, and threshold voltage, respectively.

3  �Results and Discussions

3.1  �Characterization of Temperature-Sensitive h-BTNC 
Dielectric Material

The dielectric material plays a significant role in deciding the device’s performance. 
The gate capacitance is dependent on the thickness of the dielectric layer and the 
dielectric constant of the material. The operating voltage is directly related to this 
parameter. For OFETs, the charge conduction occurs mostly through the semicon-
ductor dielectric interface. Therefore, the roughness of the dielectric layer defines 
the conducting channel. Besides, the leakage current of the device is decided by the 
quality of the dielectric film. We have used the solution-processable h-BTNCs 
materials as one of the dielectric layers of the bilayer dielectric system. The 
h-BTNCs sol was spin-coated on alumina film and subsequently annealed at 80 °C 
to prepare a thin film. The elemental composition of the film was analyzed from 
x-ray photoelectron spectroscopy (XPS). The emission spectra of Ba 3d, Ti 2p, and 
O 1s state from the h-BTNC thin film are shown in Fig. 1a–d. The corresponding 
binding energy as observed from Ba3d5/2, Ba3d3/2, Ti2p3/2, Ti2p1/2, and O1s are 
778.99 eV, 794.22 eV, 457.53 eV, 463.25 eV, and 529.02 eV, respectively. The val-
ues are summarized in Table 1. The presence of residual carbon contamination also 
has been observed in the O1s spectra at 530.26 eV [19, 39].

High-resolution transmission electron microscopy (HRTEM) measurements 
were carried out to study the structural information of h-BTNC films. We have 
observed hexagonal nanocrystalline flakes within the amorphous phase. The low 
magnification bright-field TEM image of the BTO film is shown in Fig. 2a [19]. The 
inset Fig. 2a shows the crystallites present in the h-BTNC film taken from Fig. 2a. 
The typical dimensions of the crystallites are about ~ 50 nm in length and 5–10 nm 
in diameter. The Fig. 2b and 2c present the selected area diffraction pattern (SAD) 
taken from the circular regions, marked by I and J, which indicate the amorphous 
phase of the film. The indexing of the SAD pattern has been done by using the lat-
tice parameters of hexagonal close-packed structure (lattice parameters, a = 5.73 Å, 
and c = 14.01  Å). The corresponding interplanar spacings (d-spacing) observed 
from the SAD pattern are 3.50 Å and 2.05 Å, and these are corresponding to (004) 
and (106) plane of hexagonal barium titanate (JCPDS # 89-8119). The HRTEM 
image of h-BTNC film is shown in Fig. 2d, and the inset Fig. 2d shows the Fourier-
filtered image taken from a dotted region in Fig.  2a. The measured d-spacing 
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calculated from the HRTEM image is around 3.50  Å that corresponds to the 
(004) plane.

Characterization of Pentacene Layer  Pentacene film grown on BTO film has 
been used as a semiconducting layer. The molecular ordering of pentacene mole-
cules significantly depends on the roughness of the surfaces on which the film is 

Fig. 1  XPS spectra taken from the h-BTNCs film. (a) presents survey scan, and (b), (c), and (d) 
depict the high-resolution scan of Ba3d, Ti2p, and O1s, respectively. (Reprinted from [19] © 2019 
American Chemical Society)

Table 1  Binding energy of 
various elements presents in 
h-BTNC film

States Binding energy (eV)

Ba 3d5/2 778.99
3d3/2 794.22

Ti 2p3/2 457.53
2p1/2 463.25

O 1s 529.02
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growing. The formation of crystalline dendrite structure for the pentacene films is 
typical. However, it has been shown that pentacene films become amorphous if the 
surface roughness of the substrate is very high [40, 41]. X-ray diffraction (XRD) 
measurements were carried out on pentacene/h-BTNC/Al2O3/Al/glass and 
pentacene/h-BTNC/Al2O3/Al/PET films. The corresponding diffraction patterns are 
shown in Fig. 3a–b, respectively. The inset of the figure shows a narrow scan, where 
2θ was varying from 5 to 20 degrees. The dendrite structures have two different 
crystallographic phases, such as thin film and bulk phases. The crystallite size of the 
thin-film phase and bulk phase has been calculated from Fig. 3c and 3d,, which are 
the first peak of Fig. 3a and 3b, respectively. The peak (00l’) and (001) correspond 
to the thin-film and bulk phase of the pentacene film’s polymorphous nature [42]. 
We have calculated the mean crystallite size (τ) using the Scherrer equation for both 
films. The crystallites size for the thin-film phase was 9.22 Å and 11.88 Å for the 
films grown on h-BTNC/Al2O3/Al/ glass and h-BTNC/Al2O3/Al/ PET, respectively, 
as given in Table 2.

It has been found that the pentacene films grown on h-BTNC/Al2O3/Al/ PET 
have higher τ in comparison to the samples grown on the glass substrates. It implies 
that the PET substrate-based film has higher grain boundaries. Therefore, the grain 

Fig. 2  (a) Presents the TEM image of h-BTNC films. (b) and (c) shows the selected area diffrac-
tion pattern (SAD) of it from the circular regions I and J, respectively. (d) presents the correspond-
ing HRTEM image with a Fourier-filtered image in the inset taken from a dotted box marked in (a). 
(Reprinted from [19] © 2019 American Chemical Society)
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boundary-induced density of defect states is expected to be less in PET substrates. 
Besides, the higher d-spacing (~14.95 Å) for the thin-film phase indicates that the 
tilt angle of pentacene molecules is more elevated than in the bulk phase [42].

4  �Optimization of Growth of h-BTNC Films

Thickness Optimization of h-BTNC Film  The charge accumulation at the con-
ducting channel depends on the gate dielectric capacitance, which crucially depends 
on the layer’s thickness. The device’s output current decreases for a particular 
applied gate bias by increasing the thickness of the gate dielectric. However, a thin 
dielectric layer increases the leakage current of the device. We have optimized the 
thickness of the dielectric layer to achieve higher carrier mobility. The film’s 
thickness has been varied by varying the spinning speed of spin coater from 
1000 rpm to 4000 rpm. Following the growth, we annealed the films at 80 °C for 
90 min. These films were used for the fabrication of the OFETs. The output charac-

Fig. 3  (a) and (b) show x-ray diffraction pattern from pentacene/BaTiO3/Al2O3/Al/glass and pen-
tacene/BaTiO3/Al2O3/Al/PET, respectively. The inset Figure shows a narrow 2θ scan from 5 to 20 
degrees; (c) and (d) depict the first peak corresponding to the (00l’) and (001) plane of Figure (a) 
and (b), respectively. (Reprinted from [19] © 2019 American Chemical Society)
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teristics for those devices prepared by spin coating of the h-BTNCs layer with a 
spinning speed of 1000, 2000, 3000, and 4000 rpm are shown in Fig. 4a–d. The 
corresponding transfer characteristics and leakage current of the devices are shown 
in Fig. 4e–f. The characteristics of the devices grown with 3000 rpm are shown in 
Fig. 4c and 4e, which delivers the best device property. It has been found that the 
device with h-BTNC films prepared at 3000 rpm shows minimum leakage current 
but beyond that rpm, the leakage current increases significantly. The typical thick-
ness for the h-BTNC film grown with 3000  rpm is about 55(±10) nm, and the 
observed operating voltage of the same device is within 1 V.

Roughness Optimization of h-BTNC Films  The surface roughness (σ) of the 
dielectric layer can introduce traps in the conducting channel. Therefore, it is neces-
sary to grow a dielectric film with lower σ. We have optimized the σ of the film to 
achieve better charge conduction through the channel. Nevertheless, pentacene 
film’s growth on the h-BTNC layer crucially depends on the σ [43, 44]. To control 
the σ, we have varied the annealing temperature of the film. The surface morphol-
ogy of this film at different annealing temperatures is shown in Fig. 5a–d. The mea-
sured surface roughness at 40 °C, 80 °C, 120 °C, and 160 °C is 0.5 nm, 0.7 nm, 
3.0 nm, and 5.3 nm, respectively. We observed that the σ of the film significantly 
increased at 120 °C and above annealing temperature. In this work, we have consid-
ered the annealing temperature as 80 °C, which is also the pentacene film’s growth 
temperature.

Frequency and Temperature-Dependent Capacitance Measurements  In this 
section, we have discussed the effect of frequency and temperature on the gate 
capacitance. A simple metal–insulator–metal (MIM) structure was fabricated along 
with the OFET to study the capacitance of the gate dielectric layer. The variation of 
capacitance with frequency in the bilayer dielectric system is shown in Fig. 6a. We 
have covered the frequency range from 10 kHz to 500 kHz. The capacitance of the 
device is almost constant up to about 200 kHz. However, it decreased at a relatively 
faster rate in the frequency range above 200 kHz. Therefore, the devices can be 
operated within 200  kHz frequency range with constant capacitance value. The 
dielectric property of h-BTNC material is sensitive to temperature. Consequently, 

Table 2  Various parameters obtained from XRD analysis of pentacene film grown on top of 
h-BTNC/Al2O3/Al/glass and h-BTNC/Al2O3/Al/PET

FWHM (β) Theta (θ) τ (glass) τ (plastic) d001 spacing

Thin-Film phase 0.167
(Glass)

2.955
(Glass)

9.22 Å 11.88 Å 14.95 Å
(Glass)

0.129
(Plastic)

2.953
(Plastic)

14.97 Å
(Plastic)

Bulk phase 0.313
(Glass)

3.130
(Glass)

4.93 Å 7.37 Å 14.12 Å
(Glass)

0.209
(Plastic)

3.110
(Plastic)

14.12 Å
(Plastic)
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we measured the temperature-dependent capacitance of the bilayer dielectric sys-
tem within the temperature range from 20 °C to 50 °C at 100 kHz, as shown in 
Fig. 6b. The linear temperature dependency has been observed over a range of tem-
peratures from 20 °C to 50 °C with a slope of 2.67 (±0.2) ×10−2 (nF/cm2)/°C. This 
temperature dependency of the h-BTNC film can be exploited to the OFET-based 
temperature sensors.

5  �Optimization of Pentacene Film for OFETs Fabrication

In this section, we have discussed the optimization of pentacene film growth in 
terms of substrate temperature and film thickness to achieve a better device 
performance.

Effect of Substrate Temperature on the Growth  We have carried out detailed 
studies of the growth of pentacene film at different substrate temperatures. We have 
used an organic molecular beam deposition (OMBD) system to grow pentacene 
films with a fixed growth rate of 3 Å/s at various substrate temperatures, such as 
60 °C, 80 °C, 100 °C, and 120 °C. The output and transfer characteristics of typical 
OFETs grown on glass substrates are shown in Fig. 7a–d  and 7e–h. It has been 
found that at 80 °C, the device offers better performance in terms of device current. 
We observed maximum carrier mobility for the device prepared at 80 °C substrate 
temperature. The variation of the device carrier mobility with growth temperature is 
shown in Fig. 7i.

Fig. 4  Thickness optimization of the h-BTNC layer. The output characteristics of the h-BTNC 
layer deposited at the various spinning speed of (a) 1000, (b) 2000, (c) 3000, and (d) 4000 rpm. (e) 
and (f) depict transfer characteristics and leakage current of the device, respectively
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Fig. 5  Presents the effect of annealing on the surface roughness (σ) of h-BTNC film at different 
temperatures (a) 40 °C, (b) 80 °C, (c) 120 °C, and (d) 160 °C on Al2O3/Al/glass. A sudden increase 
in σ is observed at 120 °C annealing temperature

Fig. 6  Presents the capacitance variation of the bilayer dielectric system with (a) frequency from 
10 kHz to 500 kHz at room temperature and (b) temperature from 20 °C to 50 °C at 100 kHz. 
(Reprinted from [19] © 2019 American Chemical Society)
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Effect of Pentacene Film Thickness  The OFETs were fabricated using bottom-
gate-top-contact configuration. The active region for charge conduction comprises 
about a few nm of the dielectric/semiconductor interface. The channel resistance 
of the device increases with the thickness of the pentacene film. Figure 8a shows 
the schematic design of a specific device. The thickness of the pentacene layer has 
been varied from 10 nm to 60 nm during the growth. The devices’ transfer char-
acteristics with various thicknesses of pentacene film are presented in Fig. 8b. We 
have found that the device mobility increases with decreasing the thickness of the 
pentacene layer up to a thickness of 20 nm. As the thickness increases, the resis-
tances R1 and R2 increase as electrons have to travel longer path. Besides, the trap 
density across the film increases with the thickness. Therefore, charge injection 
from the contact to the conducting channel is reduced by increasing the thickness 
of the pentacene film. We have extracted the device mobility from these transfer 
characteristics. The thickness-dependent mobility variation is shown in Fig. 8c. 
We have observed that the device’s mobility drastically reduced with a pentacene 
film of thickness above 20 nm. This could be due to poor charge injection to chan-
nel from the metal contacts. Therefore, we have considered the thickness of the 
pentacene layer as 20 nm.

Fig. 7  Substrate temperature optimization during the growth of pentacene films. (a–d) and (e–h) 
present output and transfer characteristics for substrate temperature variation from 60 °C to 120 °C 
with an interval of 20 °C, respectively. (i) depicts substrate temperature-dependent mobility varia-
tion of those devices
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6  �Flexible Organic Field-Effect Transistors 
and Its Characterization

Surface Morphology Characterization of Each Layer  The surface morpholo-
gies of Al, Al2O3/Al, h-BTNC/Al2O3/Al, and pentacene/h-BTNC/Al2O3/Al grown 
on the glass and PET substrates have been characterized by using AFM images. The 
typical surface morphologies of these surfaces are shown in Fig.  9a–d for glass 
substrates and Fig. 9e–h for PET substrates. The standard root-mean-square (RMS) 
roughness (σ) of thermally evaporated Al film on glass and PET surfaces is ~ 9.7 
and ~ 2.6 nm, respectively, whereas the σ of the Al2O3 layer, grown by anodization 
of Al films, was increased to 11.5 and 3.9 nm for glass and PET substrates, respec-
tively. The h-BTNC film has been spin-coated and subsequently annealed for 90 min 
at 80 °C for glass and 60 °C for PET substrates. Therefore, the spin-coated h-BTNC 
films on the rough Al2O3 surfaces showed a significant reduction in σ to 0.7 nm and 
0.4 nm for glass and PET substrates, respectively. Table 3 summarizes the σ of each 
of the layers present in glass and PET substrate-based OFETs. The morphology of 
pentacene films follows the dendrite structures, as observed on any other inert sub-
strate surfaces [40, 41]. The σ of pentacene film was found to be ~7 nm and 6.3 nm 
for glass and PET substrate, respectively. However, the smooth interface between 
h-BTNC and the pentacene layer improves the charge conduction at the semicon-
ductor/dielectric layer interface.

Device Schematic and Characterizations  The bilayer combination of the dielec-
tric layer is used to reduce the leakage current of the devices. The schematic of the 
OFETs device with the various layers is presented in Fig. 10a. The typical optical 
images of flexible transistors prepared on 100 μm and 10 μm PET substrate have 
been shown in Fig. 10b and 10c.

The electrical characterization of the OFETs was carried out at room temperature (~ 
25 °C to 30 °C) with a relative humidity condition of 40% to 60%. The output and 

Fig. 8  Thickness dependence of the pentacene layer in OFETs. (a) presents the schematic of the 
device where the thickness of the pentacene layer varied from 10 nm to 60 nm. (b) shows the pen-
tacene film thickness-dependent transfer characteristics. (c) depicts mobility variation with the 
thickness of the pentacene layer
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transfer characteristics of the best devices fabricated on glass and PET (100 μm) 
substrates are shown in Fig. 11a,e and  11b, e, respectively. Device parameters, such 
as field-effect mobility (μ), the threshold voltage (Vth), and on–off ratio, were calcu-
lated from the transfer characteristics. The typical values of these parameters are 
found to be 0.89(±04) cm2/Vs, –0.99(±09) V and 103, and 1.46(±09) cm2/Vs, 
–1.05(±06) V and 103 for glass and PET substrate-based OFETs, respectively. The 
observed operating voltage is about 1.5 V, sufficiently lower and suitable for wear-
able applications for both set devices. The OFETs fabricated on PET substrates 
have shown higher carrier mobility. Due to the lower σ of the dielectric layer, the 
pentacene films exhibit higher crystallinity at initial stage of film growth. The syn-
thesis of h-BTNC sol has been optimized so that we can use it as a dielectric ink for 
screen printing technology. We have fabricated OFETs on PET substrate using 
screen printing h-BTNC film on the alumina surfaces. The output and transfer char-
acteristics of screen-printed dielectric-based OFETs are shown in Fig. 11c, f. The 
mobility, threshold voltage, and on–off ratio calculated from transfer characteristics 
are 0.70 (±08) cm2/Vs, –1.26 (±06) V, and 103, respectively. For these devices, the 
carrier mobility decreases with a slight increase in threshold voltage due to the 
dielectric layer’s thickness variation during screen printing. It implies that the 

Fig. 9  Surface topology of different layer in OFETs (a) Al, (b) Al2O3/Al, (c) h-BTNC/Al2O3/Al 
and (d) pentacene/h-BTNC/Al2O3/Al film on glass substrate (e) Al, (f) Al2O3/Al, (g) h-BTNC/
Al2O3/Al, and (h) pentacene/h-BTNC/Al2O3/Al film on PET substrate. (Figure (e–g) reprinted 
from [19] © 2019 American Chemical Society)

Table 3  Surface roughness (RMS) of Al, Al2O3/Al, h-BTNC/Al2O3/Al, and pentacene /h-BTNC/
Al2O3/Al film deposited on glass and PET substrates

Substrate Al (nm) Al2O3(nm) h-BTNC (nm) Pentacene (nm)

Glass 9.7 11.5 0.7 7.0
PET 2.6 3.9 0.4 6.3

Flexible Organic Field-Effect Transistors Using Barium Titanate…
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h-BTNC sol is also a promising material as a dielectric ink for future printed 
electronics.

We have fabricated and characterized about over 200 devices on each of the glass 
and PET substrates. The mobility distribution of these devices is shown in Fig. 12a, 
b for these devices. We have found that most of the devices offer mobility around 
~0.2  cm2/Vs and ~0.25  cm2/Vs for glass and PET substrate-based devices, 
respectively.

Device Stability in Ambient Condition  The devices showed exceptional ambient 
stability. The carrier mobility of a single OFETs, kept under ambient conditions at 
a temperature between 25–30 °C and relative humidity of 50–70%, was monitored 
over 8 months. We selected a better device with 0.5 cm2/Vs carrier mobility for this 

Fig. 10  (a) presents the schematic of OFETs; (b) and (c) depict pictures of the flexible devices on 
100 μm and 10 μm thick PET substrates, respectively

Fig. 11  (a) and (b) present output, and (d), (e) depict transfer characteristics of OFETs on glass 
and PET substrate, respectively. (c) and (f) show the screen-printed BaTiO3 film-based OFET on 
PET substrate measured in ambient condition
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study. The variation of carrier mobility with time in days is shown in Fig. 13a. We 
have shown the corresponding transfer characteristics for this device in Fig. 13b. We 
observed about 36% reduction in carrier mobility to 0.2  cm2/Vs at the end of 
120 days with a degradation rate of 26.90(±2.48) ×10–4 cm2/Vs-day. However, the 
observed degradation rate significantly reduced from 120 days to 240 days. Such 
device degradation could be due to the continuous exposure of different gaseous 
molecules in ambient conditions and the oxidation of metal contacts.

Device Flexibility Test  The flexibility of devices is a crucial requirement for many 
wearable applications [45]. The PET substrate-based OFETs are mechanically flex-
ible. The device characteristics of the encapsulated OFETs fabricated on 10 μm 
PET substrates have been measured under tensile and compressive bending condi-
tions in ambient conditions. The respective transfer characteristics of devices are 
shown in Fig. 14a and 14b. The variation of device mobility with different bending 
radius is presented in Fig. 14c. The device field-effect mobility is the same up to 
4 mm bending condition. However, the devices work until the bending radius of 
2 mm at the cost of about 60% reduction in carrier mobility. The device’s perfor-
mance during bending is degraded due to the formation of defect states or cracks 
generated on bending conditions [46].

Effect of Temperature on Device Performances  The OFETs have been devel-
oped for sensing temperature. To check the temperature dependency, we have taken 
transfer characteristics at various temperatures from 20 °C to 50 °C with an interval 
of 5  °C.  The corresponding transfer curves for glass and PET substrate-based 
devices have been shown in Fig. 15a and b, respectively. The IDS increases linearly 
with temperature. Such variation of device current for maximum VGS and VDS (for 
glass VGS = –1.0 V and VDS = –1.0 V and PET substrate VGS = –1.5 V and VDS = –1.5) 
with temperature is shown in Fig. 15c and15d. The measured temperature range 
covers the human body temperature. Therefore, the OFET-based temperature sen-
sors can be used for monitoring body temperature. The thermal sensitivity of the 

Fig. 12  Histogram of the mobility distribution of devices on top of (a) glass substrates and (b) 
PET substrates
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sensors calculated from the slope of Fig. 15c  and 15d for glass and PET substrates-
based device is 36.8 (±2.9) nA/°C and 30.6 (±1.1) nA/°C, respectively, within the 
temperature range of 20 °C to 50 °C.

We have measured the temperature-dependent device current responses for both 
sets of devices fabricated on glass and PET substrates. Figure 16a showed a typical 
response at different temperatures at a constant bias of VDS = –1.5 V and VGS = 
–1.5 V for glass substrates. Similar responses for the devices fabricated on PET 
substrates-based device with VDS = –1.2 V and VGS = –1.2 V are shown in Fig. 16c. 
To confirm the sensitivity of the thermal sensor around body temperature (~37 °C), 
we have measured the responses at a temperature range covering body temperature. 
The typical responses are shown in Fig. 16b and 16dfor glass and PET substrate-
based devices, respectively. These results confirm the suitability of the OFETs as 
temperature sensors for wearable healthcare applications.

We have encapsulated the devices with a thick Polydimethylsiloxane (PDMS) 
film to prevent degradation in ambient conditions. The extra PDMS layer introduces 
heat loss while measuring temperature using this sensor. We have measured the 

Fig. 13  presents the time-dependent (a) mobility and (b) transfer characteristics variation in days. 
(Reprinted from [19] © 2019 American Chemical Society)

Fig. 14  shows transfer characteristics of the device (a) under tensile bending condition and (b) 
under compressive bending condition. (c) depicts the variation of device mobility during tensile as 
well as compressive bending conditions. (Reprinted from [19] © 2019 American Chemical 
Society)
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temperature response from the back and front sides of 100 μm PET substrate-based 
OFETs. Figure 17a and 17b shows the typical temperature responses taken from the 
devices for touching it on the PDMS layer and the PET substrate, respectively. The 
temperature response seems to be the same from both backsides of PET substrates 
and the PDMS coated side. This effect is mainly due to the similar thermal conduc-
tivity of 0.15 W/mK of PDMS and PET materials [47, 48]. So, the heat loss for both 
the materials would be similar, as observed in this case. The corresponding response 
and recovery process of such 70 repeated cycles are shown in Fig. 17b. The inset of 
the figure shows one individual response. The optical image of that device is shown 
in Fig. 17c, during the performance of the above measurements. Figure 17d presents 
the array of flexible OFET suitable for measuring special temperature variation in 
wearable applications.

The response time and recovery time are essential parameters in this OFET-
based temperature sensors. We used the sensor to monitor the temperature differ-
ence of inhaling and exhaling air during breathing to measure response and recovery 
time. The temperature of the inhaled air is mainly room temperature (26.5  °C). 
However, the exhaled air is primarily due to CO2 coming out of the body. We have 
observed an almost 2 °C temperature difference between inhaled and exhaled air. 

Fig. 15  Temperature-dependent transfer characteristics (a) for glass substrate working within 
1.0 V and (b) for plastic substrate working within 1.5 V. The extracted device current from transfer 
characteristics as a function of temperature for (c) glass substrate at VDS = –1.0 V and VGS = –1.0 V 
and (d) plastic substrate at VDS = –1.5 V and VGS = –1.5 V over a range from 20 °C to 50 °C
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We have measured the response of the devices from the speedy breathing exercises, 
as shown in Fig. 18a. One such individual temperature response profile is shown in 
Fig. 18b. The measured response time and recovery time from this device are about 
24 ms and 51 ms, respectively.

To demonstrate the functionality of the temperature sensors for continuous mon-
itoring of the body temperature, we have measured the variation of body tempera-
ture of mice during mild anesthesia. The body temperature of mice also was 
continuously monitored by this sensor under a mild dose of anesthesia. It is well 
known that mammals’ body temperature falls by a few degrees when anesthesia is 
given. We mounted the sensor on the cleaned chest of mice. Two mild doses of 
anesthesia were given within a short time duration. We observed how the mice 
recover the body temperature with time. The corresponding variation of body tem-
perature of the mice is shown in Fig. 18c. We have observed that the mice’s body 
temperature decreased by 3–4 °C due to the anesthesia dose. The recovery process 
also has been monitored continuously, as shown in Fig. 18c. It has been found that 
the sensor can measure ultralow temperature variation of the mice while recovering 

Fig. 16  The variation of device current with time measured during the change in temperature from 
(a) 26 °C to 40 °C, 45 °C, and 50 °C where Inset shows individual temperature response from 
26 °C to 40 °C and (b) 26 °C to 35 °C, 36 °C, 36.5 °C, 37 °C, 37.5 °C, and 38 °C for glass substrate 
at constant VDS = –1.5 V and VGS = –1.5 V. Device current response for the temperature change 
from (c) 26 °C to 45 °C (d) 26 °C to 35 °C, 36 °C, 37 °C, and 38 °C for PET substrate-based device 
at constant VDS = –1.2 V and VGS = –1.2 V
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from anesthesia. The sensor’s precession was calculated from the linear part of A 
and B regions, as marked in the inset of Fig. 18c. The measured precession in tem-
perature for this temperature sensor is 4.3 mK. The typical optical image of the 
temperature sensor mounted on the mice’s chest during the experiment is shown in 
Fig. 18d.

7  �Conclusions

This article discussed the synthesis of temperature-sensitive h-BTNCs sols using a 
low-cost solution process and has been used it for the fabrication of OFET-based 
flexible temperature sensors. We have covered from material characterization to 
fabrication of OFET through the various steps of optimizations of device parame-
ters. The devices were found to be highly sensitive temperature sensors with 24 ms 
response time and 4.3 mK precession. Besides, the devices’ power consumption is 
very low (~1 μW), working at 1.5 V operating voltage. We have demonstrated the 

Fig. 17  Body temperature response from the encapsulating device upon touching the sensor from 
(a) front (PDMS) and (b) back (PET) side. One such cycle is shown in the inset Figure (b). (c) 
presents the optical image of the device during the measurement time. (d) shows the image of a 
flexible OFET-based array. (Reprinted from [19] © 2019 American Chemical Society)
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use of the sensors for measuring body temperature. The flexibility of the device has 
been tested over 100 bending cycles with the smallest bending radius of 4  mm 
within which device property remains unchanged. We have also demonstrated that 
devices can monitor human beings’ respiratory rate and can be suitable for detecting 
diseases like sleep apnea, asthma, and COPD.
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