
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
1/

20
25

 1
0:

41
:3

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Highly-stable fle
aInstitute of Rare and Scattered Elements, C

Shenyang 110036, P. R. China. E-mail: davi
bSmart & So Materials & Devices Labor

Science and Engineering, Korea Advance

(KAIST), Daejeon 34141, South Korea

† Electronic supplementary informatio
characteristics of a-IGZO TFTs with vario
setup for the pressure sensor; Fig. S3: vol
lm when pressure is applied; Fig. S4:
measured outside the electromagnetically
a piece of debris (a) away and (b) close t
a piece of debris gradually approach
approaches to the sensor; Fig. S6: curren
applied to the sensor. See https://doi.org/

Cite this: RSC Adv., 2022, 12, 21014

Received 24th April 2022
Accepted 11th July 2022

DOI: 10.1039/d2ra02613a

rsc.li/rsc-advances

21014 | RSC Adv., 2022, 12, 21014–21
xible pressure sensor using
piezoelectric polymer film on metal oxide TFT†

Taiyu Jin, a Sang-Hee Ko Park b and Da-Wei Fang *a

In this study, a flexible pressure sensor with highly stable performance is presented. The pressure sensor was

fabricated to work under low voltage conditions by using a high mobility amorphous indium–gallium–zinc

oxide (a-IGZO) thin-film transistor (TFT) and a stretched polyvinylidene fluoride (PVDF) film. To prepare

a stable sensor suitable for practical use, we designed a device structure that shields ambient noise by

grounding the control gate. The shielding structure significantly improves the stability of the device.

Moreover, the sensor was fabricated on a flexible substrate and delaminated via a laser lift-off (LLO)

technique to meet the urgent needs for flexibility. The pressure sensor showed good sensitivity and

reliability over a pressure ranging from 0 to 75 kPa which covers the human touch pressure range.

Especially, good linearity over a wide pressure range and high stability over 1000 repeated loadings were

realized. Due to the simple structure, the pressure sensor demonstrates the advantage of being

inexpensive to be manufactured and holds the potential to be integrated into the display backplane.

Therefore, the proposed sensor has great potential in the production of flexible touch screens, human–

machine interacting applications, and even electronic skins in the future.
Introduction

With the increasing popularity of smartphones and wearable
devices, consumers are placing higher demands on human–
computer interaction. To recognize touch more accurately,
advanced touch sensors have attracted a great deal of interest.1,2

Conventional touch screens do not recognize pressure levels, so
they cannot meet the need for accurate recognition of touch. In
contrast, emerging sensors are providing pressure level as an
additional sensing parameter. With the physical support
required for accurate touch sensing, smart devices are able to
achieve diverse human–machine interaction eventually. In
addition, driven by the growingmarket share of exible displays
and wearable devices, research on touch panels should also
focus on durability and exibility, as well as barrier-free inte-
gration with the portable devices.
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In recent years, studies have been reported on different
methods of fabricating pressure sensors or tactile sensors.
Typical pressure sensors are usually categorized by their trans-
ducing mechanisms. Piezoresistive sensors are devices that
recognize pressures by converting mechanical changes into
resistive signals. Most piezoresistive pressure sensors are ach-
ieved by building a three-dimensional microporous conductive
network or a variable interface between the electrode and the
active material.3–5 Due to the simple device structure and the
simple working mechanism, these sensors have been studied
quite intensively.6,7 A piezoresistive rubber was also fabricated
into an organic TFT to realize a large-area sensitive exible e-
skin.8 Capacitive sensors are devices that converting mechan-
ical changes into capacitive signals by changing separation
distances or overlapped areas of two electrodes. A capacitive
pressure sensor using elastomer dielectric layer with micro
airgap was developed.9 In order to design high performance
pressure sensors, various materials are used in pressure sensi-
tive layers.10–14 However, both piezoresistive and capacitive
pressure sensors have integration issues when manufactured
with other components such as displays.15–17

Piezoelectric sensors are another type of pressure sensor that
primarily measure the voltage across a piezoelectric layer
generated by external pressure. Due to the fascinating piezo-
electric property, some piezoelectric sensors can be even made
into self-powered.18 Usually, ceramic materials such as Lead
Zirconate Titanate (PZT) are chosen as high-performance
piezoelectric materials because of their high piezoelectric
coefficients. Nanogenerators and acoustic sensors using such
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic of the sensor structure. Inset shows the circuit
diagram of the sensor measurement. (b) Photo image of the pressure
sensor fabricated on flexible substrate.
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inorganic materials have been deeply investigated.19,20 However,
inorganic piezoelectric materials are usually too brittle to be
used in exible devices. Also, due to the toxicity of the lead
component, the application of PZT is very limited. Therefore,
a large number of studies have been shied to organic piezo-
electric materials, because of the superior biocompatibility,
high mechanical exibility, and low cost.21 Generally, PVDF and
its copolymers are among the most widely used organic piezo-
electric materials due to the high piezoelectric constants.22,23

Bae et al. reported a graphene-P(VDF-TrFE) multilayer lm to
work as an acoustic actuator and nano generator.24 However,
studies on the preparation of touch sensors using PVDF are very
limited. Because PVDF lms are prone to external interference,
and they should also be compatible with the underlying screen
panel process when making touch sensors.

Transistors are oen used to enhance the performance of
piezoelectric pressure sensors. Both organic transistor and
silicon transistor have been reported in the fabrication of
piezoelectric pressure sensors.25,26 Metal-oxide semiconductors
are widely used in driving thin-lm transistors (TFTs) in display
panels, because TFTs based on metal-oxide semiconductors
show the advantages of lower off-state current, higher electron
mobility, and high transparency in the visible band compared
to traditional amorphous silicon materials.27 Amorphous
indium–gallium–zinc–oxide (a-IGZO) is one of the most widely
used metal-oxide semiconducting materials. Nevertheless, the
internal defects in a-IGZO always make the device stability
a major issue. Lots of work have been reported to improve the
stability of metal-oxide semiconductor transistors.28 Pressure
sensors using a-IGZO transistors have also been reported. Geng
et al. fabricated a pressure sensor containing piezoelectric
capacitor using a dual-gate a-IGZO TFT.29 But the complex
process of the device is not suitable for integration into the
screen, and the performance is not very ideal. When applying a-
IGZO transistors to pressure sensors, stability is still a serious
problem due to the harsh working environment. In addition,
piezoelectric lms are also susceptible to external inuences.
So, the studies on the combination of these two materials to
prepare stable pressure sensors are limited. It is more impor-
tant to improve the working stability of the sensor than to
improve the performance of the sensor. Therefore, in order to
make the sensor suitable for practical touch applications, the
transistor enhanced piezoelectric sensor needs to build
a structure in a low-cost way and improve the working stability
of piezoelectric pressure sensors based on metal oxide semi-
conductor TFTs.

In this study, a piezoelectric pressure sensor was fabricated
by stacking a PVDF lm directly on a high-mobility a-IGZO TFT.
In order to stabilize the output signal of the device, we have
grounded the control gate to eliminate the inuence of the
surrounding environment. Compared with unshielded devices,
the proposed pressure sensor exhibits a reliable response to
external interference. Moreover, the sensor was made exible
via a laser li-off (LLO) technique. The output of the sensor
shows a strong correlation with the loading pressure ranging
from 0 to 75 kPa, indicates a satisfactory linearity over a wide
pressure range. The advantages of the piezoelectric material in
© 2022 The Author(s). Published by the Royal Society of Chemistry
dynamic sensing and working reliability were clearly veried
through electrical characterization along with 1000 cycles of
repeated pressure loadings. Showing great application potential
for future display devices, we hope that the proposed pressure
sensor can be used for various exible human–interacting
applications.
Experimental
Fabrication

Fig. 1a shows the schematic of the exible pressure sensor.
Generally, the sensor could be mainly divided into two parts:
pressure-sensing piezoelectric capacitor and signal amplifying
transistor. The two parts were developed and characterized
separately.

To fabricate a exible metal oxide TFT, a polyimide (PI)
coated glass substrate was prepared. PI solution was spin-
coated on a glass substrate and dried on a hot plate at 200 �C
for 10 min. SiNx/AlOx buffer layer was then deposited as a water
RSC Adv., 2022, 12, 21014–21021 | 21015
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and hydrogen diffusion barrier. The metal oxide TFT is top-gate
bottom-contact structure, as is the conventional transistor
structure for the piezoelectric pressure sensor.30 During TFT
fabrication, an indium-doped tin oxide (ITO) lm with thick-
ness of 150 nm was evaporated by a magnetron sputtering
system and further patterned as source/drain electrodes. In
order to get high current level, the channel width and length of
the TFT are dened as 2560 mm and 20 mm, respectively
(Fig. S1†). Then, we deposited IGZO for 40 nm as an active
channel layer. The 40 nm-thick Al2O3 gate insulator layer was
formed by plasma enhanced atomic layer deposition (PEALD)
method at temperature of 200 �C. Finally, molybdenum metal
lm with thickness of 150 nmwas sputtered as the top gate layer
of the TFT. Specied patterns were formed by photolithography
and chemical etching process aer each layer deposition. The
electrical properties of the TFTs were then characterized by
a semiconductor analyzer. In order to form a exible device, PI
lm was then delaminated from the glass by a LLO procedure.
Characterization and measurement

The pressure-sensing capacitor consists of a layer of piezoelec-
tric lm and a set of two electrodes on upper and lower sides of
the lm. Commercially available stretched 28 nm-thick PVDF
lm was used as a piezoelectric layer. To conrm the crystal-
linity and the chain orientation of the PVDF lm, XRD and FT-
IR measurements of the lm were conducted. A layer of Mo lm
was subsequently sputtered on top of the PVDF lm to work as
an upper electrode of the sensing capacitor, then the sputtered
lm was attached to the extended top gate electrode of the TFT.
So that the extended gate electrode could work as a lower
electrode of the piezoelectric lm, forming a sandwiched
structure. Upper and lower square-shaped electrodes were
positioned face to face, and aligned carefully to ensure the
largest overlap area. Unit area of the sensing capacitor is 0.25
cm2. Fig. 1b shows the photo image of the fabricated exible
pressure sensor.

Aer the sensor fabrication, we have evaluated the sensing
properties by a hand-made pressure test system. The systemwas
built by assembling an automated mechanical test stand (Mark-
10, ESM 303) and a force gauge (Mark-10, M5-2) together
(Fig. S2†). The pressure values were recorded by a computer. On
the other hand, a semiconductor analyser was connected to the
sensor, continuously monitoring the drain current of the TFT
which can be considered as the output signal. All electrical
measurements were conducted at room temperature with
ambient air pressure condition.

To test the sensor, 0.1 V was applied to the sensor's TFT Vsd
and the current between the source-drain was recorded in real
time using a semiconductor analyser. When continuously
applying a pressure of 8 kPa to the sensor at a speed of 50
mm min�1, the output currents in the shielded, unshielded,
and disturbed states of the device were compared. The shielded
state refers to the control gate being grounded to shield inter-
ference. The unshielded state refers to the control gate does not
come into contact with any electrodes. The disturbed state
refers to applying a �1 V to 1 V interference voltage, or adding
21016 | RSC Adv., 2022, 12, 21014–21021
a piece of debris to the test environment, when the device is in
the unshielded state. In order to measure the sensitivity of the
sensor to different pressures, the current output of the sensor
was continuously monitored when different pressures such as 2
kPa, 4 kPa, 8 kPa, 17 kPa, 35 kPa, and 75 kPa were applied to the
sensor. Each pressure was repeated 10 times at a speed of 50
mmmin�1, and the average current value for each pressure level
was calculated. To verify the consistency of the sensor's pressure
recognition, the sensor output in the pressure reduction
sequence (75 kPa, 35 kPa, 17 kPa, 8 kPa, 4 kPa, and 2 kPa) was
alsomeasured. Finally, to ensure data stability during long-term
operation, 1000 cycle loading–unloading test was performed in
the sensor. Each cycle consists of four steps: loading 75 kPa,
wait for 2 s, pressure unloading, and wait another 2 s. The speed
of pressure loading and unloading was set to 50 mm min�1.
Results and discussion
Circuit

The inset of Fig. 1a shows the equivalent circuit diagram of the
sensor measurement. Normally, the drain current of a TFT is
controlled by the voltage applied on the TFT gate electrode.
However, the full surface coverage of the PVDF lm resulted in
the isolated TFT gate electrode between the gate insulator layer
and the polymeric lm. Therefore, the voltage generated when
the external pressure is loaded on the PVDF lm is a key factor
in changing the working state of the TFT. On the other hand,
since the potential of the control gate remains constant, the
potential of the lower surface (Floating Gate) is completely
reecting the voltage across the piezoelectric lm. As a result,
the pressure causes the TFT gate voltage to change, thereby
affecting the current between the source and drain electrodes.
By monitoring the drain current, the pressures applied to the
sensor can be obtained.

A large number of studies have reported on the pressure
sensors based on the combination of piezoelectric lms and
eld-effect transistors, most of which were based on covering the
lm directly on a transistor.31 However, the direct covering of the
piezoelectric lm shows several disadvantages. Firstly, the active
part of the transistor is usually quite small, so the area where
pressure sensing can be performed is limited. In addition, due to
the vertical stacking structure of the pressure sensing capacitor
and the semiconductor layer, the semiconductor layer is prone to
failure owing to the vertical stress during the pressure-sensing
process. Some research groups have even reported that the tiny
inner-pressure of the lm generated during deposition could
inuence the electrical properties of the transistor.32 Therefore,
we have spatially separated the two parts and increased the
sensing area to improve the sensing ability. In the future, the
surface of the semiconductor region will be coated with a hard
insulating material to reduce external mechanical and electrical
inuences.
Piezoelectric lm

PVDF is a polymer compound composed of repeated CH2–CF2
subunits, which oen exhibits a semi-crystalline structure.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Generally speaking, there are a, b, g, and d four different
possible crystal phases appear in PVDF.33 Among these struc-
tures, b phase, due to its ferroelectric crystalline structure, plays
a key role in piezoelectric properties. Therefore, the PVDF lm
containing only b-phase inside is the most ideal material in this
study. In this work, a mechanically stretched PVDF lm was
used along with a layer of conductive coating on the surface as
a pressure sensing element. In order to apply piezoelectric lms
to pressure sensitive capacitors, the presence of the piezoelec-
tric b-phase was conrmed by XRD and FTIR spectroscopy.

A room-temperature X-ray diffraction (XRD) method was
used to characterize the crystallinity degree of the PVDF lm.
Fig. 2a shows the XRD data scanned in the 2q mode ranging
from 15 to 30� with a step interval of 0.01�. The curve exhibits
sharp diffraction peaks at 2q ¼ 20.6� which is reecting the
angular position of the (200) or (110) crystal plane in PVDF
polymer. According to the literature survey, this characteristic
peak can be categorized to the orthorhombic b-phase.34,35 If the
PVDF lm contains other phases, a peak that can be classied
as the (100) or (020) crystal plane will be displayed at around
18.5�, corresponding to the a phase or the g phase.36,37

FTIR spectrum is effective for revealing the molecular
orientation of the polymer. As the orientation of the groups in
the polymer chain changes during lm stretching, the assign-
ment of each characteristic absorption band in the FTIR spectra
Fig. 2 (a) XRD and (b) FTIR absorbance data of the stretched PVDF
film.

© 2022 The Author(s). Published by the Royal Society of Chemistry
is essential for explaining the rotation of the polymer chain. As
shown in Fig. 2b the presence of intensive peaks at 839 cm�1

(CF2 symmetric stretching and C–C bond stretching) and
1290 cm�1 (trans band) indicating that the polymer has a strong
b-phase crystal.33,38 This result is consistent with the XRD result,
indicating that the stretched PVDF lm can be used to fabricate
pressure sensors without further processing.

To conrm the piezoelectric properties of the PVDF lm, we
used an oscilloscope to measure the voltage generated across
the piezoelectric lm. Fig. S3† shows that voltages can be
generated across the piezoelectric lm in the presence of
external pressure, and the peak of the voltage increases as the
load force increases. Voltage peaks generated under normal
pressures are always in the same direction. However, aer
exchanging the connections between the upper and lower
electrode contacts, the direction of the peak is reversed.37,39 In
order to verify the properties of the unstretched lms, we tried
to prepare PVDF lms without poling and stretching.
Commercially available PVDF powder (Solvay) was dissolved in
a co-solvent (methyl ethyl ketone and acetone mixed at ratio of
1 : 1 in volume). Aer 24 hour sonication, the solution was then
deposited on a slide glass for 30 mm thick by a doctor blade and
annealed at 130 �C for 1 hour to evaporate the solvent. The lm
was then peeled off from the glass substrate and conducted the
same pressure measurement. As a result, the lm did not show
the same piezoelectric properties. This result proves that the
stretched PVDF lm does have an excellent piezoelectric prop-
erty and therefore can be used in the device we have proposed
above.
Metal oxide TFT

Metal oxide TFTs with high mobility were fabricated into the
sensor to amplify the voltage obtained through the piezoelectric
lm. The TFTs were fabricated on a PI-coated glass substrate to
prepare a exible device, and the PI supported TFTs were
delaminated from the glass by a LLO technique. Fig. 3a shows
the transfer characteristics of the a-IGZO TFT. The transfer
curve before li-off was measured on a rigid substrate, while the
measurement aer li-off was conducted on a exible PI
substrate. The voltage between source and drain electrodes were
xed at 0.1 V, and sweeping gate voltage was from �5 V to 5 V
with a step of 0.14 V. Before LLO, the n-type IGZO TFT exhibits
a relatively high mobility of 12.17 cm2 V�1 s�1 as we previously
reported.40 The subthreshold swing, hysteresis, and threshold
voltage values were 0.11 V dec�1, 0.22 V, and �0.66 V, respec-
tively. Based on the above results, we conclude that the TFTs are
suitable for driving sensors at low voltage.

Transfer curves were also measured aer LLO procedure. We
found that, compared to the devices on the rigid substrate, the
subthreshold swing and hysteresis of the exible substrate
devices were slightly larger. This should be due to the
mechanical stress accumulated on the semiconductor layer
during the delamination process. However, the two curves are
not much different overall, so we expect that the sensor based
on PI supported TFTs can still show a high performance as the
sensor on the rigid substrate. The experimental data below,
RSC Adv., 2022, 12, 21014–21021 | 21017
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Fig. 3 (a) Transfer characteristics of a-IGZO with w/l ¼ 2560/20,
before and after LLO. (b) Output characteristics of a-IGZO TFT for top
gate voltages varying from �0.2 to 0.2 V.

Fig. 4 (a) The pressure sensor is stable when properly shielded. (b)
Current response with interference voltage applied. There are no taps
on the first run, and 5 taps on the sensor during the second run.
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unless otherwise specied, are taken from the sensors on
a exible substrate.

We have also evaluated the performance of TFT outside the
electromagnetically isolated environment since the semi-
conducting material is very sensitive to the surrounding envi-
ronment. As shown in Fig. S4,† the transfer curve did not
change much, except that the current in the off-state increases
to 10�10 A order due to the inuence of ambient noise. But this
increment would not give a big impact on the sensor, since the
current with a level of 10�10 A is still much smaller than the on-
state current of the TFT.

Fig. 3b shows the output characteristics of the exible oxide
TFT. The gate voltage was applied from�0.2 V to 0.2 V in step of
0.04 V, and the drain voltage was swept from 0 to 1.5 V. Then,
drain voltage was set to 0.1 V during sensor operation, which
allows the TFT to work in a linear region so that the voltage
signal from the piezoelectric lm could take full advantages of
the TFT.

Sensor performance

By stacking the piezoelectric capacitor on top of the TFT
component, the proposed pressure sensor was fabricated.
Owing to the strong electrostatic effect, the stretched lm could
achieve adhesive-free coverage. Nevertheless, the excessive
static charge can also have a huge impact on the electrical
21018 | RSC Adv., 2022, 12, 21014–21021
properties of the TFT. Fig. 4a shows that the sensor's response
to pressure is very stable when the device is properly shielded,
but continues to shi down when the control gate is not prop-
erly grounded. The magnitude of the pressure was 8 kPa, the
loading speed was 50 mm min�1, and the Vsd of the TFT was
xed at 0.1 V. Without proper shielding, the static electricity of
the PVDF lm can be easily affected, which in turn leads to
unstable potential of the TFT gate. To study the effect of the
external environment on the device, we tried to add a piece of
debris to the test environment and evaluated the change in the
TFT drain current (Fig. S5a and b†). By adjusting the distance
between the debris and the device, whether the adjustment
speed is fast or slow, the TFT drain current will show the cor-
responding change (Fig. S5c†). In addition, when an interfer-
ence voltage was applied to an additional probe that does not
have any contact with the device, the TFT drain current was still
affected. Fig. 4b shows the drain current variation when a sweep
voltage (�1 V to 1 V) was applied to an additional probe. The red
curve shows the drain current output of the unshielded sensor
throughout the voltage sweep. Even if no pressure is applied to
the sensor, the response current still showed continuous vari-
ation with the interference voltage. Then, as shown in the black
curve, the sensor was tapped ve times during the voltage
application, and each tap could be clearly distinguished.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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However, the current level of each tap differs from each other,
indicates that the sensor without shielding structure would
show a large error in practical application when integrated into
the circuit. In addition, both curves show a huge hysteresis
during the voltage sweep. This phenomenon again illustrates
the effect of static electricity on the polymer lm when the
device is not shielded. In order to eliminate the above adverse
effects, we propose to metallize the surface of the piezoelectric
lm and ground it to eliminate the interference of static elec-
tricity in the test environment.

Fig. 5 shows the current response to different pressures
loaded on the sensor. As we have discussed in the previous
section, when pressures are loaded on the piezoelectric lm,
charges would accumulate on the TFT gate electrode. Therefore,
the gate potential of the TFT can be changed even if no external
voltage is applied, which further leads to a variation in the drain
current. Fig. 5a shows the drain current when sequential pres-
sures (2 kPa, 4 kPa, 8 kPa, 17 kPa, 35 kPa, and 75 kPa) were
imposed by the pressure test stand. The purpose of this study is
to explore the feasibility of applying pressure sensors to touch
screens. So, we didn't select a force gauge with a very wide
pressure range. In this study, the maximum test pressure was
set at 75 kPa. This pressure range of the force gauge is wide
enough to cover the touch pressure, but is not suitable for the
high-pressure limit detection. Each pressure was tested 10
times at a speed of 50 mmmin�1, and the average current value
for each pressure level was calculated. We have also labeled the
Fig. 5 (a) Current response with sequential pressures applied to the
sensor. (b) The durability test under a pressure of 75 kPa.

© 2022 The Author(s). Published by the Royal Society of Chemistry
error bar on each test point based on the actual data dri. We
found that as the pressure increases, the value of the drain
current increases. This is consistent with the voltage measure-
ment results of piezoelectric lms under pressure. Due to the
use of piezoelectric materials, the sensor in this study exhibits
better linearity over a wide range of pressures compared to other
types of pressure sensors.41 According to the piezoelectric
formula: Q ¼ d33F (where Q is the charge from the aligned
dipoles, d33 is the piezoelectric coefficient of PVDF, and F is the
touch force applied to the PVDF lm), the voltage developed
when the piezoelectric material is pressed should increase
linearly with the increase of external force. However, as the
pressure increases, the offset of the drain current gradually
increases and nally reaches saturation around 40 kPa. This
result shows that the saturation behavior may be caused by the
deformation limit of the PVDF layer under this pressure.
Changing the piezoelectric material, layer thickness, and other
ways to take the strain of the piezoelectric lm saturated at
greater pressure, may improve the detection limit of the
sensing.

Besides, to verify that the performance of the sensor is
consistent, we have also recorded the drain current result by
applying pressures in decreasing sequence order. Since the
pressure applicator cannot achieve the required pressure very
precisely, the curve is slightly shied from the above results.
However, the magnitude of the current measured through the
two processes is still very close. This result indicates that
regardless of the pressure loading sequence, the sensing
performance of the sensor remains relatively consistent. The
sensor described in this study is basically based on a piezo-
electric pressure sensor. Different from the widely studied
capacitive or piezoresistive pressure sensors, the pressure-
sensitive body-material does not show a signicant deforma-
tion under external stress. Instead, according to the piezoelec-
tric principle, an electric potential will be formed across the lm
when it is subjected to an external force. As long as the external
stress is within the normal range, that is, the piezoelectric lm
is not damaged, then the pressure sensor is stable.

As shown in Fig. S6,† a high-speed loading test of 200
mm min�1 has also been carried out. Since the piezoelectric
materials are capable of generating higher voltages under high
frequency pressure, we inferred that a larger induced current
can be measured when the sensor is pressed in a high speed.
The experimental results are consistent with the speculation.
However, due to the exibility of the device, a large amount of
frictional static electricity was generated when the pressing tip
contacts the device. Therefore, the consistency of the sensor
output is not so ideal.

To study the reliability of the sensor, we loaded repeated 75
kPa pressures to the sensor using a test stand while recording
the sensor output values throughout the test (Fig. 5b). As we
have explained in the above, due to the effective shielding of the
control gate, both the reference current and the response
current remain constant throughout the entire 1000 repeated
loading–unloading cycles. However, Fig. 5b shows that there are
many points whose values are less than 10�9 A. It is clear from
the inset that the current level can return to its initial value
RSC Adv., 2022, 12, 21014–21021 | 21019
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immediately when the pressure is released. In fact, these
numerical anomalies actually stem from the unloading process
of the pressure. When the speed of the pressure unloading is
fast, a large negative voltage will be generated in the piezo-
electric lm in a moment. As a result, the output current of the
sensor will be less than 10�9 A in a very short time. By carefully
examining the raw data, we found that the number of points
with these numerical anomalies is actually very small. But these
points are conspicuous in the gure because they are recog-
nized by the graphics soware as important data and deliber-
ately displayed on the gure. The endurance cycle test indicates
that the sensor output current has a strong correlation with the
loading and unloading of pressure, and the reproducibility of
the current response at constant load is very high.
Conclusions

In conclusion, we have presented a highly-stable exible pres-
sure sensor. The sensor was fabricated by stacking a stretched
piezoelectric polymer lm on high mobility a-IGZO TFTs. The
PVDF lm shows a high b-phase crystallinity, and the a-IGZO
TFT shows excellent semiconductor properties for construct-
ing pressure sensors. Our study demonstrated that grounding
the control gate will effectively shield external interference to
the sensor and stabilize the signal. The low-voltage driving
pressure sensor is able to detect different pressure levels in the
pressure range of 0 to 75 kPa. More importantly, the sensor has
excellent linearity over the wide pressure range and low
measurement variation between imposing and releasing pres-
sure. A high reproducibility of the current response was also
showed by the sensor under 1000 cycles of the endurance test.
Based on the above results, pressure sensors based on piezo-
electric materials and TFTs have great potential for future touch
screens. The ease of manufacturing exible sensors makes low-
cost preparation possible, and this method will be an excellent
solution for next-generation touch screens.
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