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We report on fully flexible and transparent piezoelectric touch
sensors based on ZnO nanowires (NWs). Their piezoelectric
properties are further enhanced by incorporating BaTiO3 into
the capping layer on nanowires. Flexibility is improved by a
highly transparent carbon nanotubes–silver nanowires
electrode. A BaTiO3-based capping layer on ZnO nanowires
demonstrates a large increase of the output voltage (�3.3V)

from the touch sensor compared to the voltage (�50mV).
Mechanical bending tests reveal that the BaTiO3-added
capping layer did not show significant degradation in change
of resistance. Our results suggest that the piezoelectric touch
sensors are promising for next-generation flexible touch
sensors, wearable, and rollable touch panels.
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1 Introduction Recently, studies on flexible devices
have become intensive since their shapes are variable with
the advantages of diverse device areas, lightweight, and
robustness [1]. The flexible transparent electrodes have been
one of the most important materials used in flexible devices
such as flexible touch sensors [2], nanogenerators [3], and
displays [4]. In general, most electronic devices have used
indium tin oxide (ITO) as a transparent flexible electrode by
sputtering because of its high conductivity and high
transmittance in the visual region. However, due to a lack
of flexibility of the ITO films, their alternatives are being
investigated [5]. Currently, conductive films using carbon
nanotubes and Ag nanowires are considered as prospective
replacements of ITOs.

It is noteworthy that the reports on ZnO nanowires
(NWs) as conductive electrodes are growing in the
literature. The ZnO NWs show extremely high flexibility
and have many degrees of mechanical deformation without
cracking or fracture [6]. The ZnONWs have several benefits
for use in electronic device because of high flexibility, low

cost, and being ultrathin and easy to fabricate for
nanogenerators [7] and sensing devices [8]. In addition,
the ZnO NWs can be grown via the hydrothermal method at
low temperatures (<100 8C), resulting in the versatile
availability of various substrates. However, conventional
piezoelectric devices based on ZnO NWs are reported to
demonstrate limited piezoelectric properties due to the low
piezoelectric d constant of ZnO NWs (d’ 12 pC/N) [9, 10].

In this paper, we report a fully flexible and transparent
piezoelectric touch sensor based on ZnO NWs. Its piezo-
electric properties are improved by fabricating the touch
sensor using perovskite piezoelectric BaTiO3. The per-
ovskite ceramic materials (PbZrxTi1�xO3, d’ 400 pC/N and
BaTiO3, d’ 270 pC/N) have a high level of inherent
piezoelectric properties [11, 12]. Since their brittleness
hinders their use as electrodes for the flexible devices, we
fabricated a ZnO NW capping layer after having dispersed
BaTiO3 in a flexible SiO2-added capping solution in order to
maintain the flexibility of sensing components. Using these
capping layers, we significantly enhanced the flexibility and
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permeability of the touch sensors, and demonstrated touch-
sensitive piezoelectric sensors with high output voltage.

2 Experimental
2.1 Fabrication of the flexible touch sensors To

fabricate the flexible touch sensors, poly(ethylene tereph-
thalate) (PET) flexible substrates with thickness of 188mm
were cleaned in acetone, ethanol, and deionized water for
10min and dried with nitrogen gas (Fig. 1a). We coated the
CNT-Ag NWs solution (18mL) as a bottom electrode on
the PET substrates using the spray-coating method (Fig. 1b).
After the coating process, the sensing buttons were
patterned on the substrates using photolithography. Neg-
ative photoresist SU-8 2002 (Microchems) was spun at
3000 rpm for 2min on CNT-Ag NWs coated substrates,
subsequently baked at 90 8C for 20 s (Fig. 1c).

The photoresist-coated substrates were exposed to UV
light for 30 s using a contact mask aligner, and post-
exposure bake was performed at 90 8C for 5min (Fig. 1d)
after the exposure. After the photoresist development
process, the substrates were hard-baked at 150 8C, for
5min (Fig. 1e). The pattern serves as a mask for ZnO NWs
selectively grown on the bottom electrode. An aluminum-
doped ZnO (AZO) seed layer (�50 nm) is sputtered on the
patterned PETs using RF magnetron sputtering at room
temperature (Fig. 1f). To fabricate the sensing buttons, ZnO
NWs were grown on a patterned PET substrate via the
hydrothermal method (see Supporting Information, online

at: www.pss-a.com) as shown in Fig. 1g. In order to retain
the flexibility of the sensing button, we fabricated a capping
layer on top of the ZnO NWs as follows. First, barium
titanate(IV), nanopowder (BaTiO3, <100 nm particle size,
Sigma Aldrich) was dispersed at the concentration of
10wt.% in silsesquioxane (SSQ)-based SiO2 capping
solution (Fig. 1h). The flexibility of the SiO2 capping
coating solution was controlled by increasing the poly-
silizane concentration in the solution. The capping layer was
then coated on the top layer of the film formed by ZnO NWs
by using a nanospray coating system. In order to improve
the flexibility of the entire device, we coated the solution
containing CNT-Ag NWs (18mL) by using a spray-coating
system on the capping layer to form a top electrode (Fig. 1i).

2.2 Surface characterization Surface morphology
examination was performed by field emission scanning
electronmicroscopy (JSM-7000F) typically operated at 10 kV.

2.3 Mechanical bending tests Mechanical bend-
ing tests were carried out with a mechanical bending tester
(KETI-made).

3 Results and discussion Figure 2a shows a cross-
sectional SEM image of the ZnO NWs grown on a PET
substrate. The ZnONWs have length of 900 nm and diameter
of 120 nm. It is seen that the nanowires are vertically grown
with a high density, seeming like a polycrystalline thick
film on the PET substrate. The elemental analysis of touch
buttons was also performed by using energy-dispersive
spectroscopy (EDS) (Fig. 2b). The EDS analysis result
confirms that the NWs are composed of Zn and O (Fig. 2b).
Figure 2c shows a cross-sectional SEM image of the touch
buttons. The BaTiO3-added capping layer is shown to
uniformly cover the ZnO NWs. Figure 2c illustrates that
CNT-AgNWs have been formed a top electrode on top of the
capping layer. Figure 2e shows a result from EDS elemental
mapping on the flexible capping layer. The yellow dots
representing Si contents show the region of the capping layer.
The densely-populated dots (yellow color) in the upper
region confirmed the formation of the capping layer.
Interestingly, the same yellow dots are observed in the
middle region of the image, suggesting that SiO2 capping
solution has permeated to the ZnO NW region. The yellow
dots at the bottom are due to the SiO2 glass used as substrates
for SEM measurement (Supporting Information). Figure 2f
shows the EDS elemental mapping of Ba content, indicating
that the BaTiO3 nanoparticles are uniformly distributed in
the flexible capping layer (green dots).

To test the mechanical durability of our touch sensors,
we performed a monitoring of resistance measurements of
the capping layers and touch sensor while they underwent
repeated mechanical bending in a KETI-made bending test
equipment. The bending test reveals the high mechanical
durability of the capping layer and touch sensor. The
mechanical bending tests take place by connecting two ends
of each sample to a corresponding clamp, followed by

Figure 1 Schematic illustration of the fabrication process for the
piezoelectric touch sensor. (a) Washing of PET film substrate.
(b) Spray coating of CNT-Ag NWs (bottom electrode) a PET
substrate. (c) Spin coating of negative photoresist (SU-8 2002)
CNT-Ag NWs on PET substrate. (d) Patterned negative photoresist
formation. (e) Fabricating a sensing point by photolithography.
(f) Deposition of an aluminum-doped ZnO seed layer. (g) Growth
of ZnO NWs on the sensing point. (h) Spray coating of a capping
layer on the ZnO NWs and (i) CNT-Ag NWs (top electrode).
(j) Cross-sectional image of the touch-point structure.
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moving one of the clamps to generate the bending effect (see
inset in Fig. 3). The bending action is repeated 1000 times at
the bending angle of 308. The resistance of the samples is
monitored by a resistance meter during the entire bending
process.

In order to investigate the influence of BaTiO3 on the
flexibility of the capping layers, the bending experiments
were performed on three kinds of capping layers formed on
the flexible PET substrates. The capping layers are (i) bare
capping layer (conventional SiO2 capping solution), (ii)
flexible capping layers whose flexibility is controlled by
increasing the polysilizane concentration compared to the

bare capping solution, and (iii) capping layers BaTiO3 added
in the flexible capping solution. All three layers are deposited
on flexible PET substrates at a thickness of 500 nm.

Figure 3 presents the results of the bending experiments
performed on the bare capping layers. The change of
resistance of the capping layer is defined as

DRð%Þ ¼ R� R0ð Þ
R0

� �
� 100; ð1Þ

where R0 is the initial resistance before the bending test and
R is the resistance measured during the bending test.

Figure 2 (a) Cross-sectional SEM image of ZnO NWs. (b) EDS spectra of touch-point structure. (c) Cross-sectional SEM image of
touch-point structure. EDS images of elemental mapping showing, (d) ZnO NWs, (e) Si content in the capping layer, and (f) BaTiO3

content in the capping layer.
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Figure 3a shows the change in resistance of three capping
layers. When bent and flexed over 1000 cycles, the bending
angle of the substrates is 308, the flexible capping layer
(1.7%) and BaTiO3-added flexible capping layer (1.9%) did
not show significant degradation in resistance compared to
the bare capping layer (6.7%). At the bending angle of 308,
the strain is calculated to be 0.375% (Supporting
Information). At 80 cycles, the resistance of the bare
capping layer began to increase. By contrast, the change in
resistance of the flexible capping layer did not demonstrate
a significant change (�0.04%). The SEM image reveals
that a crack has been formed on the surface in the bare
capping layer (Fig. 3b) while the flexible capping layer did
not show any crack (Fig. 3c and d). After 80 cycles, cracks
began to form on the surface of the bare capping layer.
Then, the cracks propagated on the capping layer, resulting
in the significant damage of the whole substrate. Hence, the
cycle of 80 can be considered as a threshold cycle in which
the failure of the capping layer begins to occur. This result
suggests that the resistance tends to decrease with
increasing flexibility of the capping layer. After 1000
cycles, FE-SEM reveals that only the bare capping layer
showed significant crack formation, indicating that the
adhesion property and durability of the ZnO NWs were
enhanced by coating the flexible capping layer on the ZnO
NWs (see Supporting Information, Fig. S1).

Using the ZnO NWs and BaTiO3-added capping
layers, we fabricated a single touch-point cell (1�1 cm2)
using the same process as those for the touch sensors
with nine cells (Fig. 4a). During the bending test from

100 to 2000 cycles, we measured the voltage generated
from the touch sensor. The durability tests and voltage
measurement revealed that the output voltage did not
change up to 2000 cycles of bending. The touch sensor

Figure 3 (a) Change in resistance of the capping layer under mechanical bending. Top-view SEM images of (b) the bare capping layer
after a 1000-cycle bending test, showing the delamination from PET substrate and (c) the flexible capping layer after a 1000-cycle
bending test. (d) Top-view SEM image of the BaTiO3-added capping layer.

Figure 4 (a) Schematic illustration of a single touch-point cell, (b)
durability test of a touch sensor. The inset: SEM image of the sensor.
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generates the output voltage of �3.3 V during 2000 cycles
(Fig. 4b). After 2000 cycles, we examined the surface
morphology of the touch sensor via SEM (the inset in
Fig. 4b). In the SEM image of the inset in Fig. 4b, no crack

is observed in the touch sensor, indicating excellent
mechanical stability of the touch sensor.

To characterize the optical performance, transmittance
measurements were performed on the capping layer and

Figure 5 (a) Optical transmittance spectra
from CNT-Ag NWs and our touch sensor. (b)
Photo of a piezoelectric touch sensor showing
the KETI logo.

Figure 6 Operating characteristic of (a) ZnO NW added touch sensor. (b) BaTiO3-added touch sensor and (c) BaTiO3-added ZnO NW-
based touch sensor. (d) Output voltages generated in the reversed connection mode.
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whole touch sensor. As shown in Fig. 5, ITO, the
conventional transparent electrode showed 73% at
550 nm. The CNT-Ag NWs electrode exhibits a higher
transmittance of �83%. It is seen that the transmittance of
the whole device was almost unchanged (81% at 550 nm).
Figure 5b shows a photo of a touch sensor with KETI logo,
indicating its high optical transparency and mechanical
flexibility.

Figure 6 shows the output voltage of the touch sensor
with three different configurations. When a linear motor
exerted a force of 17N, the output voltages from the ZnO
NW-based sensor and BaTiO3-based sensor generated
the output voltages of �50mV and �1.2V, respectively
(Fig. 6a). BaTiO3-based sensor generated output voltage
increasing from 0.024 to 1.2V after the poling process
(Supporting Information, Fig. S2). The maximum output
voltage from the touch sensor with BaTiO3-added ZnO
NWs hybrid structure is up to 3.3V (Fig. 6c). The
piezoelectric output voltage is calculated as

V ¼ F � d33 � T
W � L ; ð2Þ

where V is the output voltage, F is the pressure force, d33 the
piezoelectric coefficient, T the thickness of the piezoelectric
layer, W the width, and L the length of the piezoelectric
layer. Since d33 values of BaTiO3 and ZnONWs are 270 and
19 pC/N, respectively, BaTiO3 could exhibit output voltages
20 times larger than those from ZnO NWs according to the
equation above. The output voltage of the sensor with
BaTiO3 was 1.2V. This voltage value is about 24 times that
of ZnO NWs-based sensor (50mV), which is in accordance
with Eq. (2).

In addition, the switching polarity test conducted on the
touch sensors demonstrated that the output voltages are not
artifacts and generated only from the sensors (Supporting
Information, Fig. S3) [13–18].

We fabricated a touch sensor by arraying nine cells on
PETs. An impedance converter circuit was connected to the
piezoelectric touch sensor (Fig. 7a). The display character-
istics on the monitor were investigated by pressing one of
the touch points (Fig. 7b and c). We also examined the
display behavior of the touch point at different pressing
forces. When the touch point is pressed hard, the resultant
display is filled fully with blue color. On the other hand, the
display is half-filled with blue color on light pressing. Hard
and light pressing motions induce the deformation of the
touch sensor to different extents, resulting in different
touch-sensitive displays.

4 Conclusions In conclusion, we have successfully
demonstrated a fully flexible and transparent piezoelectric
touch sensor based on ZnO NWs. By replacing ITO
electrodes with transparent flexible CNT-Ag NWs electro-
des, we enhanced the flexibility of the entire device
structure. We demonstrated that the output voltage of the
sensor with BaTiO3-added ZnO NWs was significantly
increased. The excellent flexibility of the capping layer with
BaTiO3 and a CNT-Ag NWs electrode enabled us to
fabricate a piezoelectric touch sensor with high electrical
and mechanical stability. Our piezoelectric touch sensors
could be promising for flexible devices such as flexible
touch sensors, or wearable, and rollable touch panels.

Supporting Information
Additional supporting information may be found in the
online version of this article at the publisher’s website.
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