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chieved from a conducting
polymer-metal Schottky contact†

Yang Zhou, Jian Fang, Hongxia Wang, Hua Zhou, Guilong Yan, Hao Shao, Yan Zhao
and Tong Lin *

Mechanical-to-electrical energy conversion devices show potential applications in the detection of

movements. Previous studies on these sensor devices are mainly based on piezoelectricity or

triboelectricity, which typically generates AC signals. In this study, a movement sensor that generated DC

signals based on a conducting polymer-metal Schottky diode was prepared for the first time. Using the

Al|poly(3,4-ethylenedioxythiophene)|Au device as a model, we showed that the sensor device could

detect the touch and sliding movements. Both the pressure of the Al electrode touching the PEDOT

surface and its sliding speed affected the voltage outputs. The device showed a high response speed of

1.7 s at 39.8 kPa. The modified device can even measure the sliding speed. The DC output allows the use

of electrical energy for running other electronic devices. A conducting polymer-metal Schottky contact

may be useful for the development of DC output movement sensors.
Introduction

Motion detection has wide applications in the elds of
robotics,1,2 automobiles,3–5 sports,6–8 health/ageing care,9

human-machine communication and manufacturing
industry.10 Motion detection sensors can be prepared based on
a variety of principles, including optics, acoustics, microwave,
resistivity and capacitance, depending on the application
purpose. For example, a passive IR sensor is able to detect
people's movement according to the mid-infrared radiation
emitted from the human body.11 Microwave sensors (also
known as Doppler radar) can detect outdoor human activities
such as walking and running.12 Resistive or capacitive sensors
(e.g., touchscreens) are broadly used in computers, smart-
phones and other digital devices where a command is issued
simply by pressing or sliding the ngers on the screen.13,14

Over recent years, the rapid development in microelectronics
and wireless communication has increased the demand for
movement detection.15–17 Thus, highly sensitive, multifunc-
tional motion detectors are highly desirable. Capacitive
touchscreens utilize the human body as an electrical conductor
to distort the electrostatic eld on the screen and alter the
capacitance.18–20 However, they fail to detect the insulating
materials. Resistive sensors suffer from low contrast and
insufficient sensitivity. Moreover, the structural complexity and
high cost cause problems in their large scale production.
ersity, Geelong, Victoria 3216, Australia.

tion (ESI) available. See DOI:
Recently, energy harvesters capable of converting mechanical
energy into electricity have shown signicant potential for motion
detection applications.21,22 Movement and pressure sensors based
on a triboelectric nanogenerator (TENG) and a piezoelectric
nanogenerator (PENG) have been reported. TENGs generate
triboelectric charges when two materials with opposite electric
negative features contact and separate.23 Fan et al.24 prepared
a pressure sensor using polydimethylsiloxane (PDMS) and poly-
ester as active materials. The device was able to detect the impact
from dropping water (3.6 Pa) or a falling feather (0.4 Pa) on the
surface, with a low-end detection limit of �13 mPa. Zhu et al.25

reported a polymer nanowire TENG sensor, which showed
a pressing sensitivity of up to 44 mV Pa�1 and touch sensitivity of
1.1 V Pa�1. Yang et al.9 prepared self-powered movement sensors
using a single-electrode TENG mechanism, which required the
moving objects to be connected with an electrode. PENGs can
convert mechanical energy, vibration and hydraulic energy into
electrical signals useful for the development of wearable sensors.26

Chun et al.21 prepared a self-powered sensor for the detection of
motion. The sensor device consisted of piezoelectric hemispheres
embedded in PDMS. It generated an output of 4.0 V and 0.13 mA
cm�2. The device can sense wrist movement in various directions.
Proto et al.27 compared two piezoelectric transducers, i.e., lead
zirconate titanate (PZT) and polyvinylidene uoride (PVDF), for
sensing body movement. The power output generated by a single
transducer in common activities was in the range of 2–46 mW
cm�3, and the output signals could be further amplied using
a group of devices. Wang et al.28 reported a biocompatible body
movement sensor with a combination of PENG and TENG using
aluminium/zinc oxide as a transparent electrode, polyvinylidene
uoride triuoroethylene as a piezoelectric layer, and PDMS as
This journal is © The Royal Society of Chemistry 2019
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a friction layer. This TENG–PENG hybrid device can distinguish
slight body movements of the neck, nger, elbow, and ankle.
However, both TENG and PENG require repeated attachment and
detachment of the two active materials, and they have complex
device structures.29 These issues not only narrow the application
scope but also increase the fabrication difficulty. In addition, the
TENG and PENGdevices typically generate alternating current (AC)
voltage signals, which need rectication into direct current (DC)
when used for power supplying purposes (e.g. self-powered
sensors). In this regard, DC sensors are promising towards self-
powered applications. However, DC movement sensors based on
the mechanical to electrical energy conversion principle have not
been reported in the literature.

In previous studies, we have prepared a conducting polymer-
metal Schottky contact energy harvester that can convert
mechanical energy into DC electric signals without rectica-
tion.30 Under compressive deformation, the device can generate
a DC power of 0.7 V and 62.4 mA cm�2. The devices could be
used either as power suppliers or as sensors.

In this study, we report a novel movement sensor based on
a conducting polymer-metal Schottky contact. Poly(3,4-
ethylenedioxythiophene) (PEDOT) and aluminium were used
as material models. Motion can be detected when the PEDOT-Al
contact was established. The effect of Al-PEDOT mechanical
interactions on electric output was examined. We showed that
the PEDOT-Al Schottky contact was responsive to the touch and
sliding movements. The device can sense low pressure (i.e., 4.0
kPa) and slow movement (e.g. 1.8 cm s�1). The output signals
were linearly correlated to the movement speed and load. By
dividing the PEDOT surface into separate segments, the device
can even measure the movement speed.

Experimental
Materials

3,4-Ethylenedioxythiophene (EDOT), lithium perchlorate
(LiClO4) and propylene carbonate (PC) were purchased from
Sigma-Aldrich and used as received. Aluminum foils, pencils,
an Al rod and a PET lm were purchased from a local store. Au
was deposited on one side of the PET lm using the Leica EM
ACE600 sputter coater.

Device fabrication

The Au-coated PET lm was used as a substrate. PEDOT was
electrodeposited on the gold surface using a three-electrode
electrochemical system (CHI760D electrochemical workstation),
in which a platinum plate (2 cm � 2 cm) and the Ag/AgCl stan-
dard electrode were used as the counter and reference electrodes,
respectively. The deposition was carried out in a PC solution
containing 0.1 M LiClO4 and 1 M EDOT. The electrodeposition
potential was set at 1.3 V for 120 s. The resulting lm was rinsed
three times with deionized water and dried overnight at 60 �C.

Characterizations

Surface morphology was observed via scanning electron
microscopy (SEM, Zeiss Supra 55VP). Surface roughness was
This journal is © The Royal Society of Chemistry 2019
characterized using the Bruker Multimode 8 atomic force
microscope (AFM). Fourier transform infrared spectroscopy
(FTIR) was conducted using the Bruker Vertex 70 FTIR spec-
trometer in the attenuated total reection mode (ATR).
Results and discussion
Device preparation

Fig. 1(a) illustrates the sensor setup. A PET lm sputter-coated
with a thin layer of Au (thickness �70 nm) was used as
a substrate. A layer of PEDOT was deposited on the Au surface
using an electrochemical method. An aluminum rod with
a smooth edge tip (effective diameter: 4.0 mm) was used as
a metal probe, which was mounted onto a programmable
positioning system. When the Al rod was attached to the PEDOT
surface, a Schottky contact was formed. The deformation of the
PEDTO layer with the Al rod led to the generation of electrical
signals.

During the electrochemical preparation, the thickness of the
PEDOT layer can be adjusted by changing the deposition
conditions. However, the PEDOT thickness affected the device
stability. When the PEDOT layer was thicker than 5 mm, it had
small adhesion strength and tended to delaminate off the PET
substrate during contact with the Al rod. On the other hand,
when the PEDOT layer was very thin, e.g. thickness < 0.5 mm, it
caused uneven coverage on the Au layer; this led to a short
circuit when the Al rod was attached to the lm (see Fig. S4 in
ESI†). In this study, we chose the thickness of 2 mm for the
experiments.

The PEDOT lm appeared smooth on the surface. However,
under SEM, it showed a rough surface structure (Fig. 1(b)). AFM
imaging was used to measure the surface roughness. The as-
prepared PEDOT lm had a root mean square (RMS) rough-
ness of 316 nm.
Conversion of mechanical energy into electricity

Before testing the sensing properties, the energy conversion
performance of the Al-PEDOT contact was characterized. Start-
ing with disconnection, the device provided no electric signal
(i.e. V ¼ 0). Once the Al rod was attached to the PEDOT surface,
a voltage output appeared. Fig. 1(c) illustrates the voltage
outputs generated by attaching the Al rod at 1 N pressure force
(pressure 79.6 kPa). At three different locations of the PEPOT
lm, the output showed slightly different values. This can be
attributed to the effect of the contact location on the internal
resistance. When the connection was at different locations, the
device had different system resistances.

Fig. 1(d) depicts the typical outputs generated by a short time
connection of Al and PEDOT at different pressures. At the same
location, the Al-PEDOT connection led to a rapid increase in
voltage. In less than 2 seconds, the output value reached
a plateau when PEDOT received a pressure in the range of 4.0–
199.0 kPa, suggesting a reasonably high response speed. When
the Al rod detached from the PEDOT surface, the output sharply
turned zero. The pressure applied to the PEDOT surface
through the Al tip affected the output value. Higher output
RSC Adv., 2019, 9, 6576–6582 | 6577
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Fig. 1 (a) Schematic of the device setup and the chemical structure of PEDOT, (b) an SEM image of the PEDOT surface morphology, (c) output
curves of Al rod repeatedly attaching and detaching at three different locations of the PEDOT film, (d) output curves when Al rod attached to and
detached from the PEDOT surface at different pressures at the same location, (e) voltage change while pressing the PEDOT film at different
pressures, and (f) long time output profile when Al rod was constantly connected to PEDOT (at the same location).
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values were generated from higher attachment pressure. This
trend can be explained by the fact that higher pressure results in
larger deformation on PEDOT that leads to larger strain.9 As
expected, the device output during the attachment and
detachment process was in single polarity, showing a DC
voltage characteristic. This DC output feature is similar to that
of the layered lm Al|PEDOT|Au devices reported in our
previous study.31

To verify the Schottky contact, we obtained the I–V curve of
the Al|PEDOT|Au setup. Indeed, the Schottky diode feature
formed in the device (see Fig. S1 in ESI†).

Fig. 1(e) shows the inuence of pressure on the output value
when the Al rod was attached to the PEDOT lm. Initially, when
the Al tip was gently attached to the PEDOT surface at a pressure
of 4.0 kPa, the output was maintained at 200 mV with a slight
decay in the value. When larger pressure, e.g. 39.8 kPa, was
loaded on the Al tip, the voltage rapidly increased to 400 mV and
then stabilized at 400mV. A further increase in the pressure from
39.8 to 79.6 kPa led to a smaller increase in the output value.
However, when the pressure was above 79.6 kPa, the output
voltage was less sensitive to pressure. This was presumably
because the deformation level of the underlying PEDOT lm
reached its limit. This trend is different from that in the
attachment-detachment mode. Since the attachment of Al on
PEDOT involves an impact at a certain speed, and extra kinetic
energy causes a larger impact deformation in the initial stage.

Fig. 1(f) shows the output prole when the Al rod is attached
to the PEDOT surface for a long time. During 16 hours of
constant connection, the output voltage decayed from initial
600mV to 100mV. The inset chart in Fig. 1(e) shows an enlarged
view of the output signal in the rst 600 seconds. A stable
output was observed before 200 seconds, followed by a slump in
6578 | RSC Adv., 2019, 9, 6576–6582
the output value. For practical detection, 200 seconds of stable
output is adequate for signal collection.
Detection of the movement

To prove the ability to sense a moving object, we moved the Al
rod on the PEDOT surface. In one of the experiments, the Al rod
was initially disconnected from the PEDOT lm, and then, it
was attached to the lm at a constant speed. Once the tip
touched the PEDOT lm, voltage signals were detected. In this
case, the output signal uctuated with time. Fig. 2(a) depicts the
typical output prole for the sliding tests in the same area, but
at different sliding speeds. Sliding at higher speeds resulted in
higher output values and vice versa. The response was fast,
where the device started to generate stable output signals within
1.7 second when 39.8 kPa pressure was applied. The uctuation
of the output signals suggests variable pressure on the PEDOT
layer that leads to a dynamic change in strain. The increase in
the output voltage could also originate from the temporarily
increased contact area between Al and PEDOT surface.

Fig. 2(b) shows the output signals generated when the Al rod
moved back and forth within the same location at a certain
speed, which ranged from 0.18 to 0.88 cm s�1. The negative
speed indicated that the movement was in the opposite direc-
tion. Since the acceleration and deceleration took less than 0.01
second, the acceleration and deceleration times were neglected.
The output signals generated quasi-linearly increased with the
increasing speed. Apart from the correlation between the speed
and the output signals, the shapes of the two output signals
generated within the same location and speed but in the
opposite directions were almost symmetric. Due to the identical
pressure and movement speed, this similarity was attributable
to the similar PEDOT deformation.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Typical signals generated by sliding, (b)–(d) electric outputs (b) at different movement speeds, (c) with different acceleration modes,
and (d) at different pressure levels (sliding speed at 0.18 cm s�1), (e) repeatability of the output signals generated at same location and different
locations, (f) 2D and (g) 3D AFM images of the PEDOT films.
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We also found that the application of a large pressure during
sliding could lead to a damage of the PEDOT layer. When the
pressure was in the range of 79.6–159.2 kPa, the sliding did not
cause an apparent damage to PEDOT, and the test was repeat-
able. Under a pressure of 159.2 kPa and an Al movement speed
less than 1 cm s�1, the device showed reasonable repeatability.

Fig. 2(c) shows the output results generated by the move-
ment of the Al rod at different acceleration modes. During
testing, the Al rod was moved at 0.02, 0.18, and 0.53 cm s�2

along the PEDOT surface (i.e. top, middle and bottom plots,
respectively) within the same distance. The maximum speed
was controlled at 0.18 cm s�1. When the Al tip moved at the
accelerated speed of 0.02 cm s�2 and then decelerated at an
opposite accelerated speed, i.e.�0.02 cm s�2, the output voltage
increased with an increase in the speed and then reduced
correspondingly. However, the maximum output occurred just
aer the maximum speed value. This voltage hysteresis was
caused by the variation of strain. The acceleration phase grad-
ually increased the strain and the deformation force, whereas
the deceleration phase reduced these forces. As a result,
a combined effect on the voltage output occurred. During the
constant speed period, the output signals continued to uctuate
during the movement presumably because of the variation in
the PEDOT deformation level and strain. In this circumstance,
the movement of the Al rod was considered to be the same as
that presented in Fig. 2(b), where high acceleration and decel-
eration speeds were applied. When the acceleration speed was
increased to 0.53 cm s�2, a similar trend was observed.
This journal is © The Royal Society of Chemistry 2019
Note that the output signals in the deceleration state showed
a decreased trend; however, the output values were slightly
higher when compared with those in the acceleration stage
(Fig. 2(c)). This is attributed to the output feature of the
Au|PEDOT|Al device. When the device is kept in the deformed
state, the voltage output slowly decays (see Fig. 1(e)). In the
acceleration stage, the deformed area was just deformed since
the contact with the Al tip contributed more to the voltage
outputs.

Fig. 2(d) shows the effect of pressure on the output prole
when the Al tip moved along the PEDOT surface at 0.18 cm s�1.
When the tip pressure was increased, higher output value was
obtained, whereas the output prole had a very small change.
Therefore, this Schottky device is responsive to both the touch
and the sliding movements. Fig. 2(e) shows a comparison of
three waves, in which the waves A & B were generated from
repeated sliding in the same location, whereas the wave C was
generated at different locations of the same PEDOT lm.
Herein, the Pearson's correlation coefficient between two input
data series was employed to characterize the output waves. The
Person correlation coefficient was calculated by the eqn (1):

r ¼
Pn
i¼1

ðxi � xÞðyi � yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðxi � xÞ2
s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1

ðyi � yÞ2
s (1)
RSC Adv., 2019, 9, 6576–6582 | 6579
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where n is the number of total data points collected, x and y are
the output values of the input value, and �x and �y are the mean
values of two input waves.

For the output waves A and B, the r value was calculated as
0.93. An r value close to +1 suggests high similarity between two
waves.32 Therefore, sliding in the same location leads to similar
outputs. The r value between the waves A and C was calculated
as 0.35 and that between waves B and C was calculated as 0.19,
indicating dissimilarity. These results suggest that high simi-
larity in the sliding-caused output signals can be generated only
at the same location with identical pressure and speed. This
location-dependent output was attributed to the variance in
surface morphology of the PEDOT layer, which originated from
the sample fabrication process. To verify this, we characterized
the surface morphology of the PEDOT lm at the sliding loca-
tion. Fig. 2(f) and (g) show the 2D and 3D AFM images of
a typical 15 mm � 15 mm area selected from the PEDOT lm,
where the agglomeration of PEDOT nanoparticles along with
high surface roughness (i.e., 316 nm RMS roughness) can be
observed. The maximum height difference within this area was
more than 2 mm. We have further characterized the surface
morphology of two different locations within the same PEDOT
lm via SEM, where the topography of two locations varies
signicantly (see Fig. S2 in ESI†). This variation in surface
Fig. 3 (a) Experimental setup using an Al covered pencil as a tip, (b) influ
pencil devices, (c) influence of load on the potential output, (d) schemat
output signals; (f)–(h) voltage profiles generated by the pencil at (f) 0.18 cm
signal generated by scratching the devices with and without a gap.

6580 | RSC Adv., 2019, 9, 6576–6582
morphology results in different PEDOT-Al contact areas and
deformation levels of the local PEDOT; this subsequently affects
the output signals. A uniform PEDOT lm with a smooth
surface would allow to have a similar output upon sliding the
rod at different locations of the same lm.

Apart from Al rods, pencils with different hardnesses (i.e. 6H
and 6B) were used as a tip for the detection of movement. In this
case, the tip was covered with an aluminium sheet (see the
experimental illustration in Fig. 3(a)). Fig. 3(b) shows the effect
of the movement speed on the output feature generated by the
devices using an Al-covered pencil as a probe. At the same
weight load, both pencils were driven to slide on the PEDOT
surface at a speed in the range of 0.18–1.8 cm s�1. A quasi-linear
relationship between the speed and the resulting maximum
output value was observed for the pencil-involved devices
regardless of the pencil hardness. The output voltage increased
with the increasing tip traveling speed. The device with the 6H
pencil tip showed slightly larger output values when compared
with that with the 6B pencil; this indicated that tip hardness
had an inuence on the output. Fig. 3(c) shows the inuence of
tip pressure on the output values. Higher output voltages
resulted from larger pressure on the PEDOT layer.
ence of the speed on the output signals generated by the 6B and 6H
ic of the testing device with gaps, (e) influence of the gap width on the
s�1 (g) 0.53 cm s�1 and (h) 1.4 cm s�1 speed at same location, (i) typical

This journal is © The Royal Society of Chemistry 2019
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Speed and load weight sensing

Apart from using a continuous PEDOT lm, we used a patterned
PEDOT lm as an active layer. The patterned PEDOT lm
enabled the device to measure the sliding speed. Fig. 3(d) shows
an example of the PEDOT lm, which has periodically arranged
gaps. When the Al tip moved to the edge of the PEDOT layer, the
output value started reducing because of the decreased contact
area. The output dropped to zero once the tip completely
disconnected with PEDOT in the gap zone. Fig. 3(e) shows the
inuence of the gap width on the output signals. The ratio of the
tip diameter (D) to the gap width (W) was calculated to indicate
the contact area between the Al tip and PEDOT. Based on this
feature, the speed of the underlying object can be estimated by
measuring the time when the tip moved into and out of a gap.
Herein, the time (t) required for the tip to travel through the gap
can be described as follows:

t ¼ d

v cos q
(2)

where v is the incident speed of tip, d is the distance of the gap
and q is the incident angle of the tip. Fig. 3(f)–(h) show the
output proles generated when the tip moved at three different
speeds (i.e., 14.00, 5.25 and 1.75 mm s�1) across the same gap.
Based on the time required for traveling through the gap, the
travel speeds were measured as 14.20, 5.30 and 1.90 mm s�1,
which were very similar to the preset values. Note that the gap
must be wide enough to ensure that the detected object can
completely detach from the PEDOT lm during movement.

Fig. 3(i) provides a comparison of the outputs generated
from a continuous PEDOT lm and the lm with ve gaps
(5 mm width). Herein, the standard error (s) of each output was
calculated. The s of the output signals generated from the
continuous PEDOT was 39.8 mV, whereas the s of the output
signals generated from the lm with 5 gaps was 8.4 mV. The
decrease in the volatility of the output suggests that more stable
results are produced by the patterned PEDOT lms.
Conclusions

We have shown that a Schottky contact consisting of a metal tip
and a conducting polymer lm can be used for sensing the
touch and sliding movements. The output shows DC voltage
features and is determined by the force applied to the con-
ducting polymer layer, the travel speed of the metal tip and the
prole of the conducting lm. When a patterned conducting
polymer lm is employed, the movement speed of the metal tip
can be estimated. The ability to detect the touch and sliding
movements at different speeds and pressures together with the
DC output makes the conducting polymer-metal Schottky
contact very promising for the development of novel movement
sensors.
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