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ABSTRACT: In this work, we demonstrated the first study of piezotronic effect as a potential means for measuring temperature
by utilizing ZnO nanowire (NW) film. The film was synthesized by the wet chemical deposition method and transferred to a
flexible substrate using photoresist. The primary role of piezotronic effect over geometrical and piezoresistive effect in the as-
fabricated devices has been confirmed, and piezotronic effect on charge carrier transportation under different strains is
subsequently studied. In addition, we also presented that the temperature sensing capability of as-fabricated NW film based
piezotronic devices can be tuned by piezopotential, which exhibits dramatically enhanced sensitivity. A theoretical model is
proposed to interpret the observed behaviors of the sensor. This study provides an effective method to fabricate temperature
sensors with higher performance based on piezotronic effect in the future.

KEYWORDS: piezotronic effect, ZnO nanowire film, wet chemical deposition, temperature sensor, bimetallic strip

1. INTRODUCTION

Recently, Wurtzite-structured piezoelectric semiconductors,
such as ZnO, GaN, and InN, have been of particular interest
owing to their unique potential in novel applications by
conjunction of piezoelectric effect and semiconductor proper-
ties.' ™ Due to the noncentral symmetric hexagonal structure, a
Waurtzite-structured material generates a piezoelectric potential
across the crystal under strain. Piezoelectric-polarization-
induced piezopotential in strained piezoelectric semiconductors
acts as a “gate” to modulate carrier transportation across the
metal—semiconductor interface or p—n junction. This modu-
lation effect has produced a new mechanism for influencing the
charge carrier transportation process, in analogy to the well-
known externally electrically induced “field-effect transistor,”
which was first proposed as the piezotronic effect in 2007.* A
series of piezotronic effect-based devices have been fabricated,
including strain sensors,” piezopotential gated transistors,”” PH
Sensors,” gas sensors,” biosensors,'® and so forth, which exhibits
great potential in applications.

As of now, most of the fabricated piezotronic devices are
based on one-dimensional (1D) Wurtzite nanostructures,
especially ZnO nanowires. Although 1D nanostructures are
attractive to fundamental studies and possibly future
electronics, they possess certain limitations for industrial
applications. So far, various techniques have been reported
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for bottom-up synthesis of 1D semiconductor nanostructures,
whereas synthesized materials are still lacking uniformity in
terms of dimensions, morphologies, and doping levels, resulting
in inconsistent performance of each device.''™"* Furthermore,
the techniques currently available for processing as-synthesized
1D nanostructures are unmanageable or incompatible with
microfabrication processes.'* At present, the traditional thin-
film based processing is quite mature, which has been used
successfully in semiconductor technology over the past few
decades and led to advancement of modern portable electronics
and optoelectronics. Considering the technological compati-
bility, piezoelectric semiconductor thin films can be a good
candidate to substitute 1D nanostructures for realizing
piezotronic applications. There are various methods for
growing piezoelectric semiconductor thin films, such as physical
vapor deposition,''® wet chemical deposition,'”'® radio
frequency (RF) sputtering,'”*° molecular beam epitaxy,”"**
and metal—organic chemical vapor deposition.”*** Further-
more, wet chemical deposition is a good choice for synthesizing
ZnO thin film with high orientation along the ¢ axis,”> which
can greatly enhance the piezopotential along the polar axis.
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Figure 1. (a) Schematics on how to transfer the ZnO NW film from PET to the bimetallic strip. (b) Photograph of our practical fabricated device.
SEM image of the morphology of the as-synthesized ZnO nanowire film (c,d).

A measure and control of temperature in an ambient
atmosphere is important for our daily life, industrial processes,
and environmental monitoring. The bimetallic thermometer is
one of the most important candidates for temperature sensing
that has outstanding advantages of immunity to electro-
magnetic interference, simple fabrication, cost-effectiveness,
and durability against harsh environments. Piezotronic devices
are extremely sensitive to the external applied strain; therefore,
by a combination of the piezotronic effect and a bimetallic strip,
a temperature sensor with high sensitivity and practicability can
be obtained.

In this paper, we present the first study of piezotronic effect
as a potential means for measuring temperature by utilizing
ZnO nanowire (NW) film synthesized by the wet chemical
deposition method. The developed temperature sensor is
characterized under different temperatures in a range from 10
to 110 °C. The thin film is integrated on a temperature
sensitive bimetallic strip whose shape changes dramatically once
there is a temperature change. The strain produced by the
deformation of the strip in responding to temperature change
creates piezoelectric polarization charges in the ZnO NW film,
resulting in a change in Schottky barrier height (SBH) at the
metal—semiconductor contact. The piezotronic effect largely
enhanced the sensitivity and precision owing to the “gating”
effect from the piezoelectric polarization field. A theoretical
model using energy band diagrams is proposed to understand
the observed behaviors.

2. EXPERIMENTAL SECTION

2.1. Synthesis of ZnO NW Film. The ZnO NW film was
synthesized by the wet chemical deposition method on the surface of
polyethylene terephthalate (PET) with a thickness of 0.1 mm. Before

the growth, the PET was treated with ethanol and deionized water to
remove the surface’s impurities. Then the as-treated PET coated with a
ZnO seed layer (20 nm) by RF sputtering was placed in the nutrient
solution consisting of zinc nitrate and hexamethylenetetramine
(HMTA) with equal concentrations (0.1 mol/L). After 4 h in an
oven at 90 °C, the samples were rinsed in deionized water to remove
the chemical residuals. Finally the synthesized ZnO NW film was
transferred to the bimetallic strip, the size of which was 5.5 ¢m in
length and 2 cm in width. The selected bimetallic strip was about 120
pum in thickness and had two expansion layers, whose high expansion
layer was Mn;sNi;sCuy, and low expansion layer was NicFeg,.

2.2. Electrical Measurement of Temperature Sensor. The
different temperature environment and the voltage source were
provided by a temperature test chamber (Wuxi Zhongtian, GDW-50L)
and a synthesized function generator (Stanford Research Systems
DS345), respectively. The current signal of the sensor was measured
by a low noise current amplifier (Stanford Research Systems SRS70).

3. RESULT AND DISCUSSION

3.1. Device Fabrication. A transfer technique was
introduced to fabricate our device, as schematically shown in
Figure la. Negative photoresist (SUN-9i) as a sacrificial layer
was spin-coated onto the PET substrate before the subsequent
synthesis of ZnO NW film using the wet chemical deposition
method. The bimetallic strip substrate was then attached to the
as-synthesized ZnO NW film with epoxy. Next, the sample was
dried at room temperature for 12 h to improve epoxy’s
adhesion to the substrate. Lastly, the sacrificial layer was
dissolved by acetone, and the ZnO NW film was successfully
transferred from the PET substrate to the bimetallic strip
substrate. The photograph of the fabricated device was
sketched in Figure 1b. This transfer technique overcame the
geometric deformation of ZnO NW film synthesized directly
on the bimetallic strip (Figure S1) for device fabrication. The
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Figure 2. (a) I-V curves of a device with Ohmic contact electrodes under different strain values. (b) I-V curves of a device with Schottky contact
electrodes under different strain values. (c) Calculated changes in current and SBHs under different strain values at a fixed bias voltage. (d)

Relationship between temperature and strain for the bimetallic strip.

cross-sectional and surface morphologies of the ZnO NW film
before transfer are presented by scanning electron microscopy
(SEM) images in Figures 1c and d. The nanowires are orderly
grown and densely ranged as a textured film with the ¢ axis of
the NWs pointing upward.?

3.2. Ohmic Contact vs Schottky Contact. There are two
effects that can change the transport characteristics of a
piezoelectric semiconductor film: piezoresistive effect and
piezotronic effect. The piezoresistive effect is a volume effect,
and it usually responds linearly to the degree of strain. The
piezotronic effect is an interface effect owing to the presence of
the piezoelectric polarization charges at the metal—semi-
conductor interface, which is usually nonlinear. In order to
confirm which mechanism plays a primary role in the as-
fabricated ZnO NW film device, a pair of Al (30 nm) electrodes
was sputtered sequentially onto the first group of ZnO NW
films on the same sides so as to form Ohmic contacts with
ZnO. Considering that there would be high carrier density near
the junction interface for Ohmic contact, the piezotronic effect
can be significantly attenuated due to the screening effect to the
piezoelectric polarization charges,”” while geometrical and
piezoresistive effects contributing to the conductivity change
should remain unaffected. Here, a three-dimensional mechan-
ical manipulation stage with a displacement resolution of 1 ym
was used to bend the free end of the device to produce a
compressive or tensile strain across the thickness direction of
the ZnO NW film. I-V characteristics were subsequently
measured when different strains were exerted on the device,
and the results shown in Figure 2a demonstrate that for strain
up to +0.55%, both geometrical and piezoresistive effects have
little impact on the device conductivity. The stress states
introduced here in the NW film are different from the one
stated in the single nanowire piezoelectric test.>® Since the

thickness of the bimetallic strip is much larger than the
thickness of the ZnO film, once the metallic strip is bent
inward, the ZnO film is under tensile strain along the thickness
direction (e.g, ¢ axis of the NWs). By the same token, if the
bimetallic strip is bent outward, the ZnO film will have
compressive strain along its thickness direction. The magnitude
of the strain can be derived using the method introduced
previously."

In the second group of devices, silver was used as the metal
for the source electrode and the drain electrode to form
Schottky contacts, which was confirmed by I-V curves as
shown in Figure 2b. The current flowing through the device
increased when a compressive strain was applied, while it
decreased when a tensile strain was applied. The relative
changes in local SBHs were derived by quantifying the I-V
characteristic curves at a fixed bias voltage V. I, represents the
current flowing through the device without strain applied. The
I/I, strain curve in Figure 2c clearly shows that the currents
decreased with increasing strain under the reversely biased
source or drain (blue hexagons for 6 V bias on source and blue
triangles for 6 V bias on drain). The thermionic emission-
diffusion theory was utilized to calculate the strain-induced
change of SBH,*® which is plotted in Figure 2c (red roundness
and red quadrates). The results show that both SBHs at the
source or drain contacts rise when the applied strain increases;
a change of 15 meV is received when the applied strain is
0.55%. The bimetallic strip can deform differently with the
temperature changing, and the corresponding strain in the film
can be directly derived from the shape of the strip. The
relationship between temperature and strain is schematically
shown in Figure 2d, which indicates that the strain of the
bimetallic strip is almost a linear change at a temperature

dx.doi.org/10.1021/am500993p | ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX
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Figure 3. (a) Response and relative current change of the sensor to the temperature, varying from 10 to 110 °C. (b) Repeatability of the temperature
sensor at fixed bias voltage. (c) I-V curves of the sensor at different temperatures. (d) Enlarged image of ¢ from 60 to 110 °C. (e) The normalized
average sensitivity of the sensor at different bias voltages and different temperatures, which was defined as follows: S = I(Itempmture — Ligec)/ (Iigec X
AT)l, AT = temperature — 10 °C. (f) Deformation of the practical sensor at different temperatures. The bimetallic strip was 5.5 cm in length and 2
cm in width, while the ZnO NW film was about 1 cm in length and 0.5 cm in width.

between 20 and 110 °C and could exert effective strain on the
ZnO NW film.

3.3. Characterization of the Sensor at Different
Temperatures. The response of the ZnO NW film based
sensor to the temperature, measured at a fixed bias of 6 V, is
presented in Figure 3a (red roundness). The response signal of
the sensor (i.e., current here) decreased significantly from a few
microamperes to dozens of nanoamperes with the increase of
the temperature from 10 to 110 °C. This obvious trend is
mainly controlled by the piezoelectric polarization charges at
the contact interface and thermal disturbance of the sensor.
The induced negative piezoelectric polarization charges at the
contact interface between silver and ZnO NW film raise the
SBH and reduce the current coupled with thermal disturbance.
This result indicates that the ZnO NW film based device has a
good response to temperature. The relative current change of
this sensor was calculated utilizing eq 1, as shown in Figure 3a
(blue roundness), which presents a trend of parabola, and the
relative current change is as high as 50% from 30 to 70 °C.

AI/I = (I

temperature

- Itemperature —-10° C) /Itemperature —-10°C

(1)

where Iopperature 1S the current signal value at a temperature and
Lemperature—10°c at a temperature which is 10° lower. The ZnO
NW film based sensor for the temperature change showed good
repeatability with a fixed bias voltage at the source electrode, as
illustrated in Figure 3b. This temperature sensor could keep a
stable value at a certain temperature in the cycle of the
temperature change.

Systematic measurements of the temperature sensor were
performed in a temperature test chamber under different
temperatures at a fixed relative humidity about 12%. Figure 3¢
shows the temperature sensor’s I-V characteristic at different
temperatures. The device presents a typical nonlinear sym-
metrical I-V curve, which indicates that the two Schottky
barriers at the two contacts have almost the same heights under
the fixed bias voltage. To further demonstrate the ZnO NW
film based temperature sensor’s performance, the sensitivity
under different source bias voltages and different temperatures
derived from Figure 3c was plotted in a 3D graph, as shown in
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Figure 4. (a) I-V curves of the device with Ohmic contact at different temperatures. (b) The current signals of the device with Ohimc contact under
a fixed bias voltage at different temperatures. (c) [-V curves of the device with Schottky contact and sillicon substrate at different temperatures. (d)
Normalized current change at different temperatures. The blue curve represents the device with a silicon substrate; the red represents the device with

a bimetallic strip substrate obtained from Figure 3c.

Figure 3e. Furthermore, a more detailed characterization about
the changing trends of the sensitivity and the resolution are
illustrated in Figures S2 and S3, respectively. On the whole, at
one fixed temperature, the sensitivity gradually increased with
the increase of bias voltages, among which the maximum one
and the minimum one incredibly reached 3.05%/°C and
0.98%/°C, which were about 10 times and 3 times, respectively,
higher than responses of the temperature sensors on the
market, such as PT100 based thermometers. At one fixed bias
voltage, the sensitivity first increased to the maximum value
with the rise of temperature and then gradually decreased when
the temperature exceeded 30 °C, which is determined by the
properties of the bimetallic strip. The deformations of our
practical device under different temperatures are shown in
Figure 3f.

3.4. Piezotronic Enhanced Temperature Sensor. In
order to research whether the current change of the
temperature sensor was affected by the change of SBH, the
mobility of carriers or the piezopotential, two group contrast
devices were fabricated. On one hand, a device that sputtered a
30 nm aluminum electrode to form Ohmic contact was
characterized under different bias voltages and different
temperatures as shown in Figure 4a. The variation of the
current signal under a fixed bias voltage is illustrated in Figure
4b, fitting a parabolic function with the temperature, which
indicates that, with the increase of the temperature, the mobility
of the carriers (electron) increases at low temperatures and
then decreases at high temperatures and practically accords
with the previous research.”® On the other hand, the ZnO NW
films were transferred to silicon and aluminum oxide to
fabricate contrast devices with Schottky contact, both of which
had a low coeflicient of thermal expansion. All of the devices

exhibited similar current changes under different temperatures.
Here, taking a silicon substrate based device as an example, the
I-V curves are illustrated in Figure 4c. The possible
explanation for the experimental results is as follows: At low
temperatures, with the increase of temperature, the Fermi level
and band gap of the metal and semiconductor remain little
changed while the mobility of the carrier (electron) increases
rapidly,”® resulting in the increased current. At high temper-
atures, with the increase of temperature, the mobility of the
carrier decreases gradually while the lowered Fermi level and
the shrinkage band gap lead to the rise of the Schottky barriers,
resulting in the decreased current.

Further detailed current change compared with the bimetallic
strip substrate based temperature sensor was defined as eq 2
and illustrated in Figure 4d. The bimetallic strip based device
exhibits a more distinct current change than the silicon based
one, which is enhanced by piezotronic effect, which improves
the performance of this temperature sensor obviously.

_AI/I = (IIO°C - Itemperat-ure)/IIO"C (2)

3.5. Theoretical Basis. The band diagrams of the ZnO NW
film based temperature sensor are illustrated in Figure S to
better understand the underlying working mechanism. Figure
Sa shows the original state of the energy band with two similar
SBHs formed at both contacts. When the sensor is connected
to an external power source, the quasi-Fermi level of the
negative connected electrode (source side here) is raised, giving
rise to the higher potential drop, as shown in Figure Sb.
However, the biased voltage does not affect both of the barrier
heights between the electrode and the ZnO NW film. The
bimetallic strip deforms correspondingly to the temperature
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Figure 5. Schematic energy band diagrams illustrating the change of Schottky barriers at the source and drain contacts. (a) Similar Schottky barrier
heights were formed at both contacts. (b) The quasi-Fermi level of one electrode is raised (source side here) with an external power source applied.
(c) When the temperature is raised, negative piezoelectric polarization charges are induced at the top surface of the ZnO film, increasing the SBHs
coupled with thermal disturbance at both contacts. (d) When the temperature is lowered, positive piezoelectric polarization charges are induced at
the top surface of the ZnO film, decreasing the SBHs coupled with thermal disturbance at both contacts.

rise, which is equivalent to applying a tensile strain in the
thickness direction of the ZnO NW film; therefore, negative
piezoelectric polarization charges are induced at the top surface
of ZnO NW film if its normal direction is the ¢ axis. These
immobile jonic charges deplete part of the free electrons near
the metal—semiconductor interface and therefore raise the SBH
coupled with the thermal disturbance at both contacts, as
shown in Figure Sc. When the temperature was lowered, the
bimetallic strip posed tensile strain in the thickness direction.
Accordingly, positive piezoelectric polarization charges are
induced near the top surface of the ZnO NW film, attracting
free electrons toward the metal—semiconductor interface and
subsequently decreasing the SBHs coupled with the thermal
disturbance at both contacts, as shown in Figure 5d. The
conductivity of the entire NW film device hinges on the
reversely biased Schottky barrier and mobility of the carrier.
Additionally, effective conductivity of the device is sensitive to
the change in SBH at that contact. Different from piezotronic
devices based on 1D nanomaterials in which metal—semi-
conductor contacts are formed at the two opposite polar
surfaces,s’é both electrode contacts are at the same surface of as-
grown ZnO NW film. Thus, piezoelectric polarization charges
with the same polarity will be induced at the two Schottky
contacts when external strain is applied on the ZnO NW film.
This led to the observed I-V curves (Figures 3c and d) in

which there is the same tuning trend of applied strain when
either source or drain side is reversely biased.

4. CONCLUSION

In summary, via a film transfer technique, we demonstrated the
first flexible piezotronic temperature sensor, which was based
on wet chemical grown ZnO piezoelectric NW film. The
primary role of the piezotronic effect over the geometrical and
piezoresistive effects in the as-fabricated devices has been
confirmed, and the piezotronic effect on charge carrier
transport under different strains is subsequently studied. In
addition, we also showed that the temperature sensing
capability of an as-fabricated nanowire film based piezotronic
device can be tuned by piezopotential, exhibiting dramatically
enhanced sensitivity. A theoretical model is proposed to
interpret the observed behaviors of the sensor. This study
provides an effective means to fabricate a temperature sensor
with higher performance based on the piezotronic effect in the
future.
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Additional schematic figures on the I-V curves of the sensor
where ZnO NW film was directly synthesized on the bimetallic
strip, the sensitivity, and the resolution of the temperature
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sensor. This material is available free of charge via the Internet
at http://pubs.acs.org.
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