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S
emiconductor nanowires (NWs) are
considered to be oneof themost useful
and diverse classes of functional nano-

materials for electronics, sensors, optoelec-
tronics, and energy sciences, such as nano-
generators,1�4 light-emitting diodes (LEDs),5

nanolasers,6 nanowire PV devices,7�10 gas
sensors,11 biosensors,12 and nano field-effect
transistors (FETs).5,13�16 By surface functio-
nalization of NWs, individual NW-based FETs
can serve as ultrasensitive sensors for detect-
ing a wide range of gases, chemicals, and
biomedical species.5,12 Although the size of
the devices is reduced dramatically using
NWs, the sensitivity does not increase so
much since the active area of the sensor
decreases as well, which means the possibi-
lity of adsorbing the target molecules on
the sensor surface greatly decreases as well.
The largely changing resistance of the small
sensors results in a rather low electric signal,
usually at nA or even pA level, which normally
needs advanced and expensive electronics to

detect. Traditionally, in order to enhance the
sensitivity, the contacts of the devices are
always chosen to be ohmic for maximizing
the “gating” effect from the adsorbed mol-
ecules. Also the sensor area is chosen to be so
small that a group of molecules adsorbed on
the surface may significantly change its con-
ductance. In our previous work, we intro-
duced a new approach of replacing the
ohmic contact by the Schottky contact; in
such a case, the contact area can be small,
although the surface area of the NW can be
large. Using such a design, superhigh sensi-
tivity has been demonstrated for NW UV
sensors,17 biosensors,18 and gas sensors.19

The key here is that the adsorbed molecules
modify the metal�semiconductor contact.
Wurtzite and zinc blend structured semi-

conductors, such as GaN, ZnO, CdS, and
ZnSe, usually have apiezoelectric effect. Strain-
induced piezoelectric polarization in the ma-
terial can be effectively used to tune the
semiconductor characteristics of the device,
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ABSTRACT We demonstrated the first piezoelectric effect on the

performance of a pH sensor using an MSM back-to-back Schottky

contacted ZnO micro/nanowire device. When the device is subjected to

an external strain, a piezopotential is created in the micro/nanowire,

which tunes the effective heights of the Schottky barriers at the local

contacts, consequently increasing the sensitivity and signal level of the

sensors. Furthermore, the strain-produced piezopotential along the

ZnO micro/nanowire will lead to a nonuniform distribution of the

target molecules near the micro/nanowire surface owing to electro-

static interaction, which will make the sensor proactive to detect the

target molecules even at extremely low overall concentration, which

naturally improves the sensitivity and lowers the detection limit. A theoretical model is proposed to explain the observed performance of the sensor using

the energy band diagram. This prototype device offers a new concept for designing supersensitive and fast-response micro/nanowire sensors by introducing

an external strain and piezotronic effect, which may have great applications in building sensors with fast response and reset time, high selectivity, high

sensitivity, and good signal-to-noise ratio for chemical, biochemical, and gas sensing.
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which is referred to as the piezotronic effect.20,21 Piezo-
tronics concerns devices fabricated using the piezopo-
tential as a “gate” voltage to tune/control charge carrier
transport at a contact or junction.22 It is demonstrated
that the piezotronic effect can greatly improve the perfor-
mance of photon detectors,23 FETs,24 and photoelectro-
chemicaldevices.25Here,byusingametal�semiconductor�
metal (MSM) back-to-back Schottky contacted ZnO
micro/nanowiredevice,wehavedemonstrated thepiezo-
electric effect on the performance of a pH sensor. An
externally applied strain produces a piezopotential in the
micro/nanowire, which tunes the effective height of the
Schottky barrier at the local contact, consequently in-
creasing the sensitivity and signal level of the sensors.
Furthermore, the strain-produced piezopotential along
the ZnO micro/nanowire will lead to a nonuniform
distribution of the target molecules near the micro/
nanowire surface owing to electrostatic interaction,
which will make the sensor proactive to detect the target
molecules even at extremely low overall concentration,
which naturally improves the sensitivity and lowers the
detection limit. This prototype device offers a new con-
cept for designing supersensitive and fast-response
micro/nanowire sensors by introducing theexternal strain
and piezotronic effect, which may have great applica-
tions in building sensors with fast response and reset
time, high selectivity, high sensitivity, and good signal-
to-noise ratio for chemical, biochemical, and gas sensing.

RESULTS AND DISCUSSION

Working Principle. Figure 1 illustrates the working
principle of a traditional NW sensor and the novel
piezotronics-tuned proactive NW sensor. Traditional
NW sensors typically use a functionalized NW as the
essential sensor tip, which is bonded at its two ends in
ohmic contacts in an FET configuration. The target

molecules adsorbed on the surface of the NW may
change the device's conductance by modifying the
surface charges and states, disturbing the gate poten-
tial, changing the local work function and band align-
ment, changing the gate coupling, and/or altering the
carrier mobility. We regarded these as a “floating gate”
effect on the conducting channel of the FET, as shown
schematically in Figure 1a and c.

The proactive sensor is based on an MSM back-
to-back Schottky contacted ZnO micro/nanowire on a
flexible substrate, as shown in Figure 1b and d. Due to
the polarization of ions in the ZnO micro/nanowire, a
piezopotential is created by applying a strain. Owing to
the simultaneous possession of piezoelectricity and
semiconductor properties, the piezopotential created
in the crystal has a strong effect on the carrier transport
at the interface/junction, known as a piezotronic effect,
which tunes the effective height of the Schottky barrier
(SB) asymmetrically at the local contacts and controls
charge carrier transport at the contacts, consequently
increasing the sensitivity and signal level of the sensors.
Furthermore, the strain-produced piezopotential along
the ZnO micro/nanowire will lead to a nonuniform dis-
tributionof the targetmolecules near themicro/nanowire
surface owing to the electrostatic interaction of the local
piezoelectric polarization charges with the charged mol-
ecules. Taking a pH sensor as an example, the concentra-
tion of Hþ would be higher at the negative potential
end of the ZnO micro/nanowire than the average con-
centration in the solution due to electrostatic attraction.
This will make the sensor proactive to detect the target
molecules with a higher sensitivity and lower detection
threshold.

Device Fabrication. The fabrication of a ZnO micro/
nanowire pH sensor follows themethod reported by us
previously.26 The ZnO micro/nanowire was synthesized

Figure 1. Schematic of the device design and working principle of a traditional NW-based FET configuration nanosensor and
the piezotronics-tuned ZnO micro/nanowire proactive pH sensor. (a, b) Device design for a conventional NW sensor and the
proactive sensor. (c) Working principle of the traditional NW sensor, which detects the species under the conrol of a “floating
gate” introduced by the adsorption and desorption of the detected species. (d)Working principle of the ZnOmicro/nanowire
proactive sensor with the signal current enhanced by piezotronics effect.
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via a vapor�solid method, which gave high-quality
and long micro/nanowires. The morphology of the as-
fabricated ZnOmicro/nanowires is presented in Figure 2a,
with lengths of several hundreds of micrometers and
diameters varying from tens of nanometers to several
micrometers. An enlarged SEM image of an individual
ZnO micro/nanowire is shown as an inset in Figure 2a.
Then, a long ZnO micro/nanowire was chosen and
dispersed onto a polyethylene terephthalate/or a poly-
styrene (PS) substrate; both ends of the ZnO micro/
nanowire were fixed by silver paste, serving as electro-
des as well. After that, a layer of epoxy was used to fully
cover the two silver electrodes, preventing them from
being exposed in the buffer solution during the follow-
ing test. Anopticalmicroscopy imageof anas-fabricated
device is presented in Figure 2b, showing that the
length of the ZnO micro/nanowire reaches over hun-
dreds ofmicrometers. A real device is given in Figure 2c.

Sensor Performance Characterization. The response of
the micro/nanowire sensor to the pH was tested by
measuring its transportation properties in different
buffer solutions. During this test, no strain was applied
on the device; thus the signal level is at the nA range,
just like traditional NW-based sensors. The results in
Figure 2d demonstrate that the signal of the ZnO
micro/nanowire sensor increased stepwise with dis-
crete changes in pH from 12 to 3, showing a good
response to the pH change. These results are con-
trolled by the “floating gate” and can be understood by

considering the surface functionality of the ZnO micro/
nanowires in different buffer solutions. At low pH, Hþ is
absorbed on the surface of the ZnO micro/nanowire and
acts as apositivegate,which increases theelectroncarriers
in the n-type ZnO micro/nanowire and thus increases the
conductance. At high pH, OH� is absorbed on the surface
of the ZnO micro/nanowire, which correspondingly de-
pletes the electron carriers and causes a decrease in
conductance.5 The response of the micro/nanowire sen-
sor to the pH change is stable and repeatable (Figure 2e).

Figure 3 shows the stability and repeatability of the
device under externally applied strain in different
environments, such as in ambient and buffer solutions.
Since the tensile strain would likely cause the failure of
the ZnO micro/nanowire, only a compressive strain
was applied on the device. One end of the PS substrate
was fixed tightly on a manipulation holder, with the
other end free to be bent. A three-dimensional (3D)
mechanical stage with movement resolution of 1 μm
was used to apply a strain on the free end of the PS
substrate, which can be calculated according to Yang
et al.'s work.27 I�V characteristics of the devices at
different strains in different solution (pH = 4 and 12)
were recorded in Figure 3, with the c-axis of the ZnO
wire pointing from drain to source. The insets in
Figure 3a, c, and e are corresponding test conditions.
We find that the device has similar behaviors when it is
subjected to an external strain, either in the buffer
solutions or in the ambient environment.

Figure 2. SEM image of themorphology of the as-synthesized ZnOmicro/nanowires. The insert is a high-magnification image
of an individual wire. (b, c) Optical microscopy and digital image of a ZnO micro/nanowire pH sensor. (d) Response of the
sensor to the pH, varying from3 to 12, with no external strain applied, just like traditional NW-based sensors. (e) Repeatability
of the ZnO pH sensor at pH 5 and 12.
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An energy band diagram of such an M�S�M
structure is presented as insets in Figure 3b. It is clear
that a compressive strain leads to a signal current
increasing from nA to μA with a strain of about
�0.4% applied when the device is subjected to a bias
voltage of 1.5 V, which is mainly controlled by the
Schottky barrierΦd in such an M�S�M structure.28�31

The Schottky barrier heights Φd and Φs at the drain
and source sides in Figure 3a, c, and e were quantita-
tively extracted through the GUI program PKUMSM
developed by Peng et al.29 The relative changes of
the Schottky barrier heights (ΔSBH) at both sides are

presented at the right-hand side of Figure 3. For such a
sensor application, we mainly focus on the positive-
biased I�V curves, which are determined by the
Schottky barrier Φd, since the current is much higher
than that when the sensor is negatively biased. Appar-
ently, the trends of Φd in the three cases have similar
behavior, which decreases with the increase in com-
pressive strain. Usually, the trends of Φd and Φs turn
out to be opposite each other due to the piezotronic
effect, as presented in Figure 3b and d. Since ZnO is a
piezoelectric semiconductor, a strain in the structure
would produce piezocharges at the interfacial region. It

Figure 3. Stability and repeatability of the device under externally applied strain in different environments, such as in
ambient and buffer solutions. (a, c, e) I�V curves of the sensor when they are under different strains when the device is in
ambient air (a), in a buffer solution at pH = 4 (c), and in a buffer solution at pH = 12 (e), with the c-axis of the ZnO micro/
nanowire parallel to the longitudinal axis of the PS substrate. The right side is the corresponding relative changes of the
forward and reversely biased Schottky barrier height (ΔSBH) vs the applied strain extracted from the theoretical simulations
corresponding to (a, c, e), respectively. An energy band diagram of such an MSM structure is presented in (b).
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is important to note that the polarization charges are
ionic charges, which are nonmobile charges located
adjacent to the interface and cannot be completely
canceled. The positive piezocharges may effectively
lower the barrier height at the local Schottky contact,
while the negative piezocharges increase the barrier
height. Sometimes, the simulation program cannot get
a perfect result by using the nonlinear least-squares fit
to obtain these parameters. Because of this, the pro-
gram drops into a local minimum, instead of a global
minimum, when the source data are not very accurate,
such as the current level (tens of pA) for the I�V curves
presented in Figure 3f, when the device is negatively
biased. The performance of the device under strain in
ambient and buffer solution at pH 4 and 12 shows that
the device was very stable under the applied strain in
different environments.

Proactive Sensor by Piezotronic Effect. The signal level of
the device is increased and the sensitivity of the device
is enhanced as well by the piezotronics effect, as
shown in Figure 4. When a strain-free sensor was
immersed in a buffer solution at pH 5, the signal level
in the device was only 1.2 nAwhen a bias voltage of 0.5
V was applied, as the blue curve shows in the inset of
Figure 4a. Thereafter, this current jumped to 1.75 μA

when a compressive strain of ε =�0.92% was applied,
increasing by nearly 1500 times. The responses of the
ZnOmicro/nanowire pH sensor to the full pH changing
range when the external strain is “off” (red curve) and
“on” (blue curve) are presented in Figure 4b. It indicates
the same phenomenon at the full pH scale; that is, the
response signal level of the device is at the nA level
when the ZnO micro/nanowire is strain free, and the
current response of the device is at the μA level when
the ZnO micro/nanowire is compressively strained to
ε =�0.92%. The piezotronic effect can not only increase
the signals level of the sensor but can also increase the
sensitivity, which can be extracted from the slope of
the current�pH relationship in Figure 4b. A larger
slope means higher sensitivity and better selectivity
for the pH sensor.

The piezotronic effect increases the signal level of
the device and enhances the sensitivity of the device
by tuning the effective heights of the two SBs and thus
the characteristic of theNW sensor. The decrease of the
Φd increases the signal current level, while the increase
of the Φs decreases the signal current. As a result,
two kinds of characteristic relationships between the
sensor performance and the applied strain have
been observed. The first one is that the signal current

Figure 4. The signal level and the sensitivity of the sensor are increased by the piezotronics effect. (a) Output signal of a
sensor in a buffer solution of pH = 5 when the strain is “off” (blue) and “on” (red). The signal is increased about 1500 times
when a compressive strain of ε = �0.92% was applied. (b) Response of the sensor to the pH, varying from 3 to 12, when the
device is strain off (red) and on (blue). (c, d) Relative change of the signal current responses to the strain applied on the device
in the buffer solutionwith pH= 4 (blue) and 12 (red), respectively, which can be divided into two categories: (c)monotonically
increasing, (d) with the signal current showing a maximum in response to the applied strain.
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increases with applied strain, as shown in Figure 4c,
showing the stepwise monotonically increasing signal
current from the nA to μA range at pH = 4 (red curve)
and 12 (blue curve). In the second case, the signal
current shows a maximum in responding to the ap-
plied strain.

Theoretical Model. A theoretical model is proposed to
explain the piezotronic effect on the performance of
the pH sensors using energy band diagrams, as shown
in Figure 5. For piezoelectric semiconductors such as
ZnO andGaN, a piezoelectric potential is created inside
the NW by applying a strain/pressure/force owing to
the noncentral symmetric crystal structure.2 Once a
strain is created in the ZnO micro/nanowire, there
exists a piezopotential distribution along the c-axis (the
micro/nanowire direction). The role played by the piezo-
potential is to effectively change the local contact char-
acteristics through an internal field; thus, the charge carrier
transport process is tuned at the metal�semiconductor
contact. For n-type materials, a negative piezopotential
effectively increases the local SBH, while a positive piezo-
potential reduces the barrier height.

When the ZnO micro/nanowire device is under
compressive strain, as shown in Figure 5b, the source
has a negative piezopotential and thus an increase in
the SBH, while the drain has a positive piezopotential
with a lowed SBH. When a low compressive strain is
applied, the SBH Φs is not very high; the transport
property of the sensor is dominated by the SBH Φd,
as shown in Figure 4c. However, with a continuous

increase in compressive strain, the SBH Φs is even
further increased, which starts to hinder the transport
property of the electrons, resulting in a decrease in
electric current. Therefore, there exists a critical strain
value at which the transported current of the entire
device reaches the optimum, as shown in Figure 4d.

The volume effect of the floating gate, which is
much weaker than the strain gated piezotronic effect
at the interface, can be understood by considering the
surface charge states of the ZnO micro/nanowires in
different buffer solutions. At low pH (Figure 5c), Hþ is
absorbed on the surface of the ZnO micro/nanowire
and acts as a positive “gate”, which is equivalent to
simultaneously lowering the conduction and valence
bands of ZnO, as labeled in Figure 5c, resulting in a
decrease of the bands including the heterojunction
interface to lower energy, thus increasing the conduc-
tance. At a high pH, OH� is adsorbed on the surface of
the ZnO micro/nanowire, correspondingly depleting
the electron carriers, which is equivalent to increasing
all bands of ZnO, as labeled in Figure 5d, and causing a
decrease in conductance. That is to say, the conduction
and valence bands of the ZnO micro/nanowire are
lower in a low pH solution than that in a high pH
solution. This is the reason that the maximum point
occurs at a higher strain for pH = 4 than that for pH= 12
(see Figure 4d).

Discussion. Different from traditional NW sensors,
our ZnO micro/nanowire sensor is a proactive-type
sensor. The strain-produced piezopotential along the

Figure 5. Schematic energy band diagrams illustrating the asymmetric Schottky barriers at the source and drain contacts (a)
unstrained, (b) compressively strained in air, (c) compressively strained in an acid buffer solution, and (d) compressively
strained in a buffer solution with pH greater than 7.
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ZnO micro/nanowire will lead to a nonuniform distri-
bution of the target molecules near the NW surface.
Taking the pH sensor as an example, the concentration
of Hþwould be higher at the negative potential end of
the ZnO micro/nanowire than the average concentra-
tion in the solution. This means that such a piezo-
potential can enable a ZnO micro/nanowire sensor to
detect a concentration even below the detection limit
of the sensor without being strained. Furthermore, by
increasing the signal level of the entire device from nA
to μA without sacrificing the sensitivity, the need to
utilize advanced electronics for measuring the signal
will be avoided, which is beneficial for the commercia-
lization of the technology.

Lastly, we discuss the stability of the ZnO micro/
nanowires in chemical solution. A GaN NW is a better
choice for building such a piezotronic effect tuned
proactive sensor, due to its excellent chemical stability
in buffer solutions. But the cost is very high of GaN NWs
replacing the ZnO micro/nanowires, since GaN NWs are
always synthesized via high-cost MOCVD or MBE meth-
ods. On the contrary, a ZnO micro/nanowire is a very
economic choice and can be easily obtained via many
methods, such as the hydrothermal method, chemical
vapor deposition, physical vapor deposition, and so on.

Although ZnO cannot sustain long-time immersion in
very low pH or very high pH buffer solutions, the device
was stable during our test, which is nearly 4 h for each
experiment. In a practical application, the pH sensor
would not be required towork continuously in the buffer
solution; rather a few seconds would be enough. This
means that a ZnOmicro/nanowire sensor can be repeat-
edly used for a few thousand times. For these above-
mentioned reasons, a ZnO micro/nanowire is a good
choice for building a prototype of such proactive sensors.

CONCLUSION

In summary, we demonstrated the first piezotronic
effect on the performance of a pH sensor using anMSM
back-to-back Schottky contacted ZnO micro/nanowire
device.When thedevice is subjected to anexternal strain,
a piezopotential is created in the NW, which tunes the
effective heights of the Schottky barriers at the local
contacts, consequently increasing the sensitivity and
signal level of the sensors. A theoretical model is pro-
posed to explain the observedperformance of the sensor
using the energy band diagram. This study has a bright
future for applications in building sensors with fast
response and reset times, high selectivity, high sensitivity,
and good signal-to-noise ratio.

METHODS
ZnO Micro/Nanowire Synthesis and Device Fabrication. ZnO micro/

nanowires were fabricated via the vapor�solid growth process.
ZnO powder was placed in the center of the tube furnace, while
the alumina substrate was placed 25 cm downstream from the
center. The typical synthesis was carried out at a temperature of
1400 �C and pressure of 75 Torr for 3 h.

The fabrication of a ZnO micro/nanowire pH sensor follows
the procedure repoted by us previously.26 A bundle of surface-
functionalized wires were “picked up” or scratched onto the
substrate. Then checking the wires with an optical microscope,
a long and separated ZnO micro/nanowire was chosen. In this
step, wires can be easily distinguished with an optical micro-
scopewith amagnification around 100�. Then both ends of the
ZnO micro/nanowire were fixed by silver paste, serving as
electrodes as well. After that, a layer of epoxy was used to fully
cover the two silver electrodes, preventing them from being
exposed to the buffer solution during the following test.

Piezotronic Effect on ZnO Micro/Nanowire pH Sensors. One end of
the PS substratewas fixed tightly on amanipulation holder, with
the other end free to be bent. A 3D mechanical stage with
movement resolution of 1 μmwas used to apply a strain on the
free end of the PS substrate. I�V characteristics of the devices at
different strains in solution with different pH's were recorded.
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