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ABSTRACT: High sensitivity of pressure/strain sensors is the key to accurately evaluating external mechanical stimuli and
could become more important in future generations of human−machine interfaces and artiﬁcial skin. Here we report the
study of a two-terminal piezotronic transistor based on ZnO twin nanoplatelets (TNPT). Owing to the mirror symmetrical
structure of ZnO twin nanplatelet, compressive pressure-induced positive piezoelectric polarization charges created at both
metal−semiconductor interfaces can simultaneously lower both Schottky barrier heights and thus signiﬁcantly modulate
the carrier transport. Our device exhibits the highest pressure sensitivity of 1448.08−1677.53 meV/MPa, which is more
than ∼20 times larger than the highest value reported previously, and a fast response time of <5 ms. In addition, it can be
used as a photodector with an ultrahigh external photoresponsivity of ∼1.45 × 104 AW−1, which is ∼105 times larger in
magnitude than that of commercial UV photodetectors. The coupling between the mirror symmetrical structure and strong
piezotronic eﬀect in ZnO twin nanoplatelets may enable the development of ultrasensitive pressure/strain sensors for
various applications such as artiﬁcial skin, health monitoring, and adaptive biomedical probes.
KEYWORDS: piezotronic transistor, high sensitivity, piezotronic eﬀect, piezo-phototronic eﬀect, ZnO twin nanoplatelet
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by using the piezoelectric semiconductor NWs with wurtzite
structure (such as ZnO and GaN) or two-dimensional (2D)
MoS2 ﬂakes.19−23 The piezoelectric polarization charge-induced
piezopotential in the NW or ﬂake at the metal−semiconductor
interfaces can directly control the transport characteristics of
the piezotronic transistor through controlling the Schottky
barrier heights (SBHs). The magnitude and polarity of the
piezopotential within the piezoelectric semiconductor change
according to the local stress.6 The piezotronic transistor can
directly convert the mechanical irritation into electrical signals
without applying gate voltage, so that it has been already used

onsiderable interest has been devoted to implementing
ultrafast, high-sensitivity, and low-power pressure/
strain sensors for their applications in smart skin,
healthcare, and defense technology.1−6 As for nanoscale
pressure/strain measurement, various multifunctional tactile
sensors have been developed based on nanotubes, nanowires
(NWs), and nanoﬁlms by using the piezoresistive eﬀect of
nanomaterial to measure the spatial distribution of mechanical
actuations.7−15Although this scheme of pressure/strain sensing
presents attractive approaches to achieving an intelligent system
that can mimic the function of human skin, the pressure/strain
sensitivity of them (gauge factor ∼0.06−850)10,11,16−18 is still
relatively low due to a lack of direct and active interface
between electronics and mechanical irritations.
Recently, strain-gated piezotronic transistors with twoterminal metal−semiconductor−metal structure were invented
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Figure 1. Top view (a) and side view (b) scanning electron micrographs of ZnO twin nanoplatelet. The scale bar indicates 1 μm. (c)
Piezoelectric coeﬃcient d33 of ZnO single and twin nanoplatelet acquired with diﬀerent frequency. (d) Schematic illustration of TNPT. The
red arrows represent the positive c axes of ZnO twin nanoplatelet. (e) Band diagrams of the working mechanism of TNPT. (f) The
modulation of carrier transport by pressure in a TNPT, which shows the characteristic of piezotronic eﬀect. (g) Current presented in semilog
form vs voltage under reverse bias condition. (h) Calculated SBHs change as a linear function of the applied pressure shows that the
modulation eﬀect of applied pressure on the SBHs, demonstrating the extreme sensitivity of TNPT.

about 100,000 times higher that of the commercial UV
photodetectors.25,26 This improvement can be understood as
following: The compressive pressure-induced positive piezoelectric polarization charges at both ends of ZnO twin
nanoplatelet can eﬀectively lower the Schottky barriers height
at both ZnO−metal contacts, which improves the charge carrier
transport across the ZnO−metal interfaces and enhances the
pressure/strain sensing.

as active tactile sensors and self-emitting light strain sensors for
tactile imaging.6,19 These sensors have shown great potential
applications in smart skin, human−machine interface, and
bioimaging. However, due to the polar c axis orientation of
NWs and armchair orientation of 2D ﬂakes, the strain-induced
piezopotentials at two contacts of a piezotronic transistor are
opposite, which will result in converse modulation on local
SBHs of the metal−semiconductor contacts and limit the
pressure/strain sensitivity of the piezotronic transistor. Moreover, the buckling eﬀect24 among NWs and relative low
piezoelectric coeﬃcient of 2D ﬂakes21 also have negative
inﬂuence on the pressure/strain sensitivity. To improve the
pressure/strain sensitivity of the piezotronic transistor, it is
important to develop devices whose SBHs of metal−semiconductor Schottky contacts can be modulated more eﬀectively
through strain.
Here we report a kind of two-terminal piezotronic transistor
based on a ZnO twin nanoplatelet (TNPT) with the highest
pressure sensitivity of 1448.08−1677.53 meV/MPa (gauge
factor 2.9−9.4 × 109), which is ∼50 times larger than the
reported NW-bundle-based piezotronic transistors.6 Additionally, upon UV irradiation, we have also observed the TNPT’s
large external photoresponsivity of ∼1.45 × 104 AW−1, which is

RESULTS AND DISCUSSION
To develop an approach for an ultrasensitive piezotronic
transistor, we synthesized a type of ZnO twin nanoplatelet. The
scanning electron microscopy (SEM) images (Figures 1a,b and
S1) show the ZnO twin nanoplatelet has a hexagonal shape,
with a mirror symmetrical structure. Figure S2 shows the X-ray
diﬀraction (XRD) pattern of twin nanoplatelets (red curve),
which can be indexed to the wurtzite structure. As the most
important factor of piezoelectric material, the eﬀective
piezoelectric coeﬃcient d33 (Figures 1c and S3) of ZnO single
nanoplatelet (blue curve) and twin nanoplatelet (red curve)
were measured by piezoresponse force microscopy (PFM).
They are found to be frequency dependent, which may be due
to the imperfect electrical contact at the interface or surface
B
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Figure 2. (a) The current of the TNPT increased step-by-step as the pressure increased. (b) ln(I)−P curve demonstrates a linear relationship
between ln(I) and the applied pressure, showing the extreme sensitivity and indicating the modulation eﬀect of applied pressure on
conductance. (c) Current response to a pressure pulse, showing the repeatability of the pressure-switching response at 1.5 V bias. (d) Time
response of the current between 145 and 165 s.

charge eﬀect. The d33 of ZnO single nanoplatelet (Figure S1) is
about 18.9−22.5 pm/V,24 which is relatively high compared
with the previous reported values (Table S1), whereas the
measured d33 value of ZnO twin nanoplatelet is negligible
because of the mirror symmetrical structure. With the mirror
symmetrical geometry and strong piezoelectricity presented in a
single nanoplatelet (half part of twin nanoplatelet), the ZnO
twin nanoplatelet is a suitable candidate to serve as the
piezoelectric component of piezotronic nanodevices.
Based on the well-aligned ZnO twin nanoplatelets, a kind of
two-terminal TNPT is designed (Figures 1d and S4). The basic
structure of the TNPT consists of one ZnO twin nanoplatelet,
bottom Au and top Pt electrodes. ZnO twin nanoplatelet has an
axial strain when subjected to the normal compressive force, as
shown in Figure 1d. Owing to the mirror symmetrical structure
of ZnO twin nanoplatelet, piezopotentials distribute along the
ZnO twin nanoplatelet with positive piezoelectric polarization
charges presenting at the top and bottom surfaces of ZnO twin
nanoplatelet, distributing within a thickness of 1−2 atomic
layers.27,28 They can simultaneously lower both Schottky
barriers of the ZnO−metal contacts and hence signiﬁcantly
increase the transport conductance of TNPT. Therefore, the
carrier transport characteristic across the Schottky barrier is
controlled eﬀectively by the strain-induced positive piezopotential (Figure 1e). Based on this fundamental principle, a
vertical piezotronic transistor based on a ZnO twin nanoplatelet
is introduced to gigantically modify the electronic transport
property of piezotronic nanodevices by designing the dual
Schottky junctions’ synergistic modulation utilizing ZnO twin
nanoplatelet.

Next, the electrical transport properties of TNPTs under
various pressures were characterized. Figure 1f shows the
pressure-dependent Ids−Vds characteristics of TNPT. The
current dramatically increases as the pressure increased and
gradually changes from the Schottky characteristic curve to the
ohmic characteristic curve, which indicates that the SBHs
gradually decreased with increased pressure. To better
understand the regulation mechanism and calculate the change
of SBHs under various pressures, we used the classic Schottky
theory to derive the change of SBHs from the Ids−Vds curves.
Since all experiments were taken at room temperature and the
doping concentrations of the ZnO twin nanoplatelet is high, it
is most suitable for us to use the thermionic-ﬁeld-emission
(TFE) and thermionic-emission-diﬀusion (TED) models to
analyze the experimental results. In the TFE and TED models,
ln(I) is approximately proportional to V and V1/4. We found
that the ln(I) − V is almost linear, which indicates that the
dominant process in our experiment was TFE (Figures 1g and
S6−7). According to the classic Schottky theory,22,29 the
changes of SBH (Δφ) can be estimated by the following
formula: Δφ = −kT ln(Istrain/Ifree). Based on this formula, the
average Δφ as a function of pressure is obtained (Figures 1h
and S7), which is approximately linear and consistent with the
piezotronic model. The result shows that SBHs decrease as the
compressive strain increased, which demonstrates that the
compressive pressure-induced positive piezoelectric polarization charges that exist at both metal−ZnO interfaces can
signiﬁcantly lower the Schottky barrier. This deduction is
further conﬁrmed by the transport characteristics of TNPT
devices with single Schottky junction (Figures S5 and 8−11).
Through the detailed analysis, we can conclude the piezotronic
C
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current responds quickly to a change of pressure of <5 ms
(Figure 2d), which is far less than the response time of human
ﬁngertips (∼30−50 ms), and it makes TNPTs have great
potential in the applications of tactile sensors with ultrafast
response.
To better explain the experimental results of ultrahigh
pressure/strain sensitivity of TNPT and estimate the modulate
eﬀect of the strain-induced piezopotential on SBH of ZnO−
metal contacts, we developed a 3D ﬁnite element (FE) model
with COMSOL Multiphysics, as schematically shown in Figures
3 and S13. The previously reported piezotronic transistors
usually consist of metal electrodes and a NW or 2D ﬂake (such
as ZnO, GaN, and MoS2). In this simulation setup, under
normal compressive pressure, the piezoelectric charges are
accumulated at both Schottky contacts (Figure 3a). Because the
orientation of the polar c axis in the as-synthesized NWs, the
positive piezopotential is induced at the bottom Schottky
contact, which lowers the SBH and thus increases the transport
conductance of the piezotronic transistor, while a negative
piezopotential is induced at the top Schottky contact, which
rises the SBH and thus decreases the transport property of the
piezotronic transistor (Figure 3b inset). The strain-induced
piezopotentials at both Schottky contacts of the piezotronic
transistor are opposite, resulting in a converse modulation on
local SBHs of the metal−semiconductor Schottky contacts,
thus limiting the pressure/strain sensitivity of the piezotronic
transistor. It is further demonstrated by the theoretical
calculated current−voltage curves of the NW-based piezotronic
transistor at diﬀerent applied strains (Figure 3b), where the
converse modulation trend of electric transport was observed
under opposite drain biases.
The theoretical simulation of a strained TNPT used in this
work was investigated, as shown in Figure 3c,d. Owing to the
mirror symmetrical structure of a ZnO twin nanoplatelet,
piezopotentials distribute along the ZnO twin nanoplatelet with
positive piezoelectric polarization charges presenting at the top
and bottom surfaces (Figure 3c), which can both lower the
SBHs and hence signiﬁcantly enhance the transport conductance of a TNPT (Figure 3d inset). The theoretical
calculated current−voltage curves of a TNPT with diﬀerent
strains are shown in Figure 3d. By increasing the compressive
strain, the transport conductance of the TNPT was
synchronously increased in both forward bias and reverse
bias, which is in accordance with the experimental data. Our
simulation demonstrates the dual Schottky junction synergistic
modulation of TNPT, which results in high pressure/strain
sensitivity.
Next, the photosensing property of TNPT is explored by
applying a 365 nm wavelength UV light stimuli. By changing
the intensity of the UV light, a series of Ids−Vds characteristics
were measured (Figure S14). The results show a good
photoresponse (Supporting Information, Note 6). Then the
UV detection performance of TNPT is enhanced by piezophototronic eﬀects. As shown in Figure 4a, the Ids−Vds
characteristics of TNPT under constant illumination intensity
and various pressures are nonlinear at small bias voltages. The
current increases by several orders of magnitude when the
compressive pressure increased from 24.84 KPa to 152.88 KPa,
indicating that the change of SBHs are the dominant factor for
the transport characteristic.
To deeply explore the mechanism of current increase, we
explore the photosensitivity of our photodetector, deﬁned as ΔI
= (Ilight − Idark)/Idark, where Ilight and Idark (Figure S15) are the

eﬀect is the dominant mechanism of the carrier transport
property of TNPT.
The pressure sensitivity of TNPT is shown in Figure 2a. We
applied an increasing pressure on the TNPT and measured the
current response. The TNPT demonstrated an extreme
sensitivity in low-pressure regions (from several kPa to
hundreds of kPa), which has huge potential in tactile sensing
such as human−electronics interfacing and smart skin. A plot of
ln(I) curve vs applied pressures (Figure 2b) shows that the
current increases exponentially with applied pressure, which is
consistent with the above analysis and indicates the modulation
eﬀect of applied pressure on TNPT’s conductance. The
pressure sensitivity (deﬁned as S = dSBH/dpressure, Figure S12)
of TNPT calculated here is about 1448.08−1677.53 meV/MPa,
which is the highest one among all previous reports (Table 1).
Table 1. Comparison of Pressure Sensitivity from
Piezotronic Transistors Based on Diﬀerent Piezoelectric
Semiconductor Materials with Various Geometrical
Parameters
materials and
morphologya

pressure sensitivity
(meV/MPa)

CdSe

NW

∼0.677

ZnO

NW

0.083−0.422

GaN

NW

0.212−0.24

ZnO

NW Cluster

0.287−0.318

ZnO

NW cluster

<33.39

ZnO

nanoplatelet

60.97−78.23

ZnO

twin
nanoplatelet

1448.08−1677.53

force
method
normal
force
normal
force
normal
force
normal
force
normal
force
normal
force
normal
force

ref
30
29
31
32
6
24
this
work

a

NW: Nanowire as the single piezoelectric component. NW cluster:
Nanowire cluster as the single piezoelectric component. Nanoplatelet:
Nanoplatelet as the single piezoelectric component.

It far exceeds that of other NW-based piezotronic transistors29−32 and is more than 20 times higher than the highest one
of previous reports.24 Furthermore, as a strain sensor, the
performance of TNPT is also characterized by a gauge factor,
which is deﬁned as the normalized current variation divided by
strain, generally written as [ΔI(ε)/I(0)]/Δε. The gauge factor
of our device demonstrated here is 2.9−9.4 × 109, which is the
highest one by now compared to the previously reported values
(Table S2). The key factor in achieving the extreme pressure
sensitivity is the dual Schottky barriers’ synergistic modulation
of TNPT.
In order to illustrate the responsiveness of 2DPT to the
external stimuli, the current response to periodic force pulses of
TNPT was measured under constant biases (Figure 2c), which
shows that the modulation of strain-induced positive
piezopotential on the current is reversible. The current
increases from ∼0.043 nA to ∼19.6 nA after applying a
∼62.5 KPa normal pressure on TNPT, which can be
considered as the “oﬀ” and “on” states. The on−oﬀ ratio is
about 455, which can be further increased by enlarging the
pressure. Furthermore, no obvious degradation in TNPT
operation could be observed after a reliability test, suggesting
the good reliability in the device operation. The response time
was monitored by using the AFM measurement system. The
D
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Figure 3. (a) Schematic of a piezotronic transistor based on a traditional NW or nanorod under a compressive strain of 0.001 simulated by a
FE analysis method. (b) Theoretical calculation the current−voltage curves for the NW-based piezotronic transistor at diﬀerent applied
strains. Inset: Schematic band diagram of a NW-based piezotronic transistor before (blue line) and after (black line) applying a compressive
force. (c) Schematic of a TNPT under compressive strain of 0.001 simulated by a FE analysis method. (d) Theoretical calculation the
current−voltage curves for the TNPT at diﬀerent applied strains. Inset: Schematic band diagram of a ZnO twin nanoplatelet-based
piezotronic transistor before (red line) and after (black line) applying a compressive force.

Figure 4. Photoresponse of TNPT under various pressures. (a) Drain−source characteristic of the TNPT with constant illumination and
under diﬀerent pressures. Photosensitivity (b) and photoresponsivity (c) of the TNPT as a function of pressures, showing high sensitivity. (d)
Band diagram of the TNPT under UV irridiation illustrates the working mechanism of enhancement mode TNPT. ΦB represents the SBH.

drain current with and without illumination under a speciﬁc
compressive pressure, respectively. The photosensitivity of the

TNPT under various strains was derived (Figure 4b), which
shows that the maximum value is ∼1625% by applying a
E
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METHODS

pressure of 76.44 kPa on the TNPT. When further increasing
the pressure, the photosensitivity begins to decrease, which may
be due to the competing mechanism between the screening
eﬀect by the photogenerated free charge carriers and
piezoelectric polarization charges. Under the small pressure,
the free carriers induced by weak light can partially shield the
piezoelectric polarization charges existing at the ZnO−metal
interfaces. While under the large pressure, the modulation eﬀect
of strain-induced piezoelectric polarization charges on SBHs
begins to dominate the carrier transport across the Schottky
contacts.
Another important quality factor of the photodetector is an
external photoresponsivity R deﬁned as R = (Ilight − Idark)/
Pillumination, where Pillumination is the illumination power on the
TNPT. It can be seen that there is a monotonous increase of R
without saturation and the largest R value reaching 1.45 × 104
AW−1 when applying a pressure of 152.88 kPa on the TNPT
(Figure 4c). This R value is ∼105 times larger than that of
commercial UV photodetectors (0.1−0.2 AW−1),25,26 ∼106
times larger than that of a Si/ZnO core−shell NW array
photodetector (1.0 × 10−2 AW−1, 480 nm, −1 V),33 and ∼104
times larger than that of a Si/CdS core−shell NW network
photodetector (<1 AW −1 , 480 nm, −1 V). 34 These
demonstrate that TNPTs have great potential applications in
photodetectors with high photosensitivity.
The enhanced performance of our photodetector by piezophototronic eﬀect can be explained by energy band diagrams
(Figure 4d). In the OFF state, the photogenerated electron−
hole pairs can be separated by applying an external bias.
However, large Schottky barriers are formed at both sides of the
ZnO−metal contacts, which would result in little photocurrent
ﬂowing under weak illumination and low bias. In the ON state,
upon applying the normal stress, because of the mirror
symmetrical structure of ZnO twin nanoplatelet, positive
piezoelectric charges are accumulated at both Schottky
contacts, which can lower both Schottky barrier’s heights and
signiﬁcantly improve the charge separation. In addition to the
increase of photocurrent, the local dark current also contributes
to the device currents.

Synthesis of ZnO Twin Nanoplatelets. In the synthesis process,
30 mL of aqueous solution containing 91 mM Zn(CH3COO)2 and
151 mM tris(hydroxymethyl)methyl aminomethane (THAM) was
prepared in a glass container. Then, the glass was placed in an oven at
95 °C. ZnO twin nanoplatelets appeared in 2 h and were collected for
characterization and device fabrication.
Material Characterizations. The morphology and structure of
ZnO twin nanoplatelets were characterized using a scanning electron
microscope (Hitachi SU8020), PANalytical X′Pert PRO diﬀractometer (Almelo, The Netherlands) with Cu KR radiation (λ = 0.15418
nm). The eﬀective piezoelectric coeﬃcient d33 was measured by PFM
(MFP-3D from Asylum Research).
Fabrication Process of ZnO Twin Nanoplatelet-Based
Piezotronic Transistors. A SiO2/Si substrate was cleaned and
dried ﬁrst. Then the substrate was deposited with Cr/Au (5 nm/60
nm) by RF magnetron sputtering. A proper amount of ZnO twin
nanoplatelets were dispersed into ethanol under ultrasonication for
several minutes at room temperature to obtain a homogeneous ethanol
dispersion. The ZnO twin nanoplatelet ethanol dispersion was
dropped on the prepared substrate, and then the substrates were
blown dry by compressed N2 quickly. This procedure was repeated for
several times.
Optical and Electrical Measurements of Piezotronic (Photo)transistor. I−V characteristics of the device were measured by using a
conductive AFM system (MFP-3D Asylum Research) with a Pt-coated
Si AFM probe, which has a spring constant of 34.27 nN/nm and an
inverse optical lever sensitivity (InvOLS) of 90.55 nm/V. The optical
input stimuli were provided by a common Hg−Xe lamp (LC8TLSX1046C03). A 365 nm UV light source was used to achieve the
various illumination intensities.
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CONCLUSIONS
To summarize, a kind of TNPT with the highest pressure/
strain sensitivity to date has been developed. Owing to the
mirror symmetrical structure of a ZnO twin nanoplatelet with
strong piezotronic eﬀect, the compressive pressure-induced
positive piezoelectric polarization charges at both metal−
semiconductor interfaces can eﬀectively lower the SBH at both
ZnO−metal contacts and improve the charge carrier transport
across the ZnO−metal interfaces. The TNPT exhibits a highpressure sensitivity of 1448.08−1677.53 meV/MPa (gauge
factor 2.9−9.4 × 109) and a fast response time of <5 ms.
Moreover, it shows the characteristics of a piezo-phototronic
photodetector with tunable photosensitivity and photoresponsivity (1.45 × 104 AW−1). Since the TNPT can directly convert
the mechanical force into electrical signals without applying
gate voltage, it has a great competitive advantage as the
fundamental component for piezotronics and piezo-phototronics. This work shows great potential for designing the next
generation of two terminal vertical transistors with ultrahigh
sensitivity, which have great applications in many ﬁelds such as
adaptive artiﬁcial skin, biomedical probes, and health
monitoring.
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