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Piezotronic and piezo-phototronic effects have attracted much attention as promising approaches for active
electronic/optoelectronic devices. However, the piezotronic and piezo-phototronic devices in previous reports
are mainly based on nanowires or two-dimensional transition-metal dichalcogenides that have size of several
micrometers along the polarization direction. As the fast development of nanoelectronics and nanooptoelectronics, exploring the piezotronic effect and piezo-phototronic effect at nanometer scale for ultrathin
nanodevices and nanosystems is valuable. Here, we investigated the piezotronic and piezo-phototronic effects of
atomically thin ZnO nanosheet, and revealed the dominant mechanism. Experiments were performed on the
atomically thin ZnO field effect transistor, which showed enhanced electronic transport characteristic under
pressure. Theoretical analysis revealed that the change of electronic transport behavior was caused by pressure
induced modulation on the effective thickness of the transport channel and the Schottky barrier between ZnO
and contact electrodes. Meanwhile, the atomically-thin ZnO film exhibited enhanced response to ultraviolet light
under pressure with a high photoresponsivity of 300 AW− 1 (Vds = 2 V). This value was improved 230% than the
response of the same device under strain-free condition, and more than 103 times higher than the performance of
commercial ultraviolet photodetectors, indicating the effectiveness of piezo-phototronic effect in nanoscale. This
study shows great promises of the ultrathin devices based on piezotronic and piezo-phototronic effects, which
paves the way for atomically-thin semiconductors with out-of-plane piezoelectricity for applications in novel
electronics/optoelectronics.

1. Introduction
Piezotronics and piezo-phototronics are emerging fields, with great
potential applications in the fields involving electronics-human/
ambience interactions, such as self-powered wearable electronics,
human-machine interfacing, biomedical engineering, and robotics
[1–5]. Piezotronics couples piezoelectricity and semiconducting elec
tronics of a material through stress/strain [6–14]. For instance,
strain/stress induces piezoelectric polarization charges which are
distributed at the surface of semiconducting material, resulting in the

formation of piezoelectric potential. The magnitude and polarity of the
piezoelectric potential within a piezoelectric semiconductor depend on
the polar direction of the crystal and the magnitude and direction of the
mechanical actuation. The induced piezoelectric charges/potential can
effectively tune the Schottky barrier formed at the metal-semiconductor
(M–S) interface by affecting the redistribution of free carriers at the
contact [15]. On the other hand, piezo-phototronics couples photon
with piezoelectricity and semiconducting properties in third-generation
semiconductors [16–19]. Specifically, the strain/stress-induced piezo
electric polarization charges may effectively tune one or more of the
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processes during photon-semiconductor interaction, including
photon-excited carrier generation, separation, transport, and recombi
nation at M–S contact and p-n junction. Besides, piezo-phototronics may
also enable tunable optoelectronics by using piezoelectric polarization
charges as the gate bias to tune the interface Schottky barrier or elec
tronic energy states. So far, piezotronics and piezo-phototronics have
been widely demonstrated in third-generation semiconductors, such as
ZnO and GaN, which have made great progress in energy harvesting
(enhanced
solar
technology,
catalysis),
active
electro
nics/optoelectronics (self-powered nanodevice, memory device, photo
detector) and intelligent sensing (adaptive tactile sensing, LED,
human-machine interface) [1–6]. However, the feature size of these
devices is in micrometer scale along the polarization direction. Fast
development of nanoelectronics and nano-photoelectronic devices re
quires further shrinking device feature size down to nanoscale [20–26].
Therefore, it is highly desired to figure out the effectiveness of piezo
tronic and piezo-phototronic effects in nanometer scale.
Previously, we have demonstrated the piezotronic effect in atomi
cally thin ZnO nanosheet and proposed two mechanisms for the piezo
tronic effect, including pressure induced modulation on the metal-ZnO
contact barrier and the width of the ZnO transport channel [15]. Here,
we further investigated the piezotronic effect of the atomically thin ZnO
nanosheet to figure out its dominant mechanism. Meanwhile, we
demonstrated and studied the piezo-phototronic effect in the ZnO
nanosheet for the first time. Two-terminal devices based on the ZnO
ultrathin film were fabricated to realize effective modulation of elec
tronic transport via piezotronic and piezo-phototronic effects. Accu
rately controlled pressure was loaded at different locations of the same

device, which revealed that the dominant mechanism for the piezotronic
effect attributed to the modulation of metal-ZnO contact barrier.
Theoretical simulations of the thickness-dependent piezotronics further
verified this finding. Moreover, we investigated the photoresponse of the
atomically thin ZnO nanodevice to ultraviolet (UV) light. By applying
strain/stress on the device to excite piezo-phototronic effect, the device
achieved a high photoresponsivity of 300 AW− 1 (Vds = 2 V), which is
enhanced 230% in comparison to the value obtained by the same device
at strain-free condition. It is also more than 103 times higher in
magnitude than that of the performance of the commercial ultraviolet
photodetector. This study shows the promise of ultrathin (in polariza
tion direction) piezotronic and piezo-phototronic devices with high
performance and paves the way for atomically-thin semiconductors with
out-of-plane
piezoelectricity
in
applications
of
novel
electronics/optoelectronics.
2. Synthesis and characterization of atomically thin ZnO
nanosheets
The ZnO nanosheets were synthesized by the water-air method re
ported previously [27,28]. In this method, monolayer oleylsulfate an
ions was used as the soft templet to assist the growth of ZnO nanosheets,
which resulted in a layer of ZnO nanosheet synthesized at the water-air
interface. The typical shape of the synthesized ZnO nanosheets was
triangle with length of each side around ~10–40 µm (Fig. 1b and
Fig. S1). The synthesized ZnO nanosheet was stable in the atmospheric
ambience environment. Fig. 1c shows the high-resolution (HR) trans
mission electron microscope (TEM) image of a ZnO nanosheet with a

Fig. 1. Material characterization. a, Atomic model of ZnO nanosheet with wurtzite structure and its piezoelectricity. b, Scanning electron microscope (SEM) image of
a ZnO nanosheet. Scale bar is 3 µm. c, HR TEM image of the ZnO nanosheet. Scale bar is 1 nm. d, AFM image of the ZnO nanosheet and its corresponding height
profile. e, Absorption spectrum of ZnO nanosheet.
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D-spacing

expected to show piezoelectric polarization along c-axis when subjected
to strain or stress (Fig. 1a). The piezoelectric property of the ZnO
nanosheet was demonstrated by piezoresponse force microscopy (PFM),
which characterized the effective piezoelectric coefficient (deff) of the
ZnO nanosheet to be 23.7 pm V− 1 [27]. Moreover, it has been reported
that the d33 value is approximated twice as large as the measured deff

of ~0.281 nm, which well matches the wurtzite ZnO (0001)
facet (Fig. 1a). These results demonstrated the single-crystalline nature
and wurtzite structure of ZnO nanosheet. The synthesized mechanism
and the characterization of single-crystalline hexagonal lattice of ZnO
were detailed in previous studies [27,28].
Owing to its hexagonal structure, the ZnO ultrathin nanosheet is

Fig. 2. Piezotronic effect at nanometer scale. a, Schematic illustration of ZnO nanosheet based piezotronic device covered by PMMA layer under force (left);
electronic transport curves of the device under different pressure (middle); the mechanism of ZnO nanosheet based piezotronic device (right). b, c, Schematic
illustration of the device under force on the M-S contact (left); electronic transport curves of the device under different pressure (middle); band diagram explaining
the mechanism (right).φs andφd indicate the height of the Schottky barrier of source and drain electrodes, respectively. ∆E represents the change of the Schottky
barrier. The energy band diagrams of the device under and without force are shown by the solid and dashed lines respectively. d, Schematic illustration of the device
under force on the channel (left); electronic transport curves of the device under different pressure (middle); mechanism of piezoelectric polarization charges on the
channel (right).
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[29–31], since in the case of weak nano-indentation, the stiff tip-surface
junction and high dielectric constant of the sample lead to a significant
potential drop between the tip and surface. Based on this relationship,
the piezoelectric coefficient d33 of the ZnO ultrathin film is much higher
than the value of bulk ZnO crystal, which is presumably due to the low
carrier number.
The atomic force microscope (AFM) image of the ZnO nanosheet is
shown in Fig. 1d. Its thickness was measured to be 2.5 nm, which in fact
comprised the thickness of the monolayer ZnO and a layer of oleylsulfate
anionic. As mentioned above, oleylsulfate anionic was used as the soft
template in the ZnO growth process, and thus, it was deposited on the
synthesized ZnO nanosheet. Previous report indicated that the oleyl
sulfate anionic layer was around 2 nm [28]. Consequently, the synthe
sized ZnO nanosheet was around 0.5 nm thick, which matched the
thickness of an atomic layer. In addition, the oleylsulfate anionic layer
p-doped the ZnO nanosheet [27,28], which greatly affected the elec
trical and optical properties of the ZnO nanosheet [27,28]. The optical
property of the ZnO nanosheet was characterized by the absorption and
transmission spectrums, as shown in Fig. 1e and Fig. S2, respectively. In
Fig. 1e, the black curve represents the absorption spectrum of bare
quartz, which is transparent for light with wavelength longer than
300 nm. In contrast, the ZnO nanosheets on quartz exhibits improved
absorption than bare quartz at 400 nm as plotted in the red curve, which
indicates stronger light-ZnO film interaction than quartz at these
wavebands. Due to the atomic thickness and influence of the oleylsulfate
anionic layer, the absorption spectrum of ZnO nanosheet did not show
an obvious absorption peak. The bandgap of the ZnO ultrathin film was
calculated to be ~2.75 eV based on the curve of absorption coefficient
(α) vs. incident photon energy (hν) as shown in Fig. S3, which was the
intercept of the linear section of the curve on the x-axis. The estimated
bandgap is consistent with the transparency/adsorption spectrum of
ZnO thin film in terms of that photons with energy larger than 2.75 eV
(wavelength shorter than 450 nm) have stronger interaction with ZnO
thin film than the photons with lower energy. These indicate ZnO thin
film a potential candidate for atomically-thin optoelectronic devices. In
addition, due to the p-type doping induced by oleylsulfate anionic layer,
strong out-of-plane piezoelectricity and stability in the atmospheric
ambiance, ZnO thin film also shows great promise for atomically-thin
piezotronic and piezo-phototronic devices.

direction. In contrast, the atomic-thickness of the ZnO nanosheet de
termines that its electrical property can be modulated by both effects at
contacts and transport channel.
Control experiment was then conducted to isolate the modulation
effects at contacts and transport channel to characterize the contribution
of both effects to the electrical property of the ZnO nanosheet. We
removed the encapsulated PMMA layer from the ZnO device and applied
force on Au–ZnO contact and ZnO channel separately. When the
compressive force is applied on electrodes as shown in the left panels of
Fig. 2b and c, the conductance of the nanodevice increases with the force
(see middle panel of Fig. 2b and c), which are mainly attributed to the
interface modulating effect. The right panels of Fig. 2b and c plot the
energy band diagrams of the device without (dashed line) and under
(solid line) pressure applied at electrode. According to the polarization
direction of the ZnO film, the stress-induced negative piezoelectric po
larization charges distribute on the top surface of the ZnO film (positive
charges are at the bottom surface), which is in contact with metal
electrodes. Since the ZnO film is p-doped, these negative charges
consume local majority carriers of holes and lower the hole density. As a
result, the bands of ZnO at the M-S interface are flattened, resulting in
the decrease of Au–ZnO Schottky barriers and the enhancement of the
electrical conductance. In contrast, when the force is applied on the ZnO
channel as shown in the left panel of Fig. 2d, the current of the device
obviously decreases as the force increases (see the middle panel of
Fig. 2d). In this situation, the stress-induced negative and positive
piezoelectric polarization charges distribute on the top and bottom
surfaces of the ZnO nanosheet, respectively. As the negative piezoelec
tric polarization charges consume local holes, free carrier holes move
toward the top surface due to diffusion effect and repulsion from posi
tive piezoelectric polarization charges at the bottom surface. Conse
quently, holes accumulate near the top surface of the ZnO film, while a
depletion layer is formed near the bottom of ZnO. This reduces the
thickness of the carrier transport channel, and thus, increases the
resistance of the channel (see right panel of Fig. 2d). These results
indicate that the working mechanism of strain-gated atomically-thin
ZnO device comes from the piezotronic effects including Au–ZnO con
tact barrier and channel thickness modulating, which demonstrates that
the piezotronic effect is effective at the nanometer scale.

3. Effectiveness of piezotronic effect at nanometer scale

4. Theoretical simulations of piezotronic effect at nanometer
scale

We fabricated an atomically-thin ZnO based nanodevice by trans
ferring the ZnO nanofilm on SiO2/Si substrate and depositing two Au
electrodes. The SEM image of one ZnO nanodevice was shown in Fig. S4.
The whole nanodevice was then encapsulated by a layer of polymethyl
methacrylate (PMMA) (see Fig. 2a, left). When compressive force was
applied on the PMMA layer as illustrated by the red arrow in Fig. 2a, the
force induced strain was homogenously applied to all parts of the device,
including the Au-ZnO contacts and the ZnO channel. Thus, the piezo
electric polarization charges were induced over the surfaces of the entire
ZnO nanosheet, resulting in the redistribution of carriers inside the ZnO
nanosheet as shown in the right panel of Fig. 2a. The middle panel of
Fig. 2a shows that the conductance of the device increases with the
applied force, which may attribute to two modulating effects. One of the
effects comes from the modulation of the Au-ZnO Schottky barrier by the
piezoelectric polarization charges, called Au–ZnO interface modulating
effect. The other effect modifies the effective thickness of the transport
channel by the piezoelectric polarization charges distributed at both
surfaces of the ZnO channel (Fig. 2a, right). It worth noting that the
piezotronic effect in atomically-thin ZnO is different from that of
nanowires or 2D TMDs reported in previous literatures [20–25]. The
mechanism of piezotronic effect on nanowires and TMDs are mainly
from the interface modulating at the M–S contact and/or p-n junction,
while the modulating on the transport channel is neglected due to the
macro-scale thickness of the transport channel along polarization

The effectiveness of the piezotronic effect at the nanometer scale is
further demonstrated by the theoretical simulations presented in Fig. 3.
Corresponding results about the piezoelectric polarization distribution
in ZnO nanosheets under various pressures are shown in Fig. S5. We
configure the atomically-thin ZnO device as Metal-Semiconductor-Metal
(M–S–M) structure and assumed Schottky barriers formed at source and
drain electrodes. Fig. 3a, b and c show the simulated output curves of
three ZnO devices under contact interface modulation by applying 0 MP
(blue line), 5 MP (orange line) and 10 MP (pink line) pressures on the
M–S interface. The corresponding thicknesses of these devices are 2 nm
(Fig. 3a), 10 nm (Fig. 3b) and 100 nm (Fig. 3c), respectively. For all the
devices with different ZnO thicknesses, when the compressive pressure
increases, the output current increases obviously due to the lowered
Schottky barrier. However, as the ZnO film becomes thicker, the in
crease of drain current becomes less obvious because of the carrier
screening effect [32], since thick ZnO can provide enough carriers to
neutralize the piezoelectric polarization charges without significantly
affect the overall carrier density. In contrast, piezoelectric polarization
charges in thin ZnO film consumes a considerably large portion of car
riers, resulting in greatly lowered carrier density, and thus, a more
effective modulating effect. Fig. 3d, e and f exhibit the output curves of
three ZnO nanodevices with ZnO film thickness of 2 nm, 10 nm and
100 nm, respectively, under different pressure applied on ZnO channel.
In general, the carrier transport of all the devices is suppressed as the
4
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Fig. 3. Theoretically calculated piezotronic effect on ZnO device. I-V characteristics of ZnO based piezotronic devices with Schottky contacts. (a-c) Transfer
characteristics of the ZnO devices with thickness of 2 nm (a), 10 nm (b) and 100 nm (c) under 10 MPa (pink), 5 MPa (orange) and 0 MPa (blue) applied at M-S
contacts. (d-f) Transfer characteristics of the ZnO devices with thickness of 2 nm (d), 10 nm (e) and 100 nm (f) under 10 MPa (pink), 5 MPa (orange) and 0 MPa
(blue) applied at transport channel.

pressure applied on ZnO channel increases. Nevertheless, the magnitude
of the current decrease is inversely proportional to the thickness of the
ZnO film: when the ZnO film becomes thinner, the current decreases
more significantly. This trend is consistent with the trend of contact
interface modulation effect on ZnO nanodevice. However, as compared
to the M–S contact modulating effect, the magnitude of channel
modulating effect is much less, which suggests that the Schottky

junctions play a dominant role in the electrical transport characteristics
in this case. The modulating effect on channel thickness may become
more significant in nanodevice with Ohmic contact. These results
further demonstrate the effectiveness of the piezotronic effect at nano
meter scale.

5

C. An et al.

Nano Energy 82 (2021) 105653

5. Performance of atomically-thin ZnO photodetector

photoresponsivity reaches 300 A/W (Vds =2 V) at an illumination power
intensity of 0.01 mW/cm2, which exhibits a high sensitivity.

The photoresponse of the atomically-thin ZnO device is shown in
Fig. 4. The I-V characteristics of the device under dark and UV illumi
nation with different intensities are shown in Fig. 4a. It can be seen that
the output current of the device is significantly improved with the in
crease of illumination intensity. Fig. 4b shows the time-resolved pho
toresponse of the device under a fixed bias of 2.0 V and an illumination
power intensity of 2 mW/cm2. The drain current changes instantly and
significantly as the laser is switched on and off. The estimated rise time
and fall time are τr ≈ 0.5 s and τd ≈ 0.9 s, respectively, with on-off
current ratio of ~20. Fig. 4c plots the photocurrent (defined as Ids −
Idark ) of the ZnO photodetector as a function of incident light intensity,
which as expected increases as light intensity. Fig. 4d shows the pho
toresponsivity (R) of the atomically thin ZnO photodetector under
different illumination power, which is calculated by the formula: R =
(Ilight - Idark)/Pillumination, where Ilight and Idark are output currents under
light and light-free condition without compressive force, and Pillumination
is the illumination power on the device. The photoresponsivity de
creases slightly as light intensity increases, which may be because of the
saturation of ZnO thin film by the incident light. The maximum

6. Effectiveness of piezo-phototronic effect at nanometer scale
In order to investigate the effectiveness of the piezo-phototronic ef
fect in atomically-thin ZnO photodetector, electrical characterizations
were performed on the device under fixed UV illumination and various
compressive pressures at the M–S contacts (the schematic of which is
shown in Fig. S6). Fig. 5a shows the electrical transport characteristics of
the device under UV illumination and different pressure applied at M-S
contacts. The drain current changes nonlinearly with the source-drain
voltage, which indicates the existence of the Schottky barrier at M–S
contacts [33,34]. When the pressure applied on contacts increases from
0 MPa to 5.3 MPa, the output current increases significantly and
monotonically (Fig. 5a, inset), indicating that the piezo-phototronic ef
fect is effective at nanometer scale and plays a dominant role for the
photo-induced charge carriers transport characteristics [35–37]. Fig. 5b
plots the photoresponsivity R of the device as a function of compressive
pressures applied on contacts at a bias voltage of − 2.0 V. The photo
responsivity increases monotonically with the pressure, which is

Fig. 4. Photoresponse of atomically-thin ZnO photodetector. a, Transfer characteristics of the device in dark and under different illumination intensities. b, Timeresolved photoresponse of the device under source-drain bias of 2.0 V and illumination power intensity of 2 mW/cm2. c, d Photocurrent (c) and photoresponsivity (d)
of the ZnO photodetector as a function of power intensity.
6
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Fig. 5. Piezo-phototronic effect enhanced atomically-thin ZnO photodetector. a, Transfer characteristic of the ZnO device under different pressure applied at M-S
contacts when the source-drain bias is 2 V and illumination intensity is 10 μW cm− 2. The inset shows the photocurrent as function of applied pressures. b, Photo
responsivity of ZnO photodetector as a function of applied pressure at M-S contact. c, Band diagrams of the atomically-thin ZnO photodetector under illumination
with (right) and without (left) pressure applied at M–S contacts. ΦB represents the height of Schottky barrier.

gradually saturated as pressure exceeds 3 MPa. The photoresponsivity
achieved 300 AW− 1 (Vds = 2 V) under UV illumination with power in
tensity of 10 μWcm− 2 and compressive pressure of 5.3 MPa on Au–ZnO
contact. This value is enhanced 230% as compare to the value under
pressure-free condition, and is more than 3 orders of magnitude larger
than the value of commercial ultraviolet photodetectors (0.1–0.2 AW− 1)
[38,39].
The working mechanism of the piezo-phototronic effect in enhancing
atomically-thin photodetector can be explained by the band diagram as
shown in Fig. 5c. Under the pressure-free condition, the large Schottky
barriers of M–S junctions severely limits the photocurrent across the
M–S Schottky junction, when weak illumination and low bias voltage
are applied. This can be considered as OFF state, resulting in an
advantage of small dark current. Upon compressive stress on M–S con
tacts of the photodetector, the stress-induced negative piezoelectric
polarization charges can decrease the Schottky barriers of both contacts,
which can effectively separate the electron-hole pairs and result in a
high photo-response. This can be considered as an ON state. These re
sults demonstrate that the piezo-phototronic effect can greatly improve
the performance of atomically-thin ZnO photodetector, which shows
promise for high-performance piezo-phototronic devices at nanometer

scale.
The thickness of the ZnO nanosheet may also influence the piezophototronic effect. As the ZnO film becomes thicker, the number of
free carriers (holes) in the ZnO film increases, which presents stronger
screening effect to counteract the negative piezoelectric polarization
charges at the metal-ZnO interface, leading to the less obvious metalZnO contact modulating effect. Consequently, the piezo-phototronic
effect is expected to be inversely corelated with the thickness of the
ZnO nanosheet. More in-depth investigations are still demanded to
reveal the thickness-dependent piezo-phototronic effect.
7. Conclusion
To summarize, the piezotronic and piezo-phototronic effects have
been simultaneously demonstrated in atomically-thin ZnO nanosheet.
Owing to its atomic thickness and strong out-of-plane piezoelectricity,
the electrical transport of ZnO nanodevice can be effectively tuned by
the piezotronic effect including interface modulating effect (using inner
piezo-potential at metal-semiconductor contact to tune the Schottky
barrier) and channel thickness modulating effect (using inner piezopotential of ZnO nanosheet to gate the channel thickness). Control
7
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experiments and theoretical calculations discovered the dominant
mechanism for the piezotronic effect to be the interface barrier modu
lating. Furthermore, atomically-thin ZnO photodetector has been
implemented and achieved enhanced performance under the piezophototronic effect modulation. It exhibits a high photoresponsivity of
300 AW− 1 (Vds = 2 V) under compressive pressure of 5.3 MPa applied on
Au–ZnO contacts, which is improved 230% as compared to the value
under pressure-free condition and more than 103 times larger than the
value of commercial UV photodetectors. This work shows great promise
of ultrathin piezotronic and piezo-phototronic devices and paves the
way of atomically-thin semiconductors with out-of-plane piezoelec
tricity for electromechanical and photo-electromechanical nanodevice
and nanosystem applications.
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