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Schottky-contacted sensors have been demonstrated to show high sensitivity and fast response time in
various sensing systems. In order to improve their sensing performance, the Schottky barriers height
(SBH) at the interface of semiconductor and metal electrode should be adjusted to appropriate range
to avoid low output or low sensitivity, which was induced by excessively high or low SBH, respectively.
In this work, a simple and effective SBH tuning method by triboelectric generator (TENG) is proposed, the
SBH can be effectively lowered by voltage pulses generated by TENG and gradually recover over time
after withdrawing the TENG. Through combining the TENG treatment with piezotronic effect, a synergis-
tic effect on lowering SBH was achieved. The change of SBH is increased by 3.8 to 12.8 times, compared
with dependent TENG treatment and piezotronic effect, respectively. Furthermore, the recovery time of
the TENG-lowered SBH can be greatly shortened from 1.5 h to 40 s by piezotronic effect. This work
demonstrated a flexible and feasible SBH tuning method, which can be used to effectively improve the
sensitivity of Schottky-contact sensor and sensing system. Our study also shows great potential in broad-
ening the application scenarios of Schottky-contacted electronic devices.

� 2021 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Semiconductor nano/micro wires (NMWs) have wide applica-
tions in electronics [1–3], optoelectronics [4,5], nanoelectrome-
chanics [6,7] and sensing systems [8–10]. ZnO NMWs have high
sensitivity in various detections due to their unique electronic/op-
tical properties and large surface-to-volume ratio such as gas [11],
UV light [12] and biochemical molecules [13–15]. Compared with
Ohmic contact, Schottky contact is preferred to be formed in ZnO
NMW-based sensors for its sensitive current tuning effect
[13,16]. The sensing performance of Schottky-contact sensors
mainly relies on the local Schottky barrier height (SBH), which is
highly susceptible to the adsorbed charged/polar species on
NMW surface.

The SBH at the interface of ZnO NMWs and metal electrode
should be modulated to improve the sensitivity of Schottky-
contact sensor. On one hand, a too high SBH leads to the rather
low output current signal, and a too low SBH will make the sensor’s
performance be approximate to Ohmic-contact [15]. On the other
hand, SBH can be increased by negatively charged molecules and
decreased by positively charged molecules [14,15], to enlarge the
concentration range of charged molecules detection, SBH also
should be adjusted to suitable value to ensure sufficient variation
range.

Many efforts have been made to tune the SBH [16], such as elec-
tron beam lithography (EBL) [17], focused ion beam (FIB) [18] and
surface modification [19]. These methods are usually technically
sophisticated, high-cost and irreversible. According to previous
reports in past decades, SBH at ZnO-metal Schottky junction can
be dynamically changed in many ways, including piezoelectric
effect [20–22], photoexcitation effects [23] and light-self-induced
pyroelectric effect [24], these effects especially piezoelectric effect
are widely used in detecting various objects with enhanced sensing
performance [25–28]. Furthermore, researchers have also demon-
strated that comprehensive effect of these effects such as piezo-
height
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phototronic effect [26], pyro-phototronic effect [29] can effectively
tune SBH and be used to optimize the sensing performance of ZnO
NMW based Schottky contact sensors [26,29,30].

Last year, we proposed an effective SBH regulation method via
triboelectric nanogenerators (TENGs) treatment, and demonstrated
its feasibility for enhancing sensitivity of ZnO NMW based sensor
in various sensing systems [31–33]. SBH of the ZnO NMW-based
device can be effectively lowered by the voltage pulses generated
from TENG and gradually recover with time after withdrawing
the TENG’s voltage. During the progress of optimizing this SBH
modulation effect, methods were developed to shorten the recov-
ery time of TENG lowered SBH, and we found that the recovery
time can be shortened by coupling negative piezopotential. Along
this train of thought, we systematically investigated the coupling
effect of TENG treatment and piezopotential on SBH and electrical
transport characteristics of ZnO NMW devices, and the feasibility
of this coupling effect in optimizing the SBH modulation method
was successfully proved. Compared with any single treatment
effect, the coupling effect achieved a synergistic effect in lowering
SBH. Additionally, the compressive strain-induced negative
piezopotential can speed up the recovery rate of TENG treated
SBHs. This work demonstrated a simple and flexible method of
tuning SBH of ZnO NMW-based device by TENG treatment and sys-
tematically studied its combination with piezotronic effect, which
contributes to achieving more sensitive detection of relevant spe-
cies and broadening potential applications of Schottky barrier-
based electronic devices [34–36].
2. Experimental

2.1. Fabrication of the ZnO NMW-based device

The ZnO NMWs used in this work were synthesized by reported
vapor-liquid-solid process [37,38]. The NMWs were several hun-
dred micrometers long and a dozen micrometers in diameter
(Fig. S1 online). The ZnO NMW-based device was fabricated by fix-
ing both ends of a ZnO NMW on the glass substrate (0.5 cm � 2.
5 cm) with silver paste. Thin layers of epoxy covered on the sliver
electrodes serve as water-proof layer, which can further increase
the stability of the electrodes by preventing oxidization in air.
The photograph and optical microscope images of the ZnO
NMW-based devices and NMWs are shown in the insets in Fig. 1c.

2.2. Fabrication of the TENGs with different output voltages

TENGs with different output voltages are fabricated by chang-
ing the friction surface. The tribolayers of TENGs were composed
of Al foils and Kapton films with a vertical contact-separation
mode. Al foils and Kapton films were cleaned with alcohol and
cut into uniform-sized pieces (3 cm � 3 cm � 100 lm,
8 cm � 8 cm � 100 lm, 20 cm � 20 cm � 100 lm). Both
tribo-surfaces were polished with sandpapers (3000#) in the same
direction for 2 times to produce micro structures and increase the
friction area. A thin layer of copper film (50 nm) was deposited on
Kapton film by magnetron sputtering to serve as back electrode.
Copper wires were connected to Al and Cu electrodes by sliver
paste. Friction materials were attached on two acrylic plates
(10 cm � 10 cm � 4 mm), which are kept parallel with by springs
in four corners.

2.3. Coupling effect of the TENG treatment and piezotronic effect

When study the coupling effect of TENG treatment and
piezotronic effect, flexible polycarbonate (PC) substrates were used
to replace glass substrate to support the ZnO NMW device. The
2

experimental setup is shown in Fig. S2 (online). One end of the
device was fasten to a manipulation holder, with the other end
free. Compressive or tensile strains were introduced by bending
the free end of the device with a three-dimensional (3D) mechan-
ical stage. The magnitude of stains can be calculated according to
Zhou et al.’s work [38]. The movement step resolution of the 3D
mechanical stage is 1 mm.
3. Results and discussion

3.1. Tuning SBH by TENG

The ZnO NMW-based device was treated by the rectified volt-
age pulses generated by TENG (Fig. 1a). In this work, the ZnO
NMW-based device was fabricated by fixing both ends of the
ZnO NMW on the glass/PC substrate by Ag pastes. The optical
images of the ZnO NMW and the fabricated ZnO NMW-based
device were shown in Fig. 1c and Fig. S1 (online), the distance
between source and drain is about 600 lm. The output voltages
of the TENG before and after rectification are 500 V (blue waveform
in Fig. 1b) and 350 V (red waveform in Fig. 1b), respectively. The
voltage drop after rectification can be attributed to energy loss dur-
ing the rectification process and the high internal resistance of
TENG. Similarly, due to the resistance of ZnO NMW-based device
(about 2.7 MX) is much smaller than the resistance of TENG (about
50 MX), the voltage applied on the ZnO NMW-based device is only
about 18 V, which is much smaller than the rectified voltage (i.e.,
350 V) (Fig. S3 online). The current generated from TENG also
decreases after rectification, and the current applied on the ZnO
NMW-based device is a little smaller than the current after rectifi-
cation (Fig. S4 online).

Typical current-voltage (I-V) curves after different times of
TENG treatment are shown in Fig. 1d. The I-V curves shift upwards
obviously with TENG treatment times (Fig. 1d), and then gradually
shift downward with time after withdrawing the voltage pulses
generated by TENG (Fig. 1e). The shape of I-V curve depends on
the SBH formed between metal (Ag) and semiconductor (ZnO)
because of different interface properties [21,39]. For the SBHs of
source and drain, the values decrease from 0.73 to 0.47 eV and
0.63 to 0.45 eV after 100 times of TENG treatment, respectively
(Fig. 1f). Then the values increased to 0.71 and 0.61 eV, respec-
tively, after withdrawing the voltage pulses generated by TENG
for 6 h (Fig. 1f). To prove the repeatability of this method, the pro-
cess of 50 times of TENG treatment is repeated for 3 times. The
characteristics of I-V curve and SBHs show the same variation
trend (Fig. S5 online and Fig. 1g). Based on these results, it is rea-
sonable to conclude that the SBHs of the ZnO NMW-based device
can be lowered by the TENG treatment and gradually recovered
with the time increasing after withdrawing the TENG voltage
pulses.

Three TENGs with different out voltages (100, 500, 1000 V)
were fabricated to investigate the relationship between the applied
voltage and SBHs. The three TENGs are named TENG A (100 V),
TENG B (500 V) and TENG C (1000 V), respectively (Fig. 2a). After
rectification, the output voltage of these three TENGs are 80, 350
and 850 V (Fig. 2b), respectively. The voltages applied on the ZnO
NMW-based device are 7, 19 and 32 V (Fig. S6 online), respectively.

Fig. 2c shows the I-V curves of the ZnO NMW device after trea-
ted by TENG A (100 V) for different times. After 50 times of treat-
ment, the output current at 2 V increases from 2 to 52 nA. SBHs at
the drain and source electrodes decrease from 0.665 and 0.70 eV to
0.627 and 0.635 eV (Fig. S7a online), respectively. When the num-
ber of TENG treatment times exceeds 10, the I-V curves in Fig. 2c
are almost overlapped (the inset in Fig. 2c), which indicates the



Fig. 1. Tuning SBH of ZnO NMW-based device by TENG. (a) The left and right diagrams represent the equivalent circuit and experiment setup of the ZnO NMW-based device
treated by TENG, respectively. (b) The output voltage of the TENG before (blue) and after rectification (red). (c) The optical images of the ZnO NMW-based device with
different magnifications. (d) Current-voltage (I-V) curves of the ZnO NMW-based device after different times of TENG treatment. (e) I-V recovery curves of ZnO NMW-based
device after withdrawing voltage pulses generated by TENG. (f) The SBHs of drain and source as a function of the TENG treatment times and the recovery time. (g)
Repeatability of the TENG treatment method, output current at a fixed bias voltage of –2 V in Fig. S3a–c (online) during the 3 repetitions.
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lowering effect is almost saturated for the TENG A at this voltage
(100 V).

Fig. 2d and e show the I-V curve change after treated by TENG B
(500 V) and TENG C (1000 V), respectively. After treated for 50
times by TENG B, the output current at +2 V increases from 2 to
80 nA (Fig. 2d). With the continued increasing of the number of
TENG treatment times, the output current at +2 V increases to
120 nA after 4000 times of TENG B treatment, and the I-V curves
corresponding to 4000 and 8000 times are also almost overlapped,
3

which is similar with the saturated SBH lowering effect in the case
of TENG A (Fig. S8 online). In the case of TENG C, the current at +2 V
increases from 2 to 126 nA after only 10 times of treatment which
is higher than 120 nA (i.e., the maximum output current at +2 V in
the case of TENG B). Similarly, in Fig. 2c, d and Fig. S8 (online), the
range of current responses in negative bias (–2–0 V) is too small
and seems almost unchanged compare with that in Fig. 2e. As
shown in Fig. S9 (online, the enlarged I-V curves in negative bias
in Fig. 2c and d), the output current at –2 V also increases with



Fig. 2. Tuning SBH of ZnO NMW-based device by TENG with different voltage. (a) Open-circuit voltages of the three TENGs. (b) Open-circuit voltage waveforms of the 3
TENGs after rectification. (c–e) I-V characteristics of the ZnO NMW-based FET after it was treated with three TENGs with different times, the output voltage of three TENGs are
100, 500, and 1000 V, respectively. Insets in Fig. 2c–e are the enlarged I-V curves to present more details. (f) Comparison of lowered SBHs at the drain and source electrodes
after treated by three TENGs (100, 500, 1000 V) for the same number of times (1 0 0).
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TENG treatment times but changes within the scope of 1 nA. While
it can be increased from �1 to �40 nA after treated for 50 times by
TENG C (1000 V), the rectification characteristic of the ZnO NMW
device vanished, this reconfirms that the current increase is more
noticeable at a high voltage. The comparison of lowered SBHs also
shows that TENG with higher voltage has more remarkable SBH
lowering effect (Fig. 2f).

3.2. Mechanism explanation of SBH variation

Researchers have studied the driving and producing processes
of oxygen vacancies in the past decades [40–44]. According to pre-
vious works, during the preparation of ZnO nanowire, the native
defects of oxygen vacancies are generated in ZnO inevitably [41].
An oxygen vacancy can in principle take on different valence states
(VO

2+, VO
+ and VO

0), the neutral oxygen vacancies (VO
0) at the
4

metal-ZnO interface can be readily converted into an ionized oxy-
gen vacancy (VO

2+) [42,43]. The formation of Schottky junction
appears to be strongly influenced by the density of oxygen vacan-
cies (VO) near the metal-ZnO interface [42]. The high electric field
could exert the force on positively charged oxygen vacancies in
the direction of the interface and initiate ion migration [44]. In this
work, positively charged oxygen vacancies (VO

2+) can be driven by
the voltage pulses generated by TENG. The ionized oxygen vacan-
cies (VO

2+) accumulated at ZnO-Ag interface create a narrow region
of positive space charge close to the interface which can bend the
energy band at ZnO-Ag interface and reduce SBH [42].

Therefore, the physical process of ionized oxygen vacancies
being driven to accumulate at the metal–semiconductor (M�S)
interface after the device is treated by the voltage pulses of TENG
can be illuminated by the classical polarization model. The sche-
matic diagram of SBH variation process is shown in Fig. 3. In the



Fig. 3. Polarization model and SBH variation diagram. (a) The model of an M�S contact consisted of Ag and n-type ZnO with Schottky contact. The initial SBH isUSB0. (b) The
positively charged oxygen vacancies (VO

2+) are driven by positive high voltage pulses of TENG to diffuse to ZnO-Ag interface, the positively charged oxygen vacancies (VO
2+)

accumulated at interface result in the bend of energy band and SBH decrease (fromUSB0 to USB). (c) The ionized oxygen vacancies diffuse away from ZnO-Ag interface slowly
after withdrawing the treatment of positive high voltage of TENG, the density of positively charged oxygen vacancies (VO

2+) decrease which results in SBH increase to USB1.
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initial state, Ag paste and one end of n-type ZnO NMW formed
Schottky contact, a Schottky barrier is created at the interface,
the schematic atomic structure and energy-band diagram of the
interface is shown in Fig. 3a. After different times of TENG treat-
ment, the positive charged oxygen vacancies accumulate at the
M�S interface, the increased density of ionized oxygen vacancy
near ZnO-Ag interface leads to SBH decrease, as shown in Fig. 3b.
After withdrawing the voltage pulses generated by TENG, the oxy-
gen vacancies diffuse away from ZnO-Ag interface and move dee-
per into ZnO due to unbalanced distribution of oxygen caused by
the external electric field [44]. Concentration of oxygen vacancies
near ZnO-Ag interface begins to decrease, which results in SBH
recovery (Fig. 3c).

Within a certain range of TENG times, the density of ionized
oxygen vacancy near ZnO-Ag interface increases with TENG treat-
ment times, so SBH at Schottky junction decreases with the
increasing times of TENG. Due to the vacancies at low electric field
region move more slowly compared to the ones at high electric
field region [44]. Therefore, sufficiently strong electric field can
induce an ionized oxygen vacancy concentration buildup at the
Schottky junction interface, which leads to the change of the effec-
tive SBH. This could explain why TENG with higher voltage has
more remarkable effect of lowering SBH. After certain times of
TENG treatment, the migration of oxygen vacancies to ZnO-Ag
interface induced by TENG treatment and the diffusion of vacan-
cies away from ZnO-Ag interface reach to a balanced state, SBH
no longer changes obviously with the increase in TENG treatment
times, which leads to I-V curves overlapped in responses.

Various M�S contact behaviors can result in distinctly different
I-V curves at M�S interfaces [38]. Besides, it has been reported that
SBH at both ends of the ZnO NMW device can be lowered after the
device is under the strong electric field [45]. We have also verified
that SBHs of drain and source both decreased with TENG treatment
times whatever the direction of voltage pulses generated by TENG
(Fig. S10 online). For simplicity, an ideal classic M�S�M model
with one perfect end is adopted, in this case, the electric property
of the device mainly depends on the forward voltage [46]. In this
research, the characteristic change of one interface after the device
is treated by the voltage pulses of TENG can be demonstrated by
this simplified model qualitatively.

For a one-dimensional model, the built-in potential ubi is given
by [46–48].
5

ubi ¼
q
2es
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where es is the permittivity of the material, q is the absolute value of
the unit electronic charge, ND and NA are the donor and acceptor
concentration, respectively. In addition, qpolar is the polarization
charges density and Wpolar is the distribution width of oxygen
vacancies, qpolar and Wpolar are function of time that are gradually
build up when the TENG bias is applied. The WDp and WDn are the
widths of depletion region on the p-type and n-type, respectively.
Because the ZnO NMW used in this work is n-type, the NA and
WDp can be assumed to be zero in this study. Current-voltage char-
acteristics of the M�S junction is given by [47]

J ¼ J0exp
q2qpolarW
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polar

2eskBT

 !
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where V is the bias voltage, kB is the Boltzmann constant and T is the
temperature, J0 is the saturation current density. For M�S contact, J0
is given by [47]

J0 ¼ q2DnNc

kBT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qND ubi0 � Vð Þ
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s
exp � qUSB0

kBT
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where Nc is the effective density of states at conduction band, Dn is
electron diffusion coefficients, USB0 is the Schottky barrier height
and ubi0 is the built-in potential without polarization charges. Many
previous studies have investigated the influence about polarization
charges to SBH. Therefore, after polarization, the initial SBH (USB0)
of one dimensional M�S model can be decreased to USB [47].

USB ¼ USB0 �
qqpolarW

2
polar

2es
: ð4Þ
3.3. Coupling effect of the TENG treatment and piezotronic effect

From above results, it is well proved that the TENG treatment
can effectively lower the SBHs of ZnO NMW-based device. Besides
voltage pulses generated from TENG, SBH can also be effectively
lowered by DC electrical pulses and DC constant voltage (Fig. S11
online). Compare with DC constant voltage, voltage pulses result
in low energy applied on ZnO NMW devices over the same period,
the way of electric pulse is chosen to protect ZnO NMW devices.



L. Zhao, H. Li, J. Meng et al. Science Bulletin xxx (xxxx) xxx
Compare with other electric pulse power sources, TENG has the
advantage of easy fabrication, low cost, environmentally-friendly
and superior security due to its features of high voltage and low
current.

To further optimize this SBH modulation method by TENG,
another strategy (i.e., piezotronic effect) is introduced to study
the coupling effect of the two SBHmodulationmethods. Piezotronic
effect has beenwidely used to tune SBHs of ZnONMW-based device
by compressive or tensile strain due to the wurtzite structure of
ZnO [49]. In the following parts, coupling effect of TENG treatment
and piezopotential induced by compressive/tensile strains on SBH
modulation was systematically researched in Figs. 4–6.

As shown in Fig. 4a–d, four groups of I-V curves illustrate the
piezotronic effect (compressive strain) on the performance of ZnO
NMW-based device before and after different times of TENG treat-
ment (0 time, 10 times, 25 times and 50 times). Fig. 4a shows how
the piezotronic effect induced by compressive strain independently
tune the performance of the ZnO NMW-based device. It is obvious
that the output current in the range of –0.5 and +0.5 V decreases
as the applied compressive strain increases from 0% to –0.498%.
The SBHs of source and drain computed from the I-V curves increase
as the compressive strain increases (Fig. S12a online). As the TENG
treatment times increases, the I-V curves over the entire voltage
range shift upwards, and the SBHs decreases as mentioned above
(Fig. S13a, b online) [38]. After combined the compressive strain
with TENG treatment for different times, similar trends are
Fig. 4. Coupling effect of the TENG treatment and piezotronic effect induced by compre
strains. The inset schematically shows the ZnO NMW-based device under compressive
compressive strains after treated with TENG for (b) 10 times, (c) 25 times and (d) 50 time
(g) Energy band diagrams of ZnO NMW-based device in the initial state (black lines in (
(green lines in (g)), respectively.
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observed from the other three groups of I-V curves in Fig. 4b–d.
The I-V curves show higher current response to the bias voltage
from –0.5 to +0.5 V compared with the independent piezotronic
effect. These results indicate that the piezotronic effect by compres-
sive strain can be successfully combined with TENG treatment.

To further demonstrate the combination effect, the current
response to two fixed voltages of –0.5 and +0.5 V were tested
and plotted by a 3D scatter plots in Fig. S13c and d (online), respec-
tively. The currents monotonically decrease with increasing com-
pressive strain at a fixed TENG treatment time and increase with
the increasing TENG treatment times at a fixed compressive strain.
The varying trend for different applied compressive strains is more
remarkable after TENG treatment. The SBHs of drain and source as
a function of TENG treatment times and compressive strains are
plotted as two 3D scatter graphs in Fig. 4e, f. SBHs at both ends
monotonically decreases with the increasing TENG treatment
times at a fixed compressive strain and increases with increasing
compressive strain at a fixed TENG treatment times.

In order to explain coupling effect of TENG treatment and piezo-
tronic effect induced by compressive strain, a theoretical model of
a ZnO NMW-based device is proposed using energy band diagram
(Fig. 4g). The energy band structure of a strain free ZnO NMW
device before TENG treatment is shown in the left diagram in
Fig. 4g. After TENG treatment, SBHs at both ends decrease as we
explained previously (the middle diagram in Fig. 4g). The ZnO
NMW-based device used in this work is the top electrode
ssive strains. (a) I-V curves of the ZnO NMW-based device at different compressive
straining condition. (b–d) I-V curves of the ZnO NMW-based device at different

s. (e, f) 3D graphs of SBHs response to compressive strain and TENG treatment times.
g)), treated by TENG (red lines in (g)), treated by TENG and compressively strained



Fig. 5. Compressive strains induced piezotronic effect shorten the recovery time of TENG-lowered SBH. (a) I-V recovery curves of ZnO NMW-based device after withdrawing
TENG. (b) The SBHs of drain and source as a function of the recovery time in Fig. 5a. (c–e) I-V curves and corresponding SBHs at the compressive strain of –1.265% for 5, 20 and
40 s after TENG treatment. (f) Comparison of SBH variations at the drain and source electrodes after applying compressive strain of –1.265% to the ZnO NMW-based device for
different durations (5, 20 and 40 s).
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configuration [45,50], the electrical contact areas formed between
Ag electrodes and the two ends of the ZnO NMW are named A1 and
A2 (inset in Fig. 4a), respectively. When the compressive strain is
applied to the device, the induced piezopotential at positions A1
and A2 decreases with the increasing compressive strain. The
decrease of negative piezopotential at positions A1 and A2 would
lead to increase in SBHs of source and drain and decrease in the
current response to bias voltage (the right diagram in Fig. 4g).
7

TENG treatment can lower SBHs at both ends of the ZnO NMW-
based device effectively, however, the recovery time of TENG-
lowered SBH is long, which ranges from tens of minutes or even
several hours. In Fig. 5a, after withdrawing the voltage pulses gen-
erated by TENG, it takes about 90 min for the ZnO NMW device to
recover to the approximately original state. This is because the
positively charged oxygen vacancies accumulated at ZnO-Ag inter-
face slowly diffuse away from ZnO-Ag interface and move deeper



Fig. 6. Coupling effect of the TENG treatment and piezotronic effect induced by tensile strain. (a) I-V curves of the ZnO NMW-based device at different tensile strains without
TENG treatment. The inset schematically shows the ZnO NMW-based device under tensile straining condition. (b–d) I-V curves of the ZnO NMW-based device at different
tensile strains after TENG treatment for (b) 10 times, (c) 25 times and (d) 50 times. (e, f) 3D graphs of the SBHs response of drain and source to tensile strain and TENG
treatment times. (g) Energy band diagrams of ZnO NMW-based device in the initial state (black lines in (e)), treated by TENG (red lines in (e)) and treated by combination of
TENG and tensile strain (blue lines in (e)).
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into ZnO, the concentration of oxygen vacancies near ZnO-Ag inter-
face decreases slowly, so the SBH at ZnO-Ag interface recover
slowly (Fig. 5b). As shown in Fig. S14 (online), the TENG-lowered
SBHs can be quickly increased right after the negative potential
induced by compressive strains. The negative piezocharges
induced by compressive strain can offset the SBH lowering effect
induced by positive charged oxygen vacancies to some extent,
which exhibits an alternative and potential method to speed up
the recovery rate of TENG treated I-V curves.

To research whether the compressive strain-induced piezotro-
nic effect can speed up the recovery rate compared with indepen-
dent TENG treatment. Different durations (5, 20, 40 s) of
compressive strains (~–1.265%) were applied on the ZnO NMW-
based device after treated with TENG (Fig. 5c–e). The I-V curves
before and after applying compressive strains (~–1.265%) for 5 s
are nearly unchanged, and TENG-lowered SBHs at drain and source
also do not change very much (Fig. 5c). When the duration of
compressive strains is 20 s, the I-V curves shift downwards and
TENG-lowered SBHs at drain and source increased compare with
the initial state after the compressive strain was released
(Fig. 5d). Once the duration of compressive strains extend to
40 s, the I-V curves did not show more changes after the compres-
sive strain was released, and TENG-lowered SBHs at drain and
source recovered significantly compare with those in Fig. 5c and
d (Fig. 5e). The comparison of lowered SBHs shows that the longer
duration of compressive strains, the more SBHs will be covered
8

(Fig. 5f). Additionally, this effect is sustainable after withdrawing
the compressive strain. These results indicate that the compressive
strain can be an effective means to speed up the recovery rate of
TENG treated I-V curves and corresponding SBHs, and the recovery
time of TENG-lowered SBH can be greatly shortened from 1.5 h to
40 s.

After the combination of compressive strain-induced
piezotronic effect and TENG treatment in Fig. 4, the tensile
strain-induced piezotronic effect was also combined with TENG
treatment in the following Fig. 6. As shown in Fig. 6a–d, four
groups of I-V curves illustrate the tensile strain-induced piezotro-
nic effect on the performance of ZnO NMW-based device after dif-
ferent times of TENG treatment (0 time, 10 times, 25 times and 50
times). Compare with the compressive strain-induced piezotronic
effect, the tensile strain-induced piezotronic effect improves the
current response of the ZnO NMW-based device and lowers the
SBHs of source and drain obviously (Fig. 6a–d and Fig. S15a–d
online), which has the similar effect with the TENG treatment
method (Fig. S16a online). To systematically investigate the cou-
pling effect of TENG treatment and the tensile strain-induced
piezotronic effect, the results are extracted from the I-V curves
(Fig. 6a–d) and plotted in Fig. S16b (online). It is straightforward
to see that the current increases with the TENG treatment times
at a fixed tensile strain or increases with tensile strain at a fixed
TENG treatment times. The change in I-V curves indicates that
the SBHs at both ends also decrease with the increase of TENG
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treatment times or tensile strains. The variation trend was plotted
by 3D graphs in Fig. 5e and f, the date points were extracted from
Fig. S15a–d (online). Comparison of lowered SBHs at the drain and
source electrodes after different SBH tuning methods were calcu-
lated from Fig. 6e and f and were shown in Fig. S17 (online). Com-
pared with SBH tuning method A (i.e., tensile strain-induced
piezotronic effect: tensile strain = 0.342%) and B (i.e., TENG treat-
ment (VTENG = 500 V, treatment times = 50 times), the combination
of method A and B (method A&B) have more significant SBH low-
ering effect than any single SBH tuning method. The method A&B
induces about 11.2-fold and 4.2-fold increase in DUD (the decreas-
ing amount of UD) compared to method A and method B, respec-
tively; and DUS (the decreasing amount of US) is also increased
by a factor of 12.8 and 3.8 compared with method A and method B.

Fig. 6g shows the energy band change of the ZnO NMW-based
device under tensile strain after TENG treatment. Unlike the com-
pressive strain, the induced piezopotential at positions A1 and A2
(Fig. 6a) are positive and increase with the increasing tensile strain,
which result in the decrease in SBHs of drain and source. These
results show that by combining the TENG treatment method with
tensile strain-induced piezotronic effect, a synergistic effect on
lowering SBH and enhancing current response can be achieved
compared with any single treatment method.

From Figs. 4 and 6, the piezotronic effect by both compressive
and tensile strain can combine with TENG treatment successfully.
The compressive strain-induced piezotronic effect raises the SBHs,
which will speed up the recovery rate of the TENG-lowered SBH.
The tensile strain-induced piezotronic effect lowers the SBH and
enhanced the current response of the ZnO NMW-based device
further.
4. Conclusion

In summary, we have demonstrated a new and effective SBH
tuning method by TENG treatment and its combination with piezo-
tronic effect. The SBHs at ZnO-Ag paste interfaces are decreased by
TENG treatment and can gradually recover to their initial state over
time after withdrawing the output voltage from TENG. Compared
with the lower voltage, a higher TENG voltage has a more remark-
able effect of lowering SBH. The change in SBH can be attributed to
the migration of ionized oxygen vacancies in ZnO nanowires as dri-
ven by external voltage pulses provided by TENG. After combining
the TENG treatment with piezotronic effect, a synergistic effect
was achieved. The SBH is lowered and current response is
increased, among which the change of SBH is improved by a factor
of 3.8 to 12.8, comparing with the two dependent treatment meth-
ods. Additionally, the piezotronic effect can also greatly shorten the
recovery time of SBH, which is lowered by TENG, from 1.5 h to 40 s.
This study demonstrates a new method for optimizing SBH modu-
lation, which shows significance in improving the sensitivity and
response value of Schottky sensors in detecting UV light, gas and
biomolecular species in applications.
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