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A B S T R A C T

Tribovoltaic effect at the dynamic semiconductor interface is of great fundamental and practical importance for 
developing a variety of functional devices; yet, it can be coupled with a series of different physical effects, such as 
the contact-electrification induced electrostatic effect and mechanical wearing effect, and the coupling mecha
nisms are still remained to be elucidated. Herein, we investigated the coupling between tribovoltaic and tribo- 
electrostatic effects at the dynamic heterojunctions of two wide-bandgap semiconductors: zinc oxide (ZnO) 
and gallium nitride (GaN). It is found that, in the contact-separation mode, the direct-current outputs from 
tribovoltaic effect can be clearly distinguished from the alternating-current outputs from tribo-electrostatic ef
fect. Then, humidity, external load resistance and pressure force are found to reveal the coupling characteristics 
of these two effects, that tribovoltaic outputs are less affected by humidity, show smaller matched impedance and 
are more sensitive to high pressure force, diverging from the tribo-electrostatic outputs. Lastly, we demonstrate 
that the mechanical wearing effect can be inhibited in contact-separation mode, achieving long-term stability 
over 50,000 cycles. Therefore, this work provides insights to the mechanism of tribovoltaic effects and practical 
guidance for high-performances tribovoltaic devices.

1. Introduction

The interface physics of semiconductors is the fundamentals for 
developing various functional devices[1,2], but the dynamic interface of 
semiconductors has not been widely studied until the very recent dis
covery of tribovoltaic effect[3–5]. The tribovoltaic effect refers to the 
electricity generation phenomenon at the dynamic semiconductor in
terfaces, where the electron-hole pairs are excited by the energy release 

during friction and then are separated by the built-in electric field at the 
junctions, outputting the observed direct-current electricity to the 
external circuit.[3,5] This electron excitation process differs from 
photo-excitation and is probably due to the transition of electrons be
tween the surface states during contact or bond formation across the 
sliding interface. Based on this effect, a variety of tribovoltaic nano
generators (TVNG) have been developed to covert kinetic energy into 
electricity[6], which have great potentials in realizing self-powered 
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devices or energy-autonomous systems[7]. The TVNG has the advan
tages including the high DC density and power density outputs, the low 
internal impedance, and the facile structure design, diverging from the 
alternating-current (AC) outputs with high internal impedance of 
triboelectric nanogenerators (TENG) based on the electrostatic induc
tion effect of tribo-static charges[8]. Recently, the TVNG has experi
enced rapid progresses on both the fundamental mechanisms and device 
performances[9–11]. For the former aspect, “bindingtons”, the quan
tized energy generated during interfacial binding/debinding processes
[12,13], have been proposed to account for the electron excitation with 

mechanical energy input. For the latter aspect, the electrical outputs 
have been found to be dramatically improved by the optimization of 
enlarged Fermi energy level difference of the interface[14,15], the 
introduced ferroelectric polarization field[16], the appropriate doping 
of the semiconductors, and so on. Also, the durability of the TVNG has 
been significantly improved by introducing interface lubricants[17,18], 
utilizing rolling friction rather than sliding friction[19,20], or designing 
the device into contact-separation mode[21]. One important finding 
demonstrated that the voltage of a TVNG can be boosted up to about 
130 V by the sliding friction at wide-bandgap semiconductor GaN[22]. 

Fig. 1. Structural and electrical output characteristics of the heterojunction generator. (a) 3D schematic of the generator. (b) SEM images of ZnO (top) and GaN 
(bottom). (c and d) Open-circuit voltage, short-circuit current, and transferred charges output characteristics of the generator in (c) sliding mode and (d) contact- 
separation mode. (e) Energy band diagrams of ZnO and GaN before contact and after sliding or contact-separation. (f) Electrical output coupling tribovoltaic effect 
and tribo-electrostatic effect in contact-separation mode.
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Then, this dramatically increased voltage has been attributed to the field 
generated by the accumulated static charges owing to 
contact-electrification at the GaN interface, which coupled with the 
built-in electric field and contributed to the charge excitation and sep
aration. The charge carriers are generated by the tribovoltaic effect, and 
the tribo-electrostatic charges results in the enhanced output voltage. 
Therefore, this coupling between electrostatic and tribovoltaic effects 
suggests a promising approach to improve the electrical outputs of 
TVNGs.

Friction is a ubiquitous phenomenon, which actually could couple a 
series of different physical or chemical effects, such as the mechanical 
wearing, mechanochemistry, triboelectrification and tribovoltaic ef
fects.[23,24] As for a TVNG, some of these effects could positively 
contribute to the electricity outputs, whereas some others could be 
detrimental. For instance, the undesirable mechanical wearing effect is 
better to be inhibited for promoted durability[25,26]; yet, the observed 
coupling between electrostatic and tribovoltaic effects could enhance 
the electrical outputs[27,28]. Therefore, it is essential to understand the 
coupling mechanism of these possible effects at dynamic semiconductor 
interfaces, so as to provide guidance for the development of 
high-voltage, high-current and long-durability TVNGs.

Herein, we propose to study the coupling mechanisms between tri
bovoltaic and electrostatic effects of a TVNG based on the semi
conductor dynamic heterojunction of two wide-bandgap 
semiconductors, i.e. zinc oxide (ZnO) and gallium nitride (GaN). We 
found that the electrical outputs originated from these two effects could 
be clearly distinguished under the contact-separation-mode. Then, the 
DC tribovoltaic outputs and AC tribo-electrostatic outputs can be tuned 
through the environmental humidity and external load resistances. High 
humidity significantly diminished the AC outputs due to electrostatic 
leakage, while the DC outputs remained less affected. Additionally, 
electrostatic induction and tribovoltaic effect exhibited different inter
nal impedance with diverged matched impedance. External pressure 
force could promote the outputs of both the two effects, but with a 
stronger effect on the tribovoltaic outputs at high pressure. Finally, we 
demonstrated that the mechanical wearing effect can be inhibited in 
contact-separation mode, achieving long-term cycle stability over 
50,000 cycles.

2. Result and discussion

2.1. Structure and electrical output characteristics

As illustrated in Fig. 1a, at the dynamic interfaces of wide-bandgap 
semiconductors, there could be coupled electrostatic and tribovoltaic 
effects. In particular for the undoped semiconductors with high re
sistivity, the static charges could not be easily dissipated and would 
accumulate at the surfaces.[22] Then, both the electrostatic electric field 
and the built-in electric field at the heterojunctions could contribute to 
the charge excitation and separation processes.[27] In this work, to 
study the coupling between electrostatic and tribovoltaic effects, a 
heterojunction TVNG was fabricated by using two wide-bandgap semi
conductor materials, i.e. ZnO and GaN (Fig. 1a). The TVNG will be 
studied based on both the contact-separation mode and sliding friction 
mode. We found that the electrical signals generated from electrostatic 
induction and tribovoltaic effects can be clearly distinguished in the 
contact-separation mode, respectively, in contrast to the merged signals 
in sliding mode. The detailed specifications and conductivities of 
involved intrinsic GaN (Gallium Nitride) and ZnO crystals are shown in 
Table S1. The scanning electron microscopy (SEM) images of ZnO single 
crystal bulk and GaN grown on sapphire substrate are shown in Fig. 1b, 
both with delicately smooth surfaces. Schematic diagrams of the GaN 
crystal structure and the hexagonal wurtzite ZnO crystal structure are 
shown in Fig. S1, both oriented along the [0001] crystal orientation. The 
Ohmic contacts both between ZnO and Ag, GaN and GaIn alloy (Fig. S2) 
were confirmed, so the Ag and GaIn alloy were selected as the two 

electrodes for TVNGs. The current-voltage (I-V) curves of GaN/ZnO 
heterjunctions indicated that the built-in electric field direction in the 
GaN/ZnO heterojunction is pointing from ZnO to GaN (Fig. S3).

For testing the outputs of TVNG, the positive terminal of an elec
trometer was connected to GaIn/GaN and the negative terminal was 
connected to Ag/ZnO. Comparing the profiles of electrical signals ob
tained from the TVNG operating in sliding and contact-separation 
modes, significant differences can be clearly observed. As for each 
sliding motion, a broad peak of open-circuit voltage and short-circuit 
current can be generated, and the transferred charge accumulates 
stepwise (Fig. 1c). At a contact force of 60 N and a relative humidity 
(RH) of 10 %, the open-circuit voltage, short-circuit current and trans
ferred charges per cycle is 80.4 V, 61.6 μA, and 3.5 μC, respectively. In 
contrast, a pair of AC peaks can be obtained together with another broad 
DC peak for contact-separation mode (Fig. 1d). This pair of AC signals is 
accordant with the events of approaching and separating motion, 
respectively, while the broad DC peak occurs during the contact period. 
Accordingly, the profile of transferred charge per cycle can be associated 
with the three current peaks, where the charges can also accumulate 
stepwise but a slight transient dip can be clearly observed in each step. 
The voltage profile is kind of merged together, but a shoulder peak can 
still be distinguished. Therefore, in contact-separation mode, the AC 
signals from the electrostatic induction effect and the broad DC signals 
from the tribovoltaic effect can be clearly distinguished, which offers the 
opportunity to study their coupling effects. At the same contact force 
and humidity, the TVNG generated an exceptionally high open-circuit 
peak voltage of 120.8 V. It is noted that there is an accumulation 
period for the electrostatic charges, during which the voltage increases 
and gets to the saturation after about 45 contact-separation cycles, as 
shown in Fig. S4. Here, the humidity was also intentionally controlled to 
be as low as RH 10 % to enhance the electrostatic induction effect and 
intrinsic undoped GaN was used as well. The peak value of AC current is 
about 18.4 μA, and the peak DC current is about 63.8 μA. The transferred 
AC charge per cycle is 26.3 nC, while the DC charge is 197.1 nC.

To further confirm the existence of electrostatic induction effect and 
exclude the possible piezoelectric effect, a series of control experiments 
were conducted. A single-electrode generator with only the ZnO/Ag 
grounded can generate characteristic AC signals correspond to a single- 
electrode TENG, confirming the presence of electrostatic charges at the 
ZnO/GaN interfaces (Fig. S5). Meantime, the TVNG operates in non- 
contact approaching-separating mode can output AC signals but orders 
of magnitude lower peak values, which also supports the existence of 
electrostatic induction effect (Fig. S6). To evaluate the piezoelectric 
effect, the output of ZnO and GaN in repeated compression mode is only 
about mV and nA scale (Fig. S7). Also, by comparing the ZnO [0001] 
crystal with two other non-polar crystal orientations, the output of 
TVNG shows no noticeable variations (Fig. S8, S9). Therefore, these 
evidences strongly support that the piezoelectric effect at the hetero
junction is negligible.

2.2. Working mechanism

The electronic structure of ZnO and GaN is crucial for understanding 
the tribovoltaic effect. Based on the band gap and UPS spectrum 
(Fig. S10), the work function, conduction band, and valence band of ZnO 
are approximately 4.0 eV, 3.86 eV, and 7.16 eV, respectively.[29] For 
GaN, these values are approximately 4.8 eV, 3.1 eV, and 6.5 eV, 
respectively.[30] As the Fermi level of ZnO is higher than that of GaN 
(Fig. 1e (I)), higher-energy electrons in ZnO can diffuse into GaN when 
they are in contact, leaving positively charged cations fixed in the ZnO 
crystals and forming a space charge region at the heterojunction. Then, 
there will establish a built-in electric field (Ebi) pointing from the ZnO to 
the GaN in the space charge region. Meantime, the contact or sliding 
between ZnO and GaN also could lead to another electrification effect, 
that surface electrostatic charges could be generated. As confirmed by a 
Faraday cage testing (Fig. S11), there will be electrostatic positive 
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charges on the surface of ZnO and negative charges on the surface of 
GaN after they sliding with each other. As both the ZnO and GaN are 
undoped and have high resistivity, these surface electrostatic charges 
cannot be easily dissipated, other than the air breakdown leakage. 
Therefore, these surface electrostatic charges will lead to the formation 
of an interface electric field, which can be orders of magnitude higher 
than the built-in electric field. As these two electric fields are in the same 
direction in our case, they could be coupled to contribute to the tribo
voltaic electricity generation processes. As illustrated in the Fig. 1e (II), 
when the electrons are excited by mechanical energy, the generated 
non-equilibrium electrons and holes will be separated by the coupled 
built-in electric field and the interface electric field, which accounts for 
the high voltage obtained from the TVNG. Also, this coupled field can 
also enhance the charge separation to enlarge the tribovoltaic current.

During contact-separation motions, a detailed charge excitation and 
separation process of a TVNG is illustrated in Fig. 1f. After several 
contact cycles, the electrostatic charges will be accumulated on the 
surfaces of ZnO and GaN (stage i). When they are approaching together, 
electrostatic induction occurs between the two semiconductors and 
electrodes to generate an induction current in external circuits (process 
ii). When ZnO and GaN are in deep contact (process iii), a built-in 
electric field is established pointing from ZnO to GaN. Simultaneously, 
electron cloud overlaps among the interface atoms with dangling bonds 
could releasing energies, which, in turn, could excite electrons and 
generate non-equilibrium electron-hole pairs. The excited electron-hole 
pairs at the interface will then be separated by the built-in electric field, 

thereby forming a DC output in the external circuit. When separating 
ZnO and GaN (process iv), electrostatic induction arises again, leading to 
another induction current pulse in the direction opposite to the previous 
one. When the two are completely separated (process i), the induction 
current diminishes and the interface electric field would be established 
due to the existence of surface static charges on ZnO and GaN. As the 
electrostatic induction and tribovotaic processes take place in different 
time domain, they can be distinguished clearly from the current signals.

2.3. Coupling characteristics

Considering the different characteristics of the tribovoltaic and 
electrostatic effects, they can be decoupled through a series of ap
proaches. First, the influences of the environmental humidity on these 
two effects could be different. It is well known that humidity seriously 
affects the output performances of TENG[31,32]. The output perfor
mances of TENGs usually decrease significantly in high humidity air
[33], and the surface electrostatic charge accumulation could be sup
pressed[34,35]. Whereas, the tribovoltaic outputs could be less affected 
by the humidity. Therefore, the outputs of the heterojunction TVNG in 
contact-separation mode was observed in different humidity environ
ments. To see the periodicity of the voltage and current signals, two 
consecutive voltage/current signals are shown in Fig. S12. At a contact 
force of 60 N (Fig. 2a), the voltage decreases from ~121 V to ~61 V as 
RH increases from 10 % to 60 %, then stabilizes at ~54 V at RH of 
70–90 %, and then decreases to ~35 V at RH of 95 %. The 

Fig. 2. Coupling characteristics under different humidity. (a) Open-circuit voltage and (b) short-circuit current of the generator under different humidity. (c) 
Transferred charge curves and (d) statistics of DC and AC charges of the generator under different humidity.
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corresponding positive tribovoltaic current drops from 64 μA to 42 μA, 
stabilized at 40 μA, and drops to ~31 μA (Fig. 2b). In comparison, the AC 
current arising from the electrostatic induction effect decreases 
dramatically from 18.4 μA at RH 10 % to 2.3 μA at RH 50 %, and then 
decay to be negligible at RH above 60 %, attributed to leakage of surface 
static charges and electrostatic charge cannot be accumulated in a high 
humid environment. This trend can also be verified from the charge 
curve. A decreasing dip can be observed when RH is lower than 50 % in 
each charge step, but it disappears when RH is above 60 % (Fig. 2c). It is 
worth noting that the charge curve is measured directly, which is 
consistent with the charge obtained by the integral of the measured 
current (Fig. S13). The average DC charge transferred per cycle due to 
the tribovoltaic effect is attenuated from 196.6 nC (RH 10 %) to 127.1 
nC (RH 60 %) and remains near 118.4 nC (RH 90 %). In contrast, AC 
induction charge significantly drops to zero at RH 60 % (Fig. 2d). 
Therefore, it is strongly supported that the electricity generation by 
electrostatic induction effect could be decreased when increasing hu
midity, and even be eliminated at RH over 60 %. Nevertheless, it should 
be emphasized that the tribovoltaic electricity generation also decreases 
with humidity, even though it stabilizes at high humidity environment. 
This trend supports that the interface electric field associated with the 
surface electrostatic charges couples with the built-in electric field to 
enhance the tribovoltaic current generation in dry environment.

Another different characteristic between the electrostatic induction 
and the tribovoltaic effects is their different internal impedance. It is 

known that based on the capacitor model, the power delivered by the 
TENG to the external loading resistor is determined by the internal 
impedance, the actual change in capacitance between the two electrodes 
(C), the parasitic capacitance and the external resistance (R).[36] Due to 
the slow charging process, a larger R will also suppress the displacement 
current of the TENG[37]. Therefore, it is possible to observe the 
distinctive effects on the output electrical signals by varying the external 
loading resistances. At a contact force of 60 N and a relative humidity of 
20 %, the output voltage on the loading resistor (RL) increases as R in
creases, while the corresponding short-circuit current decreases (Fig. 3a, 
b). The voltage, current and charge peaks on the load are perfectly 
aligned and consistent when the generator is connected to a resistance of 
5 MOhm (Fig. S14) and 10 MOhm (Fig. S15). Specifically, when R rea
ches 10 MΩ, the negative voltage is significantly reduced, and negative 
current nearly disappears, showing only positive voltage and current. 
The transferred charge curve exhibits a step-like shape, with ~ 28.2 nC 
per motion cycle (Fig. 3c). The trend in the average charges of DC and 
AC as a function of R is presented in Fig. 3d. The DC charge drops rapidly 
from 120.2 nC to 39.2 nC (R of 1 kΩ to 5 MΩ) and then continues to 
decrease slowly to 10.1 nC (R of 5 MΩ to 1 GΩ). The AC charge decreases 
from 21.9 nC to 0.56 nC (R of 1 kΩ to 10 MΩ) and finally to zero (R of 50 
MΩ). The power matching curves calculated based on the two current 
outputs with different external load resistors are shown in Fig. 3e. The 
DC peak power density is 14.88 W⋅m− 2 at the matching impedance of 5 
MΩ, The AC peak power density is 0.13 W⋅m− 2 at the matching 

Fig. 3. Coupling characteristics under different external load resistance. (a) Voltage and (b) current on the load resistance when the heterojunction generator is 
connected to different external load resistances. (c) Transferred charge curves and (d) statistics of DC and AC charges, and (e) peak power density of the generator 
under different external load resistances.
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impedance of 10 MΩ. Therefore, the DC generated by the tribovoltaic 
effect and the AC generated by electrostatic induction can be effectively 
distinguished by adjusting the external load resistance.

The normal pressure applied to the contacting interface of the het
erojunction TVNG can greatly affect the devices performances, as it can 
influence the generated electrostatic charges and also the tribovoltaic 
charge excitation process. Therefore, it is intriguing to study the effect of 
contact pressure on electrical outputs when there is coupled tribovoltaic 
and electrostatic induction effects in contact-separation mode. The 
output variation trends of voltage and current as external force increases 
from 10 N to 60 N with relative humidity of 10 % are depicted in Fig. 4a 
and b. Correspondingly, the voltage of the TVNG is elevated from 16 V 
to 123 V, the DC current is elevated from 9.4 μA to 65.6 μA and the AC 
current is elevated from 4.2 μA to 18.8 μA. To see the periodicity of the 
voltage and current signals, two successive voltage/current signals are 
displayed in Fig. S16. The charge curve shows a step-like pattern, 
aligning with the increasing trend of the current (Fig. 4c). The DC charge 
is augmented from 38.8 nC to 198.3 nC, and the AC charge is augmented 
from 5.8 nC to 28.4 nC, when increasing the force from 10 to 60 N 
(Fig. 4d). The statistical average DC charge exhibits an approximately 
linear growth, whereas averaged AC charge initially rises rapidly and 
eventually switches to a slower growth after 30 N. As the impact force of 
contact-separation motion increases, the surface contact area of the two 
materials increases, and ultimately the contact electrification effect in
creases, resulting in the stronger triboelectric output. Notably, the 
growth rate of DC charges significantly surpasses that of AC charges. 
This is probably because that the contacting motion at higher impact 

force could enhance the tribovoltaic charges excitation, and meantime 
the enlarged interface electrostatic electric field also helps enhancing 
the charge separation process. The effect of the normal pressure on the I- 
V curve shows that the built-in electric field is slightly enhanced 
(Fig. S17). Therefore, these two effects experience a coupled improve
ment to enhance the DC outputs.

2.4. Application and durability

The effect of the impact frequency on the Voc and Isc output is shown 
in Fig. S18. As frequency increases, the tribovoltaic current increases 
slowly, while the electrostatic current increases significantly (Fig. S19). 
Due to the coupling effects of contact electrification and tribovoltaic 
effect as well as optimized excitation parameters (F=60 N, f=5 Hz), the 
TVNG in this work achieves excellent open-circuit voltage and current 
density as compared with the output in previous literature. The DC 
power output of the generator is 1.49 mW with a contact area of 1 cm2, 
which exceeds the power output of semiconductor-based generators in 
most previously reported literature[5,14,21,22,27,28,38–44] (Fig. 5a, b 
and Table S2). The comparison of electrode materials and current 
characteristics of contact-separation dynamic semiconductor junctions 
is shown in Table S3. It is found that the current output of the 
silicon-based homojunction and Schottky junction are both much 
smaller than the output of the wide-bandgap semiconductor hetero
junction, because of the wide bandgap and interface electric field of the 
wide-bandgap semiconductor. Furthermore, the heterojunction gener
ator maintains a stable open-circuit voltage even after 50,000 cycles, 

Fig. 4. Coupling characteristics under different external pressure forces. (a) Open circuit voltage and (b) short circuit current of the generator under different 
external pressure forces. (c) Transferred charge curves and (d) statistics of DC and AC charges under different external pressures.
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demonstrating excellent durability (Fig. 5c). The original and long-term 
open-circuit voltage profiles after contact-separation cycling are shown 
in the Fig. inset, showing no noticeable degradation. A 4.7 μF capacitor 
is charged to 3 V by the TVNG with area of 1 cm2 and can drives a 
calculator (Fig. 5d). A 3 W bulb can be lit when the 4.7 μF capacitor is 
charged to 5.3 V, as shown in Fig. S20. Therefore, the excellent power 
generation performances of the heterojunction TVNG indicates great 
potentials in applications of high-power mechanical energy harvesting 
and self-powered systems.

3. Conclusion

In summary, we investigated the coupling mechanism between the 
tribovoltaic and electrostatic effects of TVNG based on a dynamic het
erojunction of two wide-bandgap semiconductors, i.e. zinc oxide (ZnO) 
and gallium nitride (GaN). We successfully examined the coupling of 
these two effects through the different mechanical excitation modes, 
environmental humidity and external load resistances. Especially, at the 
contact-separation mode, the DC outputs from tribovoltaic effect can be 
clearly distinguished from the AC outputs from the tribo-electrostatic 
effects. Under high humidity, surface electrostatic charge is reduced 
due to charge leakage, while the tribovoltaic DC outputs are less 
affected. The impedance matching for AC and DC currents becomes 
increasingly distinct with variations in external load resistance. More
over, the increase rate in direct-current charges significantly exceeds 
that of alternating-current charges as external pressure is applied. Ulti
mately, the mechanical wearing effect can be inhibited by the contact- 
separation mode, achieving long-term cyclic stability over 50,000 cy
cles. This work could provide insights to the mechanism of tribovoltaic 
effects and practical guidance for high-performances tribovoltaic 
nanogenerators.

4. Experimental

4.1. Fabrication of the heterojunction generator

All different types of single-polish GaN wafers were purchased from 
China Gallium Semiconductor Technology Co., Ltd., Dongguan, China. 

ZnO was purchased from Hefei Kejing Material Technology Co., Ltd., 
China. The diameter of the intrinsic gallium nitride (GaN) wafers is 2 in., 
exhibiting a characteristic growth direction of [0001]. The thicknesses 
of the GaN epitaxial layer, buffer layer and sapphire substrate are 4.5μm, 
50 nm and 430 mm respectively. The size of the ZnO crystal substrate is 
10 mm × 10 mm × 0.5 mm with the crystal plane orientation of [0001], 
as depicted in Fig. S1 and Table S1. The crystal plane directions of the 
three ZnO crystal substrates are [0001], [1010] and [1120], and the size 
of each crystal is 5 mm × 5 mm × 0.5 mm. ZnO was purchased from 
Hefei Kejing Material Technology Co., Ltd., China. The gallium indium 
alloy formed good ohmic contact with the gallium nitride surface. Ag 
was plated on the back of ZnO as an electrode by magnetron sputtering. 
Double-sided Kapton tape was used to fix GaN and ZnO to acrylic plates 
with areas of 5 cm × 5 cm and 1 cm × 1 cm, respectively. The acrylic 
plates provided stable support for friction motion.

4.2. Physical characterization and experimental measurements

Scanning electron microscopy (SEM) images of single-sided polished 
GaN glossy surface and ZnO crystal Zn surface were characterized using 
FEI Nova Nano SEM 450. Their FTIR spectra were measured by Fourier 
transform infrared spectrometer VERTEX80v. The X-ray diffraction 
patterns of ZnO single crystals and GaN samples with three crystal plane 
orientations were measured by XRD powder (Xpert3 Powder). The band 
structure was calculated from UV photoelectron spectroscopy. Ultravi
olet photoelectron spectroscopy (UPS) was measured by a PHI 5000 
Versa Probe III (scanning ESCA microprobe) with a He I source 
(21.22 eV). The current-voltage (I-V) curves of ZnO/GaN, ZnO/Ag and 
GaN/GaIn interfaces were measured by Keithley 2450 Source Meter. In 
the experiments, the reciprocating motion of the generator was provided 
by a linear motor (GKT-37×120/280×360-C-SYS-SP-02). Current and 
voltage outputs are monitored and recorded in real time by a Keithley 
Electrometer 6517B. The normal force applied to the generator was 
measured by a dynamometer (Mark-10 M5–50, 50 lbF/800 ozF/25 kgF/ 
25000 gF/250 N) and a digital dynamometer (ZTA-DPU-11).

Fig. 5. Applications and durability of the heterojunction generator. Comparison of (a) open-circuit voltage and current density and (b) peak power density with 
various reported generators based on tribovoltaic effect. (c) Long-term durability of the generator in contact-separation mode for 50,000 cycles. (d) Voltage curve of 
the generator powering a commercial calculator.
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