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ABSTRACT: Triboelectric nanogenerators (TENGs) have at-
tracted much interest in recent years, due to its effectiveness and
low cost for converting high-entropy mechanical energy into
electric power. The traditional TENGs generate an alternating
current, which requires a rectifier to provide a direct-current (DC)
power supply. Herein, a dynamic p-n junction based direct-current
triboelectric nanogenerator (DTENG) is demonstrated. When a p-
Si wafer is sliding on a n-GaN wafer, carriers are generated at the
interface and a DC current is produced along the direction of the
built-in electric field, which is called the tribovoltatic effect.
Simultaneously, an UV light is illuminated on the p-n junction to
enhance the output. The results indicate that the current increases
13 times and the voltage increases 4 times under UV light (365
nm, 28 mW/cm2) irradiation. This work demonstrates the coupling between the tribovoltaic effect and the photovoltaic effect in
DTENG semiconductors, promoting further development for energy harvesting in mechanical energy and photon energy.
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■ INTRODUCTION

With the fast development of human society, the demand for
energy is expanding and must be distributed; thus, the
attainment of sustainable energy from ambient sources is an
important issue. Since the discovery of the contact
electrification (CE) phenomenon 2600 years ago, converting
mechanical energy into electricity has attracted much attention
to achieve sustainable social development.1−4 More impor-
tantly, the rise of the Internet of things (IoTs) requires the
energy supply to be miniaturized, to save energy, and to
protect the environment.5−7 On this basis, the Wang group
proposed the triboelectric nanogenerator (TENG) in the 2012,
which utilized triboelectric effect and electrostatic induction to
convert mechanical energy into electricity.8 From then on,
TENG research expanded to a great number of application
areas, such as self-powered systems, wearable devices, sensor
devices, artificial intelligence, and so on.9−12 As most electronic
devices are demand a direct current (DC) power supply, the
traditional TENGs require a rectifier to convert AC into DC,
which increases the complexity for the application of
TENGs.13−15 In order to solve this problem, new TENGs
have been developed to directly convert mechanical energy
into DC, which are called direct current triboelectric
nanogenerators (DTENGs). Wang et al. have combined the
electrostatic breakdown with the triboelectrification effect to
output constant DC.16

In addition, some previous works have paid attention to
semiconductor-material-based DTENGs, including a metal−
semiconductor Schottky contact, a p-n junction, a liquid−
semiconductor contact, semiconductor homojunction, and so
on.1,17−20 The semiconductor material could generate high
density and DC output comparable to those of an organic
polymer insulator material in TENGs, which have attracted
much interest in semiconductor-based mechanical and
electrical energy conversion and energy storage. Shao et al.
first proposed DC output based on the Schottky contact of a
polypyrrole (PPy) thin film and a metal electrode; the self-
rectification of the Schottky barrier can achieve DC
electricity.21 It has also been reported that sliding a Si atomic
force microscope on a MoS2 thin film can implement DC
output; this causes the nanoscale tip friction to enhance the
efficiency of the TENG.22 For dynamic p-n junctions, Xu et al.
also proposed a direct current triboelectric cell by sliding p-Si
and n-Si; this friction process stimulates the electrons and
holes in the semiconductor, creating a built-in electric field to
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generate DC electricity.23 The difference in the Fermi levels in
the sliding p-n junction induces a potential difference and
creates the voltage output. The DC excited by friction in
semiconductor materials is due to the tribovoltaic effect.5

When the two semiconductor materials are rubbed against
each other, the electron−hole pairs at the interface will be
excited by the bindington, which is the energy quantum
released when two atoms form a bond, and they will be
separated by the built-in electric field, resulting in a DC
current.24,25 This is called the tribovoltatic effect.5 Such a
phenomenon is similar to the photovoltaic effect, all of which
could excite electron−hole pairs and generate current along
the direction of a built-in electric field. Some experiments have
confirmed that the tribovoltatic effect and photovoltaic effect
have a synergistic effect at a liquid−semiconductor interface
and a metal−semiconductor interface.6,26,27 Therefore, the
conjunction of the tribovoltatic effect and photovoltaic effect
will improve the efficiency of energy harvesting.
Herein, we propose a p-n junction based DTENG

modulated by ultraviolet (UV) light, where p-Si and n-GaN
are chosen as the two friction layers. GaN is a wide-band-gap
semiconductor with a band gap of approximately 3.4 eV, which
has attracted a lot of interest because of the stationary
absorption band for UV light, the high electron drift velocity,
great chemical and mechanical stability.28,29 The p-Si is slid on
the n-GaN without changing the contact area and is
accompanied by generation of the DC. Due to the coupling
of the tribovoltaic effect and photovoltaic effect, UV light can
enhance the carrier concentration and increase the output of
tribo-current and voltage. What is more, the higher optical
power density, faster sliding speeds, larger resistivity of P−Si,
and contact area of the p-n junction enhance the output of
tribo-current and voltage. This work demonstrates that the
tribovoltatic effect and photovoltaic effect can dramatically

enhance the energy output for the DTENG and offers a
convenient method for promoting the DTENG to work as a
self-powered system, an energy supply, and so on.

■ RESULTS AND DISCUSSION

For the DTENG based on a dynamic p-n junction, the detailed
schematic structure is shown in Figure 1a. When the p-Si slides
back and forth on the n-GaN surface, the electrons flow from
the n-zone with a high Fermi level to the p-zone with a low
Fermi level, forming a built-in electric field between n-GaN
and p-Si and thus inducing a DC current in the external
circuit.22 To investigate how the light modulates the output of
the DTENG, a 365 nm UV light with a power density of 28
mW/cm2 is illuminated from the n-GaN to the p-Si. Figure
1b,c demonstrate the short-circuit current (Isc) and open-
circuit voltage (Voc) in the dark and under UV light irradiation
with a sliding speed of 50 mm/s, respectively. The Isc value is
about 12 nA in the dark and 154 nA under UV light
illumination, which increases by 1 order of magnitude upon
the application of the light. Moreover, the Voc value increases
from 0.8 to 3.35 V when UV light is applied. The Isc value
increases more than the Voc value with UV light illumination,
which may be due to a decrease in the internal resistance at the
p-n junction interface and the direct current being more
sensitive to the concentration of carriers. Hence, with the UV
light irradiation, the friction and photons simultaneously excite
carriers, leading to an increase in the direct current and voltage.
The voltage is determined by the strength of the built-in
electric field, and the increase in voltage is limited when the
electric field is high enough. More importantly, the continuous
sliding could maintain the constant DC outputs (both Isc and
Voc), as illustrated in Figure S1, no matter whether the sliding
was in the dark or under UV light irradiation.

Figure 1. Experimental structure and the output of the p-n junction based direct-current triboelectric nanogenerator (DTENG) regulated by the
UV light. (a) 3D schematic for the experimental setup. A p-Si slides on a n-GaN with the regulation of UV light. (b) Isc, (c) Voc, and (d) transferred
charge of the DTENG in the dark and under UV light irradiation. (e) Output of current and power at the external load resistance of DTENG under
UV light irradiation.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c03922
Nano Lett. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03922/suppl_file/nl1c03922_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03922?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03922?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03922?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03922?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c03922?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Furthermore, Figure 1d compares the output of charges
with/without UV light irradiation (365 nm, 28 mW/cm2) at
the same sliding speed, which indicates that the charge curve
has a stepped-like shape due to the sliding back and forth at
the same contact area and the transferred charge grows more
quickly under the UV light irradiation. Figure 1e shows the
external load resistance dependence of current and power
under a constant sliding speed of 50 mm/s with UV light
irradiation. The current decreases with an increase in the
external load resistance. However, the power increases first and
then decreases with the maximum power of approximately 60
nW at the load resistance of 10 MΩ. Simultaneously, the
voltage increases with an increase of load resistance, as
illustrated in Figure S2. In comparison to the dark, the UV
light can obviously enhance the output of the current, voltage,
and charge, which is interpreted as the UV light increasing the
electron−hole pair concentration at the p-n junction interface.
To further understand the conjunction of the tribovoltatic

effect and the photovoltaic effect on the dynamic p-n junction
DTENG, the working mechanism and energy band structure
are demonstrated. In Figure 2a, we first discuss such DTENG
without UV irradiation; initially, the p-Si contacts n-GaN and
keeps still as illustrated in the stage (1). When the p-Si slides
on the n-GaN surface, the bindington could excite electron−
hole pairs at the p-Si and n-GaN interface, which will move
along the direction of the built-in electric field and generate
DC, as shown in the stage (2). The stage (3) shows that when
the p-Si stops at the end of the n-GaN and a UV light is
applied on the p-n junction, the UV light will excite
photoinduced carriers on the p-n junction, which dramatically
increases the surface charge density on both of p-Si and n-
GaN. When p-Si slides on the n-GaN with UV light irradiation
as illustrated in the stage (4), the output performance of the
direct current increases more in comparison with the stage (2)
due to the increase in electron−hole pair concentration at the
interface of the p-n junction. The pulsed current curves in

Figure 2b correspond to the different movement stages of the
p-Si in Figure 2a.
The energy band diagrams of the p-n junction are illustrated

in Figure 2c−f. When p-Si and n-GaN contact to form the p-n
junction as shown in Figure 2c, the electrons flow from the n-
zone with a high Fermi level to the p-zone with a low Fermi
level, accompanied by the Fermi level of an n-type semi-
conductor (EFn) moving down and the Fermi level of p-type
semiconductor (EFp) moving up to form the unified Fermi
level in the p-n junction, and the conduction band and valence
band in the p-zone and n-zone become bent. However, the
electrons transitioning from the n-zone to the p-zone must
cross a potential barrier, which is called the built-in potential,
denoted Vbi. The potential barrier height compensates for the
difference in Fermi level in the p and n regions, which can be
described as

= −qV E Ebi Fn Fp (1)

where q is the unit charge. Meanwhile, the equilibrium electron
concentrations in the n region and p region are defined as

= [ − ]n n E E k Texp ( )/n0 i Fn i 0 (2)

= [ − ]n n E E k Texp ( )/p0 i Fp i 0 (3)

where ni is the intrinsic carrier concentration, Ei is the intrinsic
Fermi level, k0 is the Boltzmann constant, and T is the
temperature. Dividing eq 2 by eq 3 and taking the logarithm,
we get

= −n n E E k Tln( / ) ( )/n0 p0 Fn Fp 0 (4)

nn0 = ND and np0 = ni
2/NA; therefore, Vbi is given as

= − =

=

V E E q n n k T q

N N n k T q

( )/ ln( / ) /

( / ) /D

bi Fn Fp n0 p0 0

A i
2

0 (5)

Figure 2. Working mechanism of the DTENG. (a) Working mechanism at (1) the connect still stage, (2) move to generate charges, (3) return to
the still stage with UV light irradiation, and (4) reverse sliding to generate triboelectric charges with UV light irradiation. (b) Schematics of the Isc
of the DTENG in the dark and under UV light irradiation. The energy band diagrams of the p-n junction in (c) the contact stage, (d) the sliding
stage, (e) the UV light irradiation stage, and (f) sliding with the UV light irradiation.
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where ND is the donor concentration and NA is the acceptor
concentration. The formulas show that Vbi is related to the
doping concentration, the temperature, and the band gap of
the p−n junction.30

When p-Si slides on n-GaN, the energy band diagram is
shown in Figure 2d. During the sliding process, the thermal
equilibrium in the p-n junction is disrupted and the mechanical
energy converts into electrical energy and generates an external
current. When the sliding process stops and a UV light is

applied to the p-n junction, the photon excites electron−hole
pairs at the p-n junction interface, as indicated in Figure 2e.
Moreover, Figure 2f exhibits the band structure of sliding with
the UV light irradiation; the friction and photons stimulate
more carriers at the p-n junction interface, resulting in a higher
output of the current density, which also be called a majority
carrier device.31 However, the discharging process of the p-n
junction is unrelated to the sliding direction. We can conclude
that the dynamic sliding process leads to the Fermi level of the

Figure 3. Isc and Voc of the DTENG at different sliding speeds, accelerations, contact areas, and optical power densities. (a) Isc of the DTENG at
different sliding speeds with the UV light irradiation. (b) Isc against different contact areas of p-Si sliding on n-GaN in the dark and under UV light
irradiation. (c) Isc with different sliding speeds in the dark and under UV light irradiation. (d) Isc with different accelerations in the dark and under
UV light irradiation. (e) Isc and (f) Voc at different optical power densities of UV light.

Figure 4. Influence of p-Si doping concentration on the output for the DTENG. (a−c) Schematic of n-GaN and p-Si with different resistivities.
(d−f) Isc output of p-Si with resistivities of 14−22 Ω·cm, 1−10 Ω·cm, and below 0.01 Ω·cm. (g−i) Voc output of p-Si with resistivities of 14−22 Ω·
cm, 1−10 Ω·cm, and below 0.01 Ω·cm.
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p-n junction in a nonequilibrium state; simultaneously, the
barrier height changes in the interface and the movement of
the carriers destroy the original balance, resulting in the
potential difference and the output of direct voltage.
The effect of the sliding speeds, accelerations, optical power

density, and contact area on the p-n based DTENG have been
investigated. Figure 3a shows the Isc value under UV light
irradiation with sliding speeds from 10 to 50 mm/s. When the
sliding speed increases from 10 to 50 mm/s, the Isc value
increases by around 6 times. Figure S4 shows the output of Isc
in the dark, and Figure 3c compares the output of Isc in the
dark and under UV light irradiation with an increase in the
sliding speed from 10 to 50 mm/s. The output of Voc changes
with the sliding speed in the dark and under UV light
irradiation is revealed in Figure S3. During the sliding process,
the acceleration affects the generation of the current, as
illustrated in Figure 3d. Thus, the regulation of the sliding
speeds and accelerations for the DC output in the p-n junction
is more obvious under UV light irradiation. This corresponds
to the electron−hole pairs excited by the friction and photon
being in the same direction, making the conjunction of the
tribovoltatic effect and photovoltaic effect. Furthermore, the
relationship of DC performance and the contact area between
p-Si and n-GaN are illustrated in Figure 3b and Figure S5. We
select different areas of p-Si sliding on the n-GaN, indicating
that the DC current and voltage output are positive to the
contact area in the dark and under UV light irradiation. The
dependence of Isc and Voc on optical power density are shown
in Figure 3e,f, respectively. As the light intensity increases from
12 to 28 mW/cm2, the Isc value increases from 31 to 154 nA
and the Voc value increases from 1.11 to 3.35 V. The higher the
light density, the more the electron−hole pairs are excited at
the p-n junction interface, leading to the increase in Isc and Voc.
It is also seen that the doping concentration of p-Si

influences the DC output, because of the difference in Fermi
level at the p-n junction surface. As shown in Figure 4a−c, we
selected p-Si with different resistances sliding on the n-GaN,
which are 14−22 Ω·cm, 1−10 Ω·cm, and below 0.01 Ω·cm.
The Isc and Voc values are shown in Figure 4d−f and Figure
4g−i, respectively. The results indicate that p-Si with a higher
resistivity produces a higher DC output, especially under UV
light irradiation. What is more, the resistivity of p-Si is
determined by the doping concentration: the higher the
doping concentration, the lower the resistivity. In the extrinsic
semiconductor, doping of donor or acceptor impurity atoms
will change the distribution of electrons and holes. In addition,
the Fermi level is related to the distribution function, and it
will change with the electron concentration in the conduction
band and the hole concentration in the valence band.32

For the semiconductor in a thermal equilibrium, the electron
and hole concentrations are defined as

= [− − ]n N E E k Texp ( )/0 c c F 0 (6)

= [− − ]p N E E k Texp ( )/0 v F v 0 (7)

where Nc is the effective state density of the conduction band,
Nv is the effective state density of the valence band, EF is the
Fermi level, Ec is the bottom of the conduction, Ev is the top of
the valence band, k0 is the Boltzmann constant, and T is the
absolute temperature. With regard to the p-type semi-
conductor, the hole concentration is defined as p0 = NA,
where NA is the acceptor concentration. It can be calculated
from the above formula.30

− =E E k T N Nln( / )F v 0 v A (8)

The higher the acceptor concentration, the smaller the energy
difference (EF − Ev), and the Fermi level is closer to the top of
the valence band. On the whole, the barrier height of the p-n
junction increases with the doping concentration of p-Si.
Simultaneously, the electron and hole transitions in the p-n
junction will step across a high barrier height. When p-Si slides
on n-GaN, the barrier height decreases with an increase in p-Si
resistance, which also increases the carrier concentration in the
interface, leading to more carrier transfer between p-Si and n-
GaN and an increase in the DC output. Furthermore, the UV
light also excites carriers at the interface: the lower the barrier
height, the more the carriers can be excited. This is illustrated
from Figure S6, where p-Si with high resistance results in the
DC output being obviously enhanced under the UV light
irradiation.
In order to explore the photon effect for the DTENG

properties, we measured the electrical performance of the p-Si
and n-GaN based p-n junction. The schematic structure of the
Si/GaN p-n junction is indicated in Figure 5a; the UV light
stimulates the photogenerated carriers at the interface, bringing
about the photoresponse in the p-n junction. Figure 5b gives
the I−V curve of the p-n junction in the dark and under UV
light (365 nm, 28 mW/cm2) irradiation. The photocurrent is

Figure 5. Photoelectric properties of the Si/GaN p-n junction. (a)
Schematic of the Si/GaN p-n junction, producing photogenerated
carriers at the interface with the UV light irradiation. (b) I−V
property curve of the p-n junction in the dark and under UV light
(365 nm, 28 mW/cm2) irradiation. (c) Time-dependent current of
the p-n junction with a 365 nm UV light irradiation of 28 mW/cm2

under zero bias. (d) Time-dependent current of the p-n junction
toward 365 nm light irradiation with light intensities of 28 and 12
mW/cm2 at zero bias. (e) Time-dependent current of the p-n junction
under biases of 1 and 2 V with 365 nm UV light (28 mW/cm2)
illumination.
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weak under the negative bias, while it is significantly enhanced
under the positive bias, which indicates the typical rectifying
characteristics of the p-n junction. Under UV light irradiation,
the photocurrent increases rapidly at the positive bias,
demonstrating a prominent photoelectric conversion ability.33

This also indicates that the p-n junction based on p-Si and n-
GaN has a great diode function. Figure 5c shows the time-
dependent current of the p-n junction by intermittently turning
on and off the 365 nm UV light of 28 mW/cm2 under a zero
bias. It can be seen that the current is zero in the dark and
increases to 1.5 nA when the UV light is turned on. Meanwhile
the current stays at around 1.5 nA when the UV light continues
to illuminate and will drop to zero when the UV light is turned
off. The time-dependent current of the p-n junction at different
optical power densities is illustrated in Figure 5d. As the light
intensity increases from 12 to 28 mW/cm2, the photocurrent
increases from 0.2 to 1.5 nA, which shows that the light
intensity can significantly enhance the switching performance
of this p-n junction. Moreover, the photocurrent barely
changes at the fixed light intensity, indicating the that
photoresponse of the p-n junction has good repeatability.
We also investigated the bias voltage dependence of the

photoresponse of the p-n junction, as shown in Figure 5e. As
the bias increases from 1 to 2 V, the current increases from 2 to
5.6 nA in the dark, and the photocurrent rapidly increases from
22 to 120 nA. The I−V curve and time-dependent current of
the p-n junction were all measured at the stationary state. In
addition, the photocurrent we measured is relatively low and
unstable. This is due to the p-Si and n-GaN in the p-n junction
being formed in the contact way rather than by epitaxial
growth of one material directly on top of the other. By
measurment of the photoresponse curve of the p-n junction,
the conclusion indicates that the UV light generates the
photogenerated electron−hole pairs, which separate and
diffuse under the drive of the built-in electric field in the
depletion layer. In addition, the electrons transport toward p-Si
and n-GaN to generate the photocurrent. Therefore, the
tribovoltatic current and voltage apparently increase under the
UV light irradiation. On the basis of the coupling of the
tribovoltaic effect and photovoltaic effect, this DTENG can
realize the coharvesting of solar energy and mechanical energy
in various environments.

■ CONCLUSION
In conclusion, we have demonstrated a p-Si and n-GaN based
DTENG regulated by the tribovoltatic effect and photovoltaic
effect. The results confirm that the bindington could excite
electron−hole pairs at the p-n junction interface and induce a
built-in electric field, which generates a direct current in the
external circuit. Simultaneously, the UV light could excite
photogenerated carriers, which increases the concentration of
electron-hole pairs in the p-n junction and leads to a significant
increase in the direct current and voltage under the UV light
irradiation. It turns out that the Isc value is 154 nA and the Voc
value is 3.35 V under the UV light irradiation, increasing
separately about 13 times and 4 times in contrast to those in
the dark. In addition, the maximum power is approximately 60
nW under the UV light irradiation. Moreover, the output
performance of the DTENG increases by sliding speeds,
optical power densities, accelerations, contact areas, and
resistivities of p-Si. Our work verifies the synergistic effect of
the tribovoltatic effect and photovoltaic effect, opening up new
ideas to harvest energy in semiconductor materials. These

findings will also promote triboelectric applications in
semiconductor devices and photoelectronic devices.
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