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Contact electrification (or triboelectrification) (CE) is a universal phenomenon between any two
materials or two phases of materials. But a contact between two different materials may results in
different output. When a p-type semiconductor sliding on a n-type semiconductor surface, the current
flowing between the two electrodes on the top of the p-type and the bottom of the n-type is a direct
current. This phenomenon is called tribovoltaic effect discovered in the last few years. The mechanism
of the tribovoltaic effect is resulted from the electron-hole pairs generated at the PN junction due to the
energy released by the formation of the newly formed chemical bonds at the interface due to
mechanical sliding, and the inner field built at the PN junction separates the electrons from the holes,
resulting in a DC output. The energy released by forming a chemical bond is called “bindington”,
which serves as the exciton for exciting the electron-hole pairs, in analogy to the photovoltaic effect.
Here, we first review the recent works on the tribovoltaic effect observed at different interfaces. Then,
the mechanism of the tribovoltaic effect is presented. The surface chemical methods for regulating the
tribovoltaic effect are discussed. Finally, a technique of hybrid tribovoltaic nanogenerator based on the
tribovoltaic effect and its potential applications are elaborated.
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Introduction
As the world enters the era of internet of things (IoTs), the high-
entropy distributed energy is urgently needed to power a large
number of micro-sensors [1,2]. Triboelectric nanogenerators
(TENGs), which were first invented by Wang in 2012, are a typ-
ical distributed energy source capable of harvesting mechanical
energy from the environment to power sensors [3–10]. Tradi-
tional TENGs usually consist of insulators with conductive elec-
trodes [11–14]. When the two insulators contact with each
other, the contact electrification (CE) occurs and the insulator
surfaces are electric charged. Then, the insulator vibrates against
the conductive electrodes driven by mechanical energy, such as
human motion [15,16], wind [17,18] and water wave [19,20]
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etc., generating induced alternating current (AC). Since most
micro-sensors require direct current (DC), traditional TENGs are
usually equipped with rectifiers, which increase the sizes of the
devices and reduces energy harvesting efficiency [21,22].
Recently, the CE and triboelectrification between semiconduc-
tors were investigated and it turned out that a DC current will
be directly generated when a p-type semiconductor rubbing
against a n-type semiconductor, which can be considered as a
DC-TENG without rectifier [23–26].

Due to the advantages of DC output, the semiconductor DC-
TENG has attracted extensive attention. However, the mecha-
nism of the CE or triboelectrification involving semiconductors
has not been clear until the tribovoltaic effect was first proposed
by Wang [25]. It was pointed out that the generation of the DC
current at the sliding semiconductor interface is similar to the
1
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photovoltaic effect. Once a p-type semiconductor slides on a n-
type semiconductor, the newly formed atomic bond at the inter-
face releases an energy quantum, named as “bindington”, which
excites electron-hole pairs at the PN junction. The electrons and
holes are separated by the internal built-in electric field at the PN
junction, generating a direct current. This is the tribovoltaic
effect, which occurs at PN semiconductor interfaces [27,28] or
Schottky junction between a metal and a semiconductor inter-
face [29,30]. The energy quantum, which was named as “bind-
ington”, similar to the photon, is introduced here [31–33]. In
recent years, the tribovoltaic effect at different interfaces has
been widely discussed, and the output of the DC-TENG based
on tribovoltaic effect was continuously optimized based on dif-
ferent methods, such as surface modification and material selec-
tion, suggesting that tribovoltaic effect has a wide range of
potential application in the field of nano energy.

This review provides a summary of recent studies on the tribo-
voltaic effect. First, the photovoltaic effect and the energy
released during friction have been systematically introduced to
clarify the mechanism of the tribovoltaic effect at the semicon-
ductor interface. Secondly, the tribovoltaic effect at different
interfaces, including metal–semiconductor interface, n-type
and p-type semiconductor interface, etc., is reviewed. Third, the
surface modification and material optimization methods for
improving the tribovoltaic TENG output are systematically sum-
marized. Finally, the contribution of CE to the tribovoltaic effect
and the potential applications of the tribovoltaic effect are dis-
cussed further.

Mechanisms of tribovoltaic effect
A brief introduction to photovoltaic effect
The tribovoltaic effect is usually analogous to the photovoltaic
effect except the source for exciting the electron-hole pair is dif-
ferent. Understanding the photovoltaic effect has significant
implications on the tribovoltaic effect. The photovoltaic effect
is the physical basis for the conversion of converting light energy
into electricity in solar cells, which is an important clean energy
source [34–36]. After decades of efforts, the mechanism of the
photovoltaic effect is relatively clear compared to the tribovoltaic
effect [37–42]. As shown in Fig. 1, photovoltaic cells are usually
composed of different semiconductors. Fig. 1a gives the band
FIGURE 1

Energy band diagram of the photovoltaic effect. (a) Energy band diagram
diagram of the PAN junction and photoexcitatatoin of electron-hole pairs. (c) S
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structure of p-type and n-type semiconductors before contact.
When the n-type semiconductor contacts the p-type semicon-
ductor, the majority carrier in n-type semiconductor (electron)
will diffuse to the p-type semiconductor side, and the hole will
diffuse from the p-type semiconductor side to the n-type semi-
conductor side, until the Fermi level of the two semiconductors
reaches equilibrium, and a built-in electric field is established.
Then, the incident photon provides the energy to excite the
electron-hole pairs (Fig. 1b), which is further separated under
the built-in electric field (Fig. 1c), realizing the conversion of
light energy to electric energy.

Photovoltaic cells have been successful in the field of clean
energy and are now an important means of harvesting clean
energy. The tribovoltaic effect is similar to the photovoltaic
effect, the only difference is that the tribovoltaic cell converts
mechanical energy into electrical energy, instead of light energy
to electric energy. And the tribovoltaic cell is complementary to
the photovoltaic cell and is expected to become another impor-
tant way to obtain clean energy.
Bonding and energy releasing during contact electrification
Unlike the photovoltaic effect, the energy to excite the electron-
hole pairs at the interface in the tribovoltaic effect comes from
friction. How friction excites electron-hole pairs at the interface
is a key to understand the tribovoltaic effect. Friction is the resis-
tance caused by the interaction between the two sliding contact
surfaces, which occurs at almost any sliding interface with
energy loss [41–46]. It can be considered that tribovoltaic effect
converts part of the dissipated energy during friction into electri-
cal energy. The energy dissipation in friction is a complicated
topic, which has been discussed for a long time. At macro-
scale, frictional force is proportional to the normal load, which
is often called Coulomb’s law [45,46]. Different friction theory
was proposed to explain the Coulomb’s law, such as the mechan-
ical engagement theory, in which the friction originated from
surface roughness, and the frictional energy is loss in roughness
engagement, collision and plastic deformation, such as plowing
through the hard asperities to embed in the soft surface
[47,48]. The adhesion effect in friction was also considered,
which points out that the friction may come from the adhesion
of two asperities at the interface due to the dramatic temperature
of the p-type and n-type semiconductors before contact. (b) Energy band
eperation of electron-hole pairs under built-in electric field [69].
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increase at microscale [49,50]. We can conclude from the macro-
scopic friction theory that the energy lost in friction is converted
into heat and deformation energy. The deformation of the mate-
rials is unlikely to excite the electron-hole pairs at the interface,
but the temperature rise is a potential factor for excitation of the
electron-hole pairs, which was discussed by using quantum
mechanical calculations [51].

It was demonstrated that the tribovoltaic effect can occur at a
super-lubricated interface [52], in which the deformation of
materials is limited. It also suggests that the deformation of mate-
rials cannot be the factor that excites the electron-hole pairs at
the interface, and the energy dissipation in the friction should
be discussed at atomic scale to understand the generation of tri-
bovoltaic effect. It has been shown that the friction does not
completely disappear and is sometimes even significant at the
atomic flat crystal surface, and the various micro-friction theories
were proposed, such as “cobblestone” model [53,54], oscillator
model [55,56], phonon friction model [57] and bond formation
model [58–64]. In these models, the energy is dissipated in the
form of atomic vibrations and chemical bond formation, in
which the energy released by bond formation could be large
enough to excite the electron-hole pairs. As shown in Fig. 2,
some of the silicon atoms are terminated by a –OH group [59].
During sliding, the –OH group forms a siloxane bond (Si-O-Si)
with another –OH group on the other surface through the silanol
condensation reaction, and releases a H2O molecule [63,64]. On
the other hand, the some formed siloxane bonds are torn,
absorbing energy, causing mechanical energy lost and generating
friction force [65]. As the sliding continues, the siloxane bonds
are constantly being formed and broken, the formation of the
chemical bonds will release an energy quantum, which was
named as “bindington”. The energy value of the “bindington”
depends on the energy difference between the orbitals of the
FIGURE 2

Schematic of the chemical reactions at a sliding silicon interface in which
the formation of chemical bonds occurs.
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electron before and after the bonding, which could be up to sev-
eral electron volts. Several electron volts energy is enough to
excite an electro-hole pair at least at the semiconductor interface
[31,32]. In this process, the formation and broken of the chemi-
cal bonds can be considered as a pump to convert the mechani-
cal energy into electricity. In fact, the friction process is very
complex, and the current experimental studies on the tribo-
voltaic effect have not discussed the friction process in depth,
which is a key issue in future research on the tribovoltaic effect.
But anyway, the formation of chemical bonds could be an impor-
tant energy source for the excitation of electrons.

In general, phonons can be excited locally at the interface
during materials sliding due to local elastic and possibly plastic
deformation. But we believe that the phonon energy in the range
of 10–50 meV is not enough to excite electron-hole pairs an PN
junction, which usually requires an energy more than 1.1 eV to
be excited as for silicon. At low-sliding speed, local heating may
not a problem, but at a high speed of sliding, local heating could
be more serious. In this case, the situation could be more
complex.
Friction produced DC current during sliding-mode tribovoltaic
effect
Based on the above discussion, the tribovoltaic effect can be
described clearly analogous to the photovoltaic effect, and we
emphasize the role of the energy release by the formation of
chemical bonds at the interface. Fig. 3a gives the energy band
diagram of p-type semiconductor and n-type conductor in con-
tact. When the two semiconductors contact each other, the elec-
tron will diffuse from n-type semiconductor side to the p-type
semiconductor side, while the holes diffuse from p-type semicon-
ductor side to the n-type semiconductor side, hence forming a
built-in electric field, to compensate the difference in the Fermi
level. On the surface of the semiconductor, the periodic arrange-
ment of atoms is terminated with dangling bonds on the surface
atoms. When there is a relative motion between the upper and
lower surfaces, the distance between the atoms belonging to
the two surfaces changes. If the distance of the atoms gets close
enough, the dangling bonds will interaction with each other, fur-
ther forming a new chemical bonds, and release an energy qun-
tum (“bindington”) (Fig. 3b), because forming a bond is
energetically favorable in a general case. The “bindington” plays
the role of incident photon in the photovoltaic effect, exciting
the electron-hole pairs at the interface (Fig. 3c). And then, the
electron-hole pairs are separated under the built-in electric field,
and the electron transfer to the n-type semiconductor side, while
the hole transfer to the p-type semiconductor side (Fig. 3c), so
that the direction of the tribo-current is from p-type semiconduc-
tor side to the n-type semiconductor side in the external circuit.
And it needs to be mentioned that the formed chemical bonds
between the atoms will be torn by the mechanical force, as the
relative motion of the two surfaces continues, which is a process
of adsorbing energy, conversing the mechanical energy to the
chemical energy, and generating friction force. The whole pro-
cess of the tribovoltaic effect is shown in Movie 1. The relation-
ship between photovoltaic effect and tribovoltaic effect can be
simply illustrated in Fig. 3d. It is shown that the only difference
3
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FIGURE 3

Energy band disgram of the tribovoltaic effect. Energy band diagram of the p-type semiconductor and the n-type semiconducotr (a) in contact and (b) in
sliding. (c) The movement of the electrons and the holes at the p-type semiconductor and p-type semiconductor interface in sliding. (d) The illustration of the
relation between photovaltaic effect and tribovoltaic effect. (Ec is the bottom of the conduction band, Ef is the Fermi level of the semiconductors, and Ev is the
top of the valence band.).
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between the two is the source of energy that excites the electron-
hole pairs.

It is important to note that although we used the term of
tribo- in tribovoltaic effect, in physics, there is no need to rub
one material against another, but a physical contact at a separa-
tion at sub-Angstrom scale is enough for generating the effect.
Since tribo- is more familiar to people, we use tribo- instead of
contacting. Moreover, in current tribovoltaic effect theory, the
band diagram of the two semiconductors in contact mode and
that in sliding mode is considered as the same for simplicity, that
is, no study has considered the influence of sliding on the struc-
ture of band diagram. In fact, sliding is highly suspected to affect
the band diagram of two semiconductor surfaces, since in the ini-
tial contact, both surfaces are virgin surfaces without carrier dif-
fusion, and during sliding, one surface is virgin and the other one
is with the diffused carrier from previous contact. This effect is
subject to further discussion.
Tribovoltaic effect at different interfaces
The conditions for the tribovoltaic effect are the presence of a
built-in electric field at the interface and the electron-hole pairs
excited at the frictional interface. The temperature rises and for-
mation of chemical bonds at sliding interfaces are universal phe-
nomena that occur at almost any frictional interface, which
4
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implies that any sliding interface with a built-in electric field
should have a tribovoltaic effect. As expected, recent studies have
demonstrated that the tribovoltaic effect can occur at various
interfaces, including metal–semiconductor interface (Schottky
junction) [24,68–73], PAN junction [69,74–76], metal–insula
tor-semiconductor interface [72,77–81], metal–insulator-metal
interface [80] and even liquid-semiconductor interface
[31,32,83–87], as shown in Fig. 4.
Metal-semiconductor interface
Before the tribovoltaic effect at metal–semiconductor interface
was first proposed by Wang [25], Shao et al. used a metal elec-
trode to contact the conducting polymers without lateral fric-
tion, such as poly-pyrrole (PPy) [66]. They noticed that the
electrons excited by mechanical power could tunnel though a
Schottky junction to generate DC current. The development of
tribovoltaic effect was facilitated by the atomic force microscopy
(AFM). By using a conductive tip or a semiconductor tip to rub a
semiconductor sample, the tribo-current can be recorded by the
conductive atomic force microscopy (CAFM) mode, and the
tribo-voltage can be obtained by applying a compensating volt-
age to eliminate the tribo-current. Moreover, the rectifying char-
acteristics of the interface can be measured via current–voltage (I-
V) experiments by using AFM equipment. The conductive AFM
org/10.1016/j.mattod.2022.11.005
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FIGURE 4

Tribovoltaic effect at different interfaces. (a) Metal-semiconductor interface. (b) PAN junction [69]. (c) Metal-insulator-semiconductor structure [76]. (d)
Metal-insulator–metal structure [80].
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tip has lower resistance compared to the semiconductor AFM tip,
and the conductive tip is also easier to obtain than specifically
doped semiconductor tips. So that the study of tribovoltaic effect
at microscale starts from the metal–semiconductor interface
(Schottky junction, Fig. 4a). Liu et al. used a Pt-coated silicon
AFM tip to rub over a molybdenum disulfide (MoS2), generating
a continuous DC current with a maximum density of 106 A/
m�2(�|-), which is much larger than most traditional TENGs
[24]. The I-V experiments suggested that there was a Schottky
barrier at the Pt-coated tip and MoS2 interface. Combining finite
element simulation, Liu et al. proposed that the tribo-current is
induced by electronic excitation under friction, and the rectify-
ing Schottky barrier at the interface plays a critical role. This
explanation is very close to the tribovoltaic effect, but the con-
cept of the tribovoltaic effect was not clearly established. In order
to avoid the effect of wear of the metal-coated tip on the tribo-
voltaic effect at metal–semiconductor interface, Zheng et al. use
a pure Pt tip to rub both the p-type and n-type silicon samples,
and the direction of the tribo-current is from p-type silicon side
to the Pt tip side and from Pt tip side to the n-type silicon side
in the external circuit, which is consistent with the tribovoltaic
effect [69]. Some DC-TENGs based on tribovoltaic effect at
metal–semiconductor interface were designed [71]. One advan-
Please cite this article in press as: S. Lin, Z. Lin Wang, Materials Today, (2022), https://doi.
tage of these DC-TENG compared to that based on tribovoltaic
effect at PAN junction is that the metals have a lower resistance,
which corresponds to a lower internal resistance.
PAN semiconductors interface
Similar to the tribovoltaic effect at metal–semiconductor inter-
face, the DC current can be also generated at a PAN junction
(Fig. 4b). Before discussing the tribovoltaic effect at a PAN junc-
tion, it is worth mentioning the work on the contact electrifica-
tion between n-type silicon and p-type silicon. Zhang et al. used a
n-type silicon to contact a p-type silicon without friction, and
the current between the two silicon samples was recorded [74].
It was found that the direction of the contact current was related
to the chemical potential difference between the two silicon
samples. The Fermi level of n-type silicon is usually higher than
that of p-type silicon. When they come into contact, the elec-
trons will transfer from the n-type silicon surface to the p-type
silicon surface. When they separate, the transferred electrons will
transfer back from the p-type silicon to the n-type silicon in the
external circuit, generating current. Further, Xu et al. used n-type
silicon to rub a p-type silicon in macroscale, and the DC current
was generated between the two sliding silicons. In this case, the
direction of the DC current was from p-type silicon to the n-type
5
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silicon in the external circuit, which is consistent with the direc-
tion of the built-in electric fields at the PAN junction, suggesting
that the tribo-current is caused by the tribovoltaic effect [73]. In
microscale, Zheng et al. used a n-type diamond-coated silicon tip
to scan both the p-type silicon and n-type silicon with different
doping concentrations by using CAFM [69]. It was revealed that
the tribo-current can be generated at the n-type tip and p-type
silicon interface but not at the n-type tip and n-type silicon inter-
face, and the direction of the current is from p-type silicon to the
diamond-coated tip in the external circuit. Moreover, I-V tests
have shown that the current between the diamond-coated tip
and p-type silicon samples is highly dependent on the rectifying
characteristics of the tip and sample interface. The stronger the
rectification characteristics of the interface, the larger the tribo-
current. All these observations support that the tribovoltaic effect
occurs at the PAN junction.

Metal-insulator-semiconductor structure
When a metal contacts a semiconductor directly, the Schottky
barrier will be established and the excited electrons have been
demonstrated to be able to tunnel through the Schottky barrier.
As we know that electrons have a tunneling effect, it was won-
dered that if there is an insulator layer between a metal and a
semiconductor, can the friction excited electrons pass through
the interface. Liu et al. used a conductive tip to slide against a sil-
icon oxide layer with a thickness of 1 � 2 nm on the silicon wafer
[79]. It was found that the friction excited electrons can tunnel
though the oxide layer, generating a DC tribo-current (Fig. 4c).
And the tribo-current was 2 � 3 orders higher than the dielectric
AC output in the traditional TENGs, up to 35 A/m�2(�|-). How-
ever, the output of the metal-SiOx-Si tribovoltaic nanogenerator
is highly dependent on the thickness of the oxide layer, which
is expected as the tunneling distance of the electrons is limited.
If the thickness of the insulator layer increases, the resistance
of the metal-SiOx-Si structure will increase dramatically. Deng
et al. rubbed a silicon by using a conductive tip to investigate
the tribovoltaic effect at a Schottky junction [77]. They noticed
that the tribovoltaic current degraded with the increasing of
the scan cycles. It was suggested that the degradation of the
tribo-current was caused by the formation of the silicon oxide
layer induced by the built-in electric field and adsorbed water
molecules at the tip and sample interface. Experiments showed
that the tribo-current was close to zero after five scans, which
implies that the silicon oxide layer was too thick for electrons
to tunnel through. In some metal–insulator-semiconductor sys-
tems, the current can be generated when the thickness of the
insulator layer up to 200 nm, which is explained by thermionic
emission and defect conduction theory [76].

Based on current studies, the tribo-current at the metal–semi-
conductor interface is usually larger than that at the metal–insu
lator-semiconductor interface due to the higher resistance in the
metal–insulator-semiconductor structure. However, it was
reported that the output voltage of the metal–insulator-semicon
ductor sliding generator is usually higher than that of the metal–
semiconductor sliding generator, which is attributed to the
enhanced barrier height and charged/discharged of the hot elec-
trons at the interface [72]. Moreover, the tribovoltaic effect
highly depends on the interaction of two surfaces since that
6
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the electron-hole pairs in tribovoltaic effect are excited by fric-
tion. As we know, the surface of an insulator is different from
the surface of a conductor, such as the surface thermal conduc-
tivity, etc. So that the interaction between the conductor and
some insulators may be stronger than that between two conduc-
tors, exciting more electrons and generating a higher tribo-
current/tribo-voltage. Therefore, introducing a thin insulator
layer in at the metal–semiconductor interface is an effective
method to optimize the tribovoltaic nanogenerator.

Metal-insulator–metal structure
For the metal–insulator-metal structure, Benner et al. investi-
gated the DC output characteristics of Al-TiO2-Ti and Al-Al2O3-
Ti heterojunctions [80]. It was found that the open-circuit volt-
age of the Al- TiO2-Ti generator increased from �0.03 to
�0.52 V as the thickness of TiO2 increased from 0 to 200 nm
in the case of vertical configurations, which means that out-of-
plane carrier transport through the interfacial layer. While the
short-circuit current initial increased with the increasing of the
thickness of TiO2, reached its peak value at 20 nm thickness,
and then decreased with the increasing of the thickness. The I-
V characterization shown that the DC output of the Al- TiO2-Ti
generator depended on both the voltage and resistance of the
structure, in which the both increased with increasing insulator
thickness. It was proposed that quantum tunneling, thermionic
emission and trap-assisted transport contributed to the tribo-
current (Fig. 4d), in which the quantum tunneling paly domi-
nated role with thin insulator thickness, and the main charge
transfer mechanism switched to thermionic emission/trap-
assisted transport when the insulator layer was thick. This work
proved that both the tribovoltaic effect and capacitive effect con-
tribute to the DC current generation of the sliding metal–
insulator-metal structure.

Liquid-semiconductor interface
Recently, the contact electrification between liquid and solid has
attracted extensive concern, owing to the invention of liquid–
solid TENG and its potential impacts on the chemical reactions
[20,88–98]. Similar to contact electrification, the tribovoltaic
effect not only occurs at solid–solid interface, but also at liq-
uid–solid interface. Lin et al. designed experiments to investigate
the tribovoltaic effect at aqueous solution and silicon interface,
in which a syringe conductive needle was used to drag a DI water
droplet to slide over a silicon wafer surface, and the tribo-current
and tribo-voltage were recorded, as shown in Fig. 5a [85]. It was
found that a DC tribo-current can be generated during the slid-
ing, as shown in Fig. 5b. The direction of the tribo-current was
from p-type silicon to the aqueous solution or from aqueous
solution to the n-type silicon in the external circuit, implying
that the electrons moved from p-type silicon side to the aqueous
solution side or from n-type silicon side to the aqueous solution
side at the interface. Combining I-V characterizations, the direc-
tion of the tribo-current at the sliding aqueous solution-silicon
interface was found to be the same with the direction of the
built-in electric field at the interface, which was consistent with
the tribovoltaic effect. Further, the liquid–solid sliding experi-
ments were performed under light irradiation [32], the results
shown that the tribo-current between aqueous solution and sili-
org/10.1016/j.mattod.2022.11.005
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FIGURE 5

Tribovoltaic effect at the liquid-semiconductor interface. (a) The setup of the tribovoltaic experiments and the external circuit [85]. (b) The oscillogram of
tribo-current when a DI water droplet slides on the p-type silicon wafer. (c) The generation of the “bindington” at the sliding water and semiconductor
interface [33]. (d) Energy band diagram of the tribovoltaic effect at a liquid–solid junction.
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con wafer can be enhanced by the light irradiation, owing to the
increasing of the electro-hole pairs at the interface, also sup-
poritng that tribovoltaic effect occurs at liquid–solid interface.

A key point in understanding the tribovoltaic effect at the
aqueous solution-semiconductor interface is that the aqueous
solution can be considered as a liquid semiconductor [97–102].
When the aqueous solution contacts the solid semiconductor,
the electrons will diffuse from one surface to the other surface
to establish the built-in electric field, as that occurs in the PAN
junction. During sliding, the aqueous droplet will contact the
fresh surface of the solid semiconductor, forming new chemical
Please cite this article in press as: S. Lin, Z. Lin Wang, Materials Today, (2022), https://doi.
bonds and releasing energy quantums (was named as “binding-
tons”), as shown in Fig. 5c. The temperature effect on the tribo-
voltaic current supported the generation of “bindingtons” [31]. It
was revealed that the tribovoltaic current between aqueous solu-
tion and solid semiconductor increased with the increasing tem-
perature, which was caused by more violent collisions between
water molecules and solid surface, resulting in the release of more
“bindingtons”. Analogous to the tribovoltaic effect at the solid–
solid interface, the whole process of the tribovoltaic effect at
the liquid–solid interface can be described, as shown in Fig. 5d.
First, there is a built-in electric field at the liquid–solid interface
7
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due to the diffusion of electrons driven by the difference in the
Fermi levels. During sliding, the “bindington” will be released
to excite electron-hole pairs at the interface, and then the
electron-hole pairs are separated by the built-in electric field, gen-
erating a DC current.

Here, we designed a table to compare the mechanisms and
output performance of the tribovoltaic effect at different inter-
faces for a better understanding, as shown in Table 1. It should
be noticed that this is a qualitative table. Because there is no stan-
dard test method in the study of tribovoltaic effect, the experi-
mental conditions are different for the data, so it is impossible
to make a quantitative comparison currently.

Interfacial engineering for enhanced tribovoltaic
effect
Development of high-performance DC nanogenerators based on
the tribovoltaic effect is a key topic in the academic community.
The output tribovoltaic current and voltage are demonstrated to
be highly dependent on the interfacial properties of the tribo-
voltaic nanogenerator. It was reported that the real contact area,
load and the density of surface states of the semiconductor can
significantly affect the tribovoltaic effect. Therefore, it is an
important way to improve the output of tribovoltaic nanogener-
ators by changing the surface properties of the semiconductors.

Surface states enhancement
Surface states can be understood as the position on the surface
that holds electrons, which is generated due to the termination
of periodic arrangement of atoms on the surface. Theoretically,
the density of surface states of the semiconductor may affect
the tribovoltaic effect from three aspects. First, the electrons in
the surface states are easier to be excited than those in the
valence band, as less energy is required. The higher the density
of surface states, the larger the number of electrons can be held
on the surface, and more electrons can be excited, generating
more electron-hole pairs, and increasing the tribovoltaic current.
Secondly, a higher surface states density corresponding to more
dandling bond on the surface, resulting in more chemical bonds
formation during sliding, releasing more “bindington”. Third,
the surface states density of semiconductors can affect the inter-
face band structure and the strength of the built-in electric field,
and further tribovoltaic current and voltage.

Zheng et al. used inductively coupled plasma reactive ion
etching (ICP-RIE) method to enhance the density of surface
states of the silicon, and tested the tribovoltaic effect between
two semiconductors before and after the ICP-RIE treatment, as
shown in Fig. 6a [69]. The results turned out that the tribovoltaic
current between the tip and the treated semiconductors
TABLE 1

The tribovoltaic effect at different interfaces.

Friction excitation Tunneling of ele

Metal-semicionductor Yes No
PAN junction Yes No
Metal-insulator-semiconductor Yes Yes
Metal-insulator–metal Yes Yes
Liquid-semiconductor Yes No
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increased dramatically, as shown in Fig. 6b and 6c. The I-V char-
acterizations implied that the built-in electric field at the semi-
conductor interfaces was not enhanced by the ICP-RIE
treatment of the semiconductors. While the X-ray photoelectron
spectrums (XPS) suggested the adsorbing of fluorine and sulfur
elements on the Si sample surfaces, which may introduce new
surface states. On the other hand, the ICP-RIE treatment may
produce defects on the surface, which may also increase the den-
sity of surface states of the Si samples. From these results, it can
be concluded that the tribovoltaic effect can be enhanced by
increasing the density of surface states of semiconductors, and
some works about the dynamic Schottky generator also sup-
ported this conclusion [70].

At a solid–solid interface, the real contact area is much less
than the nominal contact area due to the existence of rough
asperities. Increasing the real contact area, letting more surface
states of the semiconductor to be involved in friction is another
sense of increasing the surface states density. An effective way to
increase the real contact area is to choose flexible materials in
contact. For example, there are a large number of nano-sized pro-
trusions on the flexible carbon aerogel surface, which increases
the real contact area at the interface. Therefore, the carbon
aerogel-SiO2-Si tribovoltaic nanogenerator has a high output per-
formance (Fig. 6d) [101].
Interfacial electric field enhancement
The excited electron-hole pairs are separated by the built-in elec-
tric field in tribovoltaic effect. A stronger built-in electric field
separates electron-hole pairs more efficiently. The Fermi level dif-
ference between the two semiconductors before contact is an
important factor that can affect the strength of the built-in elec-
tric field at the interface. It was reported that the tribovoltaic cur-
rent and voltage between diamond tip and silicon sample highly
depended on the doping concentration of the silicon sample,
which affects the Fermi level of the silicon [69]. The doping con-
centration of silicon sample also affects the tribovoltaic effect at
liquid-semiconductor interface [85]. Experiments have shown
that the tribovoltaic current and voltage at the aqueous
solution-silicon also increased with the doping concentration
of silicon in a certain range. Therefore, it is an important method
to optimize the tribovoltaic nanogenerator by selecting the
appropriate semiconductor doping concentration to establish a
relative strong interfacial built-in electric field. As discussed in
Section 3.3, introducing an insulator layer at the semiconductor
interface is another way to enhance the built-in electric field and
the interface barrier higher, and further enhance the output per-
formance of the tribovoltaic nanogenerator [76].
ctrons Internal resistance Output voltage Output current

Low Low High
Middle Middle Middle
High High Middle
Middle Middle Middle
Middle Middle Middle
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FIGURE 6

Effect of the surface states density of the semiconductor and the contact area on the tribovoltaic effect. (a) The setup of the ICP-RIE treatment for
enhancing the surface states density of the silicon. The tribovoltaic current between a n-type tip and the silicon samples (b) before ICP-RIE treatment, (c) after
ICP-RIE treatment [69]. (d) The tribovoltaic effect at the SiO2 (with oxide layer) and carbon aerogel [101].
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Surface chemistry on tribovoltaic effect
Surface functional groups play an important role in many effects,
especially those related to friction, such as contact electrification
and tribovoltiac effect. It was demonstrated that the surface func-
tionalization is an effective method for tunning the output per-
formance of the tribovoltaic nanogenerator [102,103]. The
surface work function of the semiconductors, which is very sen-
sitive to the surface functional group, can be regulated by surface
modification, and then the barrier height and built-in electric
field strength at the interface of semiconductors can be con-
trolled, further affecting the tribovoltaic effect. Moreover, as pro-
posed in Section 2.3, the energy to excite electron-hole pairs is
released by the formation of chemical bonds during friction.
The energy of the released “bindington” depends on the func-
tional groups on the two sliding surfaces and what chemical
bonds form at the interface. Selecting functional groups with
high chemical energy can help to release high energy “binding-
ton” during friction and improve the output performance of tri-
bovoltaic nanogenerator.

Ferrie et al. grafted organic mobolayers bearing a range of ter-
minal functional groups on silicon surface by means of hydrosi-
Please cite this article in press as: S. Lin, Z. Lin Wang, Materials Today, (2022), https://doi.
lytion chemistry (Fig. 7a) [104,105]. And the tribovoltaic effect
between the functionalized silicon and Pt tip was investigated
by using CAFM (Fig. 7b). It turned out that the tribo-current
between the Pt tip and the monolayer functionalzed silicon
was significantly affected by the terminated functional groups
of the monolayer. The effect of work function, adhesion, wetta-
bility of the functionalized surface on the tribovoltaic effect
was discussed. This work bridges the field of surface chemistry
and molecular electronics, which for the first time demonstrated
the effect of surface chemical functional groups on the tribo-
voltaic effect. But the formation of chemical bonds at the inter-
face was not mentioned in this work. According to the
mechanism of the tribovoltaic effect, the control of interface
bonding is one of the ideas for surface chemistry in the tribo-
voltaic effect.

Super-lubricated interface
A tribovoltaic nanogenerator converts mechanical energy into
electrical energy through friction. Unfortunately, mechanical
energy is also converted into other energies during friction, such
as deformation energy and thermal energy, and even only a
9
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FIGURE 7

Surface chemistry and superlubrication in the tribovoltaic effect. (a) Schemetics of the surface functionalization of the silicon sample, and (b) schematics
of the CAFM experiment [104,105]. (c) Structure of a graphite-silicon tribovoltaic nanogenerator, and (d) optical microscopic image of a graphite-silicon
tribovoltaic nanogenerator [52].
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small part of it can be converted into electricity, making tribo-
voltaic nanogenerator inefficient. On the other hand, semicon-
ductor wear also leads to poor stability of the tribovoltaic
nanogenerator. Therefore, reducing the friction contributed by
the plowing effect and plastic deformation, further reducing
the wear and frictional coefficient, can improve the energy con-
version efficiency of the tribovoltaic nanogenerator.

Yang et al. designed a new tribological-behavior-controlled
DC triboelectric nanogenerator (TCDC-TENG) by introducing a
lubricating layer (polyalphaolefin SpectraSyn 4, PAO 4) on the
semiconductor surface [106]. It was demonstrated that the
TCDC-TENG can generate a stable DC output even in a high load
and high sliding speed without significant wear. And the output
was found to increase with increasing load and sliding speed.
Zhang et al. used the graphite-like carbon (GLC) and polytetraflu-
oroethylene (PTFE) as the lubricating layer, and the friction coef-
ficient of the macroscale tribovoltaic nanogenerator was reduced
to less than 0.01 [107]. Meanwhile, the current and power den-
sity of the super-lubric tribovoltaic nanogenerator reached
60nA and 5.815 W/m2, respectively.

In microscale, Huang et al. used a conductive AFM tip to press
on the top of a graphite flake, and controlled it to slide on an
atomic smooth surface of n-type silicon (Fig. 7c and 7d) [52].
During sliding, the friction force between the graphite flake
and silicon was measured by using lateral force microscopy while
the tribo-current was recorded by using CAFM. The micro tribo-
voltaic generator made of graphite flake and silicon has an out-
put of 210 A/m�2(�|-) and a power density of up to 7 W m�2,
while friction coefficient is less than 0.01. These super-lubric tri-
bovoltaic generators maintain good output performance while
significantly reducing friction. The small friction force means
10
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that very little mechanical energy is needed to drive the genera-
tor, increasing the efficiency of converting mechanical energy
into electricity.

Material engineering for tribovoltaic effect
As discussed above, the most commonly used semiconductor
material for tribovoltaic effect studies is silicon, which is already
widely used and has a well-established fabrication process. Sili-
con is very well understood, so a study of the tribovoltaic effect
of silicon material can better discuss the mechanism. However,
the silicon-based tribovoltaic nanogenerator also has some draw-
backs. On the one hand, its output performance is not very high.
On the other hand, due to the mechanical properties of silicon,
such as its relatively brittle and hard nature, it cannot be directly
used on many occasions, especially those that require interaction
with humans.

Therefore, special materials were designed for the production
of tribovoltaic nanogenerators, which improved the output per-
formance of tribovoltaic nanogenerators and also allowed the
nanogenerator to be used on some special occasions.

Flexible and organic materials
Flexible wearable devices have developed rapidly in recent years
[108–112]. Harvesting the mechanical energy of human motions
directly to power a wearable device is a perfect strategy. There-
fore, it is of great significance to study the tribovoltaic effect of
flexible materials and design flexible tribovoltaic nanogenera-
tors. Yang et al. investigated the tribovoltaic effect at sliding
metal-conducting polymer interfaces. In the experiments, differ-
ent metals were used, such as Al, Cu, Fe, Au and Pt [111]. The
PEDOT:PSS supported on flexible PDMS was chosen as the con-
org/10.1016/j.mattod.2022.11.005
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ducting polymer. It was found that the tribovoltaic voltage
highly depended on the work function difference between the
metal and the conducting polymers, and the highest output cur-
rent of 20 A/m�2(�|-) and open circuit voltage of 0.8 V were
achieved at the Al-PEDOT:PSS interface. In addition, You et al.
used the Al alloy, Si, ITO, Cu and graphene to slide against the
PEDOT:PSS surface and discussed the tribovoltaic effect at the
flexible materials interface [112]. It was also found that the opti-
mal output was the tribovoltaic nanogenerator composed of
PEDOT:PSS and Al alloy, which achieved short-circuit current
up to 309 lA, and open-circuit voltage up to 1 V.

Above two works proved that the tribovoltaic effect occurs at
sliding metal and flexible conductive polymer interfaces. Based
on this phenomenon, Meng et al. designed a textile tribovoltaic
DC nanogenerator, which is a big step towards the application of
flexible tribovoltaic nanogenerators [113]. As shown in Fig. 8a,
the conducting polymer PEDOT was coated on the conductive
Ni-coated textile substrate, which was chosen as an electrode.
When a metal, such as Al foil slid on the PEDOT coated textile
FIGURE 8

The textile tribovoltaic DC nanogenerator. (a) Schematic diagram of a textile t
DC current. (c and d) The electricity generation process of the textile tribovoltaic n
the equilibrium state and sliding state, respectively [113].
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substrate, a DC current was generated (Fig. 8b). Fig. 8c and 8d
give the electricity generation process of the textile tribovoltaic
nanogenerator. When the Al foil contacts the PEDOT coated tex-
tile, the electron in the Fermi level of Al will transfer to the lower
empty energy levels of PEDOT, establishing a built-in electric
field (Fig. 8e). During sliding, the electrons will be excited and
jump to the LUMO of the PEDOT by the released “bindington”.
Then the electrons and holes were driven by the built-in electric
field, generating DC current (Fig. 8f). One PEDOT coated textile
nanogenerator can generate 0.5 V open-circuit voltage and 12
lA short-circuit current by hand rubbing.
2D materials
2D materials exhibit many peculiar properties because their car-
rier migration and heat diffusion are confined to the two-
dimensional plane. Their band gap tunable properties are widely
used in fields such as field effect tubes, photoelectric devices,
thermoelectric devices, etc. Compared with the surface of solid
materials, the electronic structure of 2D materials is simpler
ribovoltaic DC nanogenerator and (b) the experiment set up of generating of
anogenerator. (e and f) Energy band diagram of the Al� PEDOT interface in
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and clearer, and the study of the tribovoltaic effect of 2D materi-
als has scientific significance.

MoS2 and graphene are two 2D materials most commonly
used in the study of the tribovoltaic effect. Liu et al. synthesized
a thin MoS2 film via PLD, and a conductive tip was used to slide
against the MoS2 film to generate tribo-current, which was found
up to 106 A/m�2(�|-) [24]. Further, they discussed the output of
various sliding MoS2 multilayer-based heterojunctions, as shown
in Fig. 9a [76]. The results turned out that the band bending of
MoS2 played a dominate role in determining the direction of
the tribo-current, which supported the mechanism of tribo-
voltaic effect. In addition to MoS2, the tribovoltaic effect involv-
ing graphene was also investigated. However, due to the lack of
relevant studies, no advantages have been found in the output
performance of tribovoltaic nanogenerators composed of gra-
phene. For example, according to You’s report, the output perfor-
mance of the PEDOT:PSS/graphene tribovoltaic nanogenerators
is far worse than that of PEDOT:PSS/Al tribovoltaic nanogenera-
tors, as shown in Fig. 9b [112]. But anyway, a graphene-based
generator should have the advantage of low friction, since that
the graphene is a good solid lubricating material [52].
Effect of contact electrification on tribovoltaic effect
The tribovoltaic effect occurs at sliding interfaces, in which semi-
conductors are involved. A highly related phenomenon, contact
electrification, occurs at almost any sliding interface, including
those involving semiconductors. In contact electrification, the
electrons transfer from one surface to the other surface, and
the net charges are generated when the two surfaces separate.
The net charge at the interface will induce an electric field and
establish a potential barrier, which may affect the generation of
FIGURE 9

The tribovoltaic effect involving (a and b) 2D materials [76,112] and (c and
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DC tribo-current induced by the tribovoltaic effect. Deng et al.
first investigated the effects of surface charges on the charge
pumping at the p-type and n-type semiconductors interface by
using first-principle methods [115]. It was proposed that the sur-
face charges can significantly affect the electric potential distri-
bution in the depletion region, which hinders the transfer of
electron and hole across the contact interface and further affect
the charge pumping current. In other words, the surface charges
have a negative impact on the transfer of electron and hole
between two contacted semiconductor surfaces.

The mechanism of the tribovoltaic effect at the sliding semi-
conductor interface is different from the pumping current
between two contact and separate semiconductors, which has
been discussed in Section 3.2. Both current generations between
two semiconductors in contact mode and sliding mode are both
highly related to the charge barriers formed at the interface. And
the surface charges induced by contact electrification have been
demonstrated to modulate the interface potential distribution
[115]. Therefore, the surface charge generated by contact electri-
fication should also be able to influence the tribovoltaic effect in
sliding mode. However, the contribution of the surface charges
to the tribovoltaic effect was not considered until the third-
generation semiconductors were used in the experiment, as
shown in Fig. 9c and 9d [114]. In studies of the tribovoltaic
effect, first-generation semiconductors such as silicon are usually
used. Compared with the third-generation semiconductor, the
first-generation semiconductor has a narrower band gap width
and higher conductivity. The high conductivity of the first-
generation semiconductor makes it difficult for triboelectric
charges to be trapped on the surface, so that the effect of tribo-
electric charges on the tribovoltaic effect cannot be detected.
d) third generation semiconductors [114].
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The third-generation semiconductors were introduced in the
studies of the tribovoltaic effect because of their wide bandgap,
which was expected to induce a higher tribo-voltage. Chen
et al. investigated a series of gallium nitride (GaN) based tribo-
voltaic nanogenerators, including GaN-Si and GaN-Al. The max-
imum open circuit voltage of the tribovoltaic nanogenerator
involving GaN reached 25 V, which was four times higher than
the traditional tribovoltaic nanogenerator [114]. Further, the
output tribo-voltage and tribo-current of GaN-based tribovoltaic
nanogenerator were increased to 130 V and 340 lA, respectively
[116]. Such a tribo-voltage was much higher than the strength of
the built-in electric field. Unlike traditional tribovoltaic effect, it
was revealed that the external tribo-current always flows from
GaN side to the Si/Al side, instead of depending on the built-in
electric field induced by the diffusion of charge carriers. This
indicates that there are other driving forces to separate
electron-hole pairs excited during friction, most likely the surface
charges induced by contact electrification, since that the electric
field generated by the static charges can reach several thousand
volts [117,118].

Combined with contact electrification, Chen et al. proposed a
model for explaining the tribovoltaic effect involving third-
generation semiconductors [114]. As shown in Fig. 10a, the elec-
trons belonging to Si and GaN are trapped in the Electron-cloud-
potential-wells. When Si sliding on the GaN surface, the poten-
tial barrier for the transition of electrons is reduced and electrons
transfer from Si surface to the GaN surface due to the high energy
level of Si (Fig. 10b). Increasing the friction strength, more elec-
trons will transfer from Si side to the GaN side, as shown in
FIGURE 10

Contribution of charge transfer induced by contact electrification to
electrification between GaN and Si (a) in separated state, (b) slight friction state
state, (e) slight friction state, and (f) strong friction state [114].
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Fig. 10c. Assuming that the Fermi level of the n-type GaN is
higher than that of Si (Fig. 10d), the electrons will diffuse from
GaN side to the Si side when they come into contact (Fig. 10e),
and establish a built-in electric field point from GaN side to the
Si side. The stronger friction, the stronger built-in electric field
at the interface (Fig. 10f). It was noticed that the direction of elec-
tron transfer in contact electrification was opposite to that
caused by diffusion induced by electron concentration differ-
ence. In the third-generation semiconductor tribovoltaic effect,
the electric field induced by the contact electrification plays a
dominate role, and the direction of the external tribo-current flo-
wed from GaN side to Si side. Introducing third-generation and
triboelectric surface charges to the tribovoltaic effect provides a
new idea for the development of high-performance tribovoltaic
nanogenerators.
Hybrid tribovoltaic generator
As a generator, how to improve its output performance is a key
problem. In the research of traditional TENG, the output perfor-
mance of hybrid TENG can be significantly improved by collect-
ing both triboelectric charges induced current and other forms of
energy, such as the current generated by electromagnetic induc-
tion [119,120] and solar energy [121,122], etc. It was also demon-
strated that designing hybrid tribovoltaic nanogenerator is a
good strategy to improve the output performance of the tribo-
voltaic nanogenerators [68,71,125–129]. For hybrid generators,
the collected target energy should ideally be complementary.
For example, a generator that collects solar and mechanical
the tribovoltaic effect. Electron-cloud-potential-well model for contact
, and (c) strong friction state. Band diagram of Si and nGaN (d) in separated
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energy works perfectly on sunny days, while mechanical energy
provides most of the energy supply on cloudy days. For a tribo-
voltaic nanogenerator, it should instinctively be able to absorb
solar energy because its interface electronic structure is not fun-
damentally different from that of a photovoltaic generator, and
a stationary tribovoltaic generator may be taken as a photo-
voltaic generator. Therefore, most hybrid tribovoltaic nanogen-
erators currently capture both solar and mechanical energy, as
shown in Fig. 11a [128]. The only difference between the hybrid
tribovoltaic-photovoltaic nanogenerator and the ordinary tribo-
voltaic nanogenerator is that the light can reach the sliding inter-
face in the hybrid tribovoltaic-photovoltaic nanogenerator.

Hao et al. investigated the dynamic metal/perovskite Schottky
junction under light illumination [129]. It was found that the
light illumination can increase the tribo-current between metal
and the perovskite significantly. In a dark environment, the
tribo-voltage and tribo-current density between Al and per-
FIGURE 11

Hybrid tribovoltaic nanogenerators. (a and b) Increasing the output of the trib
the tribovoltaic effect at DI water and silicon interface [31]. (d and e) The semi
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ovskite were 0.7 V and 41.1 A/m2, respectively. Under light illu-
mination, the output current density was increased by 3-fold
compared to that in the dark environment. Ren et al. used an
UV light to illuminate a sliding Si-GaN interface, the tribo-
current was found to increase 13 times and the tribo-voltage
increase 4 times under UV light irradiation [128]. The mecha-
nism of hybrid tribovoltaic-photovoltaic nanogenerator seems
easy to understand. It was pointed out that the light irradiation
could excite photogenerated carriers, which increases the con-
centration of electron-hole pairs at the interface, leading to an
increase in the output current and voltage under the light irradi-
ation. However, it was noticed that at some semiconductor inter-
faces, such as those between DI water and silicon, illumination
can produce a constant background photocurrent that sliding
is not required [32]. The result is like a simple linear superposi-
tion of the photovoltaic effect and tribovoltaic effect. At some
interfaces, such as silicon and GaN, light irradiation increases
ovoltaic nanogenerator by UV irradiation [128]. (c) Effect of temperature on
conductor contact-separation TENG and its output current [130].
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the tribo-current without creating a background current, as
shown in Fig. 11b [128]. The difference of these two phenomena
remains to be further explained.

Another way to increase the carrier concentration at the inter-
face is to increase the temperature. As introduced in Section 2.3,
new chemical bonds will form at the interface owing to the col-
lisions of the molecules, releasing “bindington” and exciting
electron-hole pairs. As temperature rises, molecules collide more
violently with each other, forming new chemical bonds more
easily and releasing more “bindington”, which in turn increases
the concentration of electron-hole pairs at the interface and
raises the tribovoltaic current. According to this analysis, Zheng
et al. discussed the effect of temperature on the tribovoltaic
effect, and it was revealed that both the tribovoltaic current
and voltage at the DI water-Si interface increased with the
increasing temperature, as shown in Fig. 11c [31]. This research
provides an idea to develop a hybrid tribovoltaic nanogenerator
capable of harvesting thermal and mechanical energy.

TENG and tribovoltaic nanogenerator have a common fea-
ture, which is that they generally have sliding interface or
contact-separation interface, which provides the possibility to
collect both triboelectric induced current and tribovoltaic cur-
rent at the same time. Wang et al. investigated the output current
between two contact-separation semiconductors, as shown in
Fig. 11d and 11e [130]. The results indicated that the current sig-
nal of the semiconductor contact-separation TENG comes from
two sources. One part is generated by the electron transfer in
CE and the electrostatic induction, as that occurs in traditional
TENGs, and the other part is the electron transfer pumped by
the PN junction. Similarly, if the semiconductor materials are
used in the sliding mode TENG, both electrostatic induction
and tribovoltaic effect will contribute to the tribo-current, and
it can be regarded as a hybrid generator consisting of a TENG
and a tribovoltaic nanogenerator.

Applications based on tribovoltaic effect
The tribovoltaic effect is a newly discovered phenomenon.
Although the tribovoltaic effect has been applied to harvest
energy and design sensor, compared with the traditional TENG,
the application research of tribovoltaic effect is in the prelimi-
nary stage. In fact, the use of tribovoltaic nanogenerators as
energy harvesting devices has the advantage of direct DC output.
They are usually designed by introducing the semiconductor
materials at a sliding interface so that sliding occurs at the semi-
conductor interface to generate tribovoltaic current as shown in
Fig. 12a. The forces that drive the interface to slide can be a vari-
ety of mechanical powers, such as wind power, water power and
human power etc. For example, Yu et al. designed a tribovoltaic
nanogenerator that can be driven by the wind, and can produce
4.4 mA tribovoltaic current [131]. The tribovoltaic effect is
demonstrated to be sensitive to many friction parameters, such
as sliding speed and sliding load [106]. Based on the relations
between the tribovoltaic output current and the friction param-
eters, different sensors can be designed. Siliding is a necessary
condition for the generation of the tribovoltaic effect. Tribo-
voltaic current can only be generated only when two semicon-
ductors have relative siliding, which can be used to detect
whether the two objects have relative motion. By integrating
Please cite this article in press as: S. Lin, Z. Lin Wang, Materials Today, (2022), https://doi.
the tribovoltaic current, the relative displacement of the objects
can be obtained, which can be used as a position sensor, as
shown in Fig. 12b. Furthermore, it was reported that the tribo-
voltaic current between water and fluorinated graphite was pro-
portional to the relative velocity between them [82]. And the
fluorinted graphite based tribovoltaic nanogenerator was
designed to detect the water speed.

In addition to being an energy harvester and smart sensor,
the tribovoltaic nanogenerator may also serve as a new data
storage technique. As we know, the electron transfer at the fer-
romagnet interfaces is spin dependent [132,133]. When the
magnetization direction of adjacent ferromagnet films is the
same, the whole interface shows a low resistance state; con-
versely, when the magnetization direction of adjacent ferro-
magnet films is opposite, the whole interface shows a high
resistance state, which is referred to as the giant magnetoresis-
tance effect [134,135]. If using magnetic semiconductor materi-
als as sliding pair, the tribovoltaic current is likely to be affected
by the magnetization direction of the two sliding materials. A
reasonable assumption is that when the direction of magnetiza-
tion of the two is the same, sliding interface can generate a lar-
ger current compared to that generated in the condition when
the direction of magnetization of the two is opposite. If this
assumption is confirmed, it is possible to store data by magne-
tizing semiconductor ferromagnets, as shown in Fig. 12c.
Because the tribovoltaic current also depends on the semicon-
ductor properties, such as the doping concentration, and resis-
tance [69,85], therefore, the tribovoltaic effect can also be used
to characterize the material properties at microscale, as shown
in Fig. 12d.

Conclusion and perspectives
In this review, we have summarized recent works on the tribo-
voltaic effect and clearly introduced the mechanism of the tribo-
voltaic effect. At the sliding semiconductor interface, the
formation of new bonds will release energy quantum, named
“bindington”, which excites the electron-hole pairs at the inter-
face. The electron-hole pairs are further separated by the built-in
electric field, generating a DC tribo-current.

The tribovoltaic effect at different sliding interfaces, including
metal–semiconductor interface, PAN junction, metal–insulator-
semiconductor, metal–insulator-metal and liquid-
semiconductor interface, was discussed. When the insulator layer
was introduced at the interface, the excited electrons will tunnel
through the insulator layer when it is thin (several nanometers).
If the insulator layer is thick, the thermionic emission and defect
conduction will contribute to the tribovoltaic current.

The tribovoltaic effect was demonstrated to be affected by the
surface properties of the semiconductors. It was shown that the
surface state density of semiconductor, the strength of the
built-in electric field and the interaction between two surfaces
can be changed by surface modification, and then the tribo-
voltaic effect can be modulated. Moreover, by selecting materials
with special functions, such as flexible materials, the tribovoltaic
effect can be applied to corresponding situations. In particular, if
third-generation semiconductors are involved in sliding, the
contribution of the electric field induced by the triboelectric
charges at the interface to the tribovoltaic effect is significant.
15
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FIGURE 12

Poential applications of tribovoltaic effect. Tribovoltaic nanogenerator for (a) energy harvesting, (b) smart sensor, (c) data storage and (d) material
characterization [69].
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In order to increase the output power of the tribovoltaic nano-
generator, hybrid tribovoltaic nanogenerator was proposed to
harvest the tribovoltaic current and other forms of energy, such
as solar energy and thermal energy. In addition to harvesting
energy, tribovoltaic nanogenerators have also been shown to
be able to be used as self-powered sensors.

Compared with the photovoltaic effect, the tribovoltaic effect
is only just being discovered. Although tribovoltaic effect has
been shown to widely occur at various semiconductor material
interfaces, it has not been discussed in depth. Here are the chal-
lenges to be investigated (and the roadmap for tribovoltaic effect
is shown in Fig. 13):

1. Fundamental theory and in-depth mechanism of the tribo-
voltaic effect. From the theoretical point of view, the “bind-
ington” that excites electron-hole pairs specific is released
by chemical bond formation, but how to modulate the energy
of the “bindington” by controlling interface chemical reac-
tion remains to be future investigated. Quantum mechanical
theory has to be established as well as carrier transport theory
have to be established for quantitative understanding the tri-
bovoltaic effect.

2. Choice of materials for enhanced tribovoltaic effect. The cur-
rent study discussed the effect of conductivity, doping con-
centration, etc. of semiconductors on the tribovoltaic effect.
16
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However, there are many properties of materials, such as mod-
ulus of elasticity, hardness, heat capacity, thermal conductiv-
ity, etc., that need to be investigated. Based on the fact that
material properties affect the tribovoltaic effect, a set of guide-
lines for the selection of semiconductor materials for tribo-
voltaic nanogenerator needs to be developed to enhance the
tribovoltaic effect.

3. Environment effects on the tribovoltaic effect. In addition to
material properties, friction conditions, such as sliding speed,
sliding load, sliding frequency, etc., as well as environmental
conditions, such as temperature, humidity, atmosphere, etc.,
may affect the tribovoltaic effect.

4. Contact electrification enhanced tribovoltaic effect. Contact
electrification has been shown to affect the tribovoltaic effect.
The electric field formed by the interfacial triboelectric
charges is much lager than the built-in electric field at the
semiconductor interface. Therefore, increasing the triboelec-
tric charge density at the sliding semiconductor interface is
an effective strategy to enhance the tribovoltaic effect. The
method of increasing the triboelectric charges at the semicon-
ductor interface can be borrowed from traditional TENG, such
as using charge pumping technology, applying bias and so on.

5. Applications of tribovoltaic effect. In terms of application
research, the development of tribovoltaic nanogenerators is
just beginning and there is very little relevant literature avail-
org/10.1016/j.mattod.2022.11.005
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FIGURE 13

Proposed technology roadmap for tribovoltaic effect.
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able now. How to use the tribovoltaic nanogenerator in vari-
ous applications in the future, such as power sources and
self-powered sensors, is also a key point needed to be
discussed.
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