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Scanning Probing of the Tribovoltaic Effect at the Sliding
Interface of Two Semiconductors

Mingli Zheng, Shiquan Lin, Liang Xu, Laipan Zhu, and Zhong Lin Wang*

Contact electrification (CE or triboelectrification) is a common phenomenon,
which can occur for almost all types of materials. In previous studies, the CE
between insulators and metals has been widely discussed, while CE involving
semiconductors is only recently. Here, a tribo-current is generated by sliding
an N-type diamond coated tip on a P-type or N-type Si wafers. The density of
surface states of the Si wafer is changed by introducing different densities of
doping. It is found that the tribo-current between two sliding semiconductors
increases with increasing density of surface states of the semiconductor and
the sliding load. The results suggest that the tribo-current is induced by the
tribovoltaic effect, in which the electron—hole pairs at the sliding interface
are excited by the energy release during friction, which may be due to the
transition of electrons between the surface states during contact, or bond
formation across the sliding interface. The electron-hole pairs at the sliding
interface are subsequently separated by the built-in electric field at the PN or
NN heterojunctions, which results in a tribo-current, in analogy to that which

occurs in the photovoltaic effect.

Contact electrification (CE or triboelectrification) is a very
common phenomenon, which can occur for almost all types
of materials, including insulators, metals and semiconduc-
tors.l Since it may lead to discharge and explosion, the CE
was always referred to as a negative effect, until the invention
of the triboelectric nanogenerators (TENGs) that convert ubig-
uitous ambient mechanical energy into electricity.? The typ-
ical TENGs are usually constructed by the insulators and the
metals, and at least one of the contact pairs is insulator, so that
the charges can stay on the surface and induce the displace-
ment current.”) Recently, it was found that the CE will be very
different when the semiconductor is involved.®l The current
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can be generated by the contact or sliding
of a P-type semiconductor against an N-type
semiconductor”™  (or  semiconductor
against metal®12), and a novel electric
generator was proposed.’] This new type
of electric generator is gaining attention
for that a direct current can be generated
without a rectifier module.®1 However,
the mechanism of the current generation
in the CE involving semiconductors is still
under debate.

For the contact between a P-type semi-
conductor and an N-type semiconductor,
the PN junction will be formed at the
interface.*™ It is highly suspected that
the built-in electric field in the PN junction
makes the CE between the semiconduc-
tors different from that between conven-
tional materials. Considering that, Wang
et al. pointed out that the generation of the
continuous direct current induced by the
sliding of P-type semiconductor against
N-type semiconductor is similar to the photovoltaic effect, and
can be referred to as the “tribovoltaic effect.”!™ The only dif-
ference is that the electron-hole pairs in tribovoltaic effect are
excited during friction, in which the energy is released due
to either the transition of electrons from the surface states of
one side to that of another side in the contact or sliding,1-21
or the energy released while forming a new bond at the inter-
face,l??! just as it occurs in the CE between two conventional
materials.?32% Then, the electron-hole pairs are separated
by the built-in electric field and the external current flowing
from the P-side to the N-side will be induced, as it occurs in
the photovoltaic effect.”-l According to the tribovoltaic effect,
the excitation efficiency of electron-hole pairs highly depends
on the density of surface states of the semiconductors and the
bonding interactions. Hence, the tribovoltaic current may be
related to the density of surface states of the semiconductors
and the sliding load, which can significantly affect the bonding
interactions at the sliding interface.l??!

In this work, the direct current is generated by sliding an
N-type semiconductor tip over a Si sample surface using con-
ductive atomic force microscopy (CAFM).B%3 Both P-type
and N-type Si samples with various doping concentrations are
used in the experiments. Further, the Si samples are treated
by inductively coupled plasma reactive ion etching (ICP-RIE),
which can significantly increase the density of surface states
of the semiconductors by doping or introducing defects on the
surface.32331 It is revealed that the current density in the sliding
experiments increases with increasing of the density of surface
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states of the Si samples, which is consistent with the proposed
mechanism of the tribovoltaic effect. The effect of sliding load
on the tribo-current is also discussed. Moreover, the conductive
tip is also used to rub the Si samples, and the results suggest
that the tribovoltaic effect can occur not only in the PN junc-
tion, but also in the Schottky junction.

Here, the nitrogen-doped diamond coated tip is used as the
N-type semiconductor in the contact pair for its good wear-resistive
performance. The samples are the boron or phosphorus doped Si
with different resistivities, which corresponds to different doping
concentrations. As shown in Figure 1a, the diamond coated tip
was controlled to rub on the Si sample with a certain load. During
the rubbing, the current between the tip and sample was recorded
in the conductive atomic force microscopy (CAFM) mode (the
external current flowing from the sample to the tip is defined as
positive). If the Si sample is P-type doped, the PN junction will be
formed due to the diffusion of the electrons from the N-side to the
P-side at the interface, as shown in the inset of Figure 1a. The cur-
rent-voltage curve between the diamond coated tip and the P-type
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Si sample (10-20 Q cm) was measured, and the results show the
rectification performance of the interface between the tip and the
sample, as shown in Figure 1b. It is suggested that the PN hetero-
junction and the built-in electric field was formed at the interface
when the tip contact the P-type Si sample (10-20 Q cm), and the
energy band diagram of the PN heterojunction at the N-type dia-
mond and P-type Si interface can be described as that in the inset
of Figure 1b.

Figure 1c gives the tribo-current between the diamond coated
tip and the Si samples with different doping concentrations,
when the tip scans on the sample surface with a 1000 nN load.
The current maps for different Si samples are shown in the
inset of Figure 1c, and typical sections of current value are also
given. It can be seen that the positive current (flowing from the
sample to the tip in the external circuit) is generated between
the tip and P-type Si samples with 0.1-0.5 Q cm and 10-20 Q cm
resistivity. These results are consistent with the proposed
mechanism of the tribovoltaic effect, in which the external
tribo-current should flow from the P-side to the N-side. Also,
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Figure 1. Schematic illustration of CAFM experiments. a) The setup of CAFM experiment platform. b) Current—voltage curves between N-type diamond
coated tip and P-type Si with 10-20 Q cm resistivity (the tip is grounded and the bias is applied on the sample). c) The tribo-current between the N-type
diamond coated tip and Si samples with different doping types and concentrations under 1000 nN sliding load. d) The effect of sliding load on the
tribo-current between N-type diamond coated tip and P-type Si with 10-20 Q cm resistivity. The current maps when the N-type diamond coated tip
scans a P-type Si with 10-20 Q cm resistivity under €) 72 nN, f) 431 nN, and g) 1000 nN sliding load. (E. is the bottom of the conduction band, E¢is
the Fermi level and E, is the top of the valence band.)
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there is no current observed when the Si samples are N-type
doped or the P-type doping concentration is not high enough,
probably because the built-in field in the NN heterojunction
is too weak to separate all the electron-hole pairs at the inter-
face. The effect of the sliding load on the tribo-current was also
investigated here. The relation between the sliding load and
the peak current in the maps is given in Figure 1d, and the
maps of the tribo-current between the tip and P-type Si with
10-20 Q cm resistivity under different sliding loads are shown
in Figure le,g. The peak current is found to be increased with
the increasing load, which is easy to understand because the
contact area will be larger under a higher load. But interestingly,
the number of current peaks also increases with the load in the
maps, as shown in the Figure le,g. When the sliding load is
72 nN (Figure le), the current peaks are very sparse, and
they become tightly spaced when the sliding load increases
to 1000 nN (Figure 1g). This is unlikely to be caused by the
increased contact area, because the contact area can only
increase the height of peak current, but not the density of cur-
rent peaks. Hence, it indicates that the tribo-current is more
easily to be generated under a high sliding load, which may
be caused by the stronger bonding interactions under a higher
sliding load.

The density of surface states of the contact pair is one of
the most important factors affecting the amount of the tribo-
excited electrons. Here, the ICP-RIE treatment is performed
to increase the density of surface states of the Si wafer,3233]
and the effect of density of surface states on the tribo-current
is discussed. Figure 2a shows a schematic diagram of ICP-RIE
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treatment, in which SFg, O,, and Ar are the reaction gases. The
X-ray photoelectron spectra of the ICP-RIE treated Si sam-
ples are shown in Figure S1 in the Supporting Information,
the samples were not significantly changed except that trace
amount of fluorine and sulfur elements were detected on the
Si surfaces. The tribo-current between the diamond coated tip
and the ICP-RIE treated Si samples were measured, and the
results are given in Figure 2b. It is obvious that the tribo-cur-
rent between the tip and Si samples increased significantly. For
the P-type Si with 0.1-0.5 Q cm resistivity, the highest current
peak increases from =16 pA to =55 pA after the ICP-RIE treat-
ment, when even a smaller sliding load (110 nN) was applied.
For the P-type Si with >2 kQ cm resistivity, intrinsic Si and even
N-type Si samples, which cannot generate current by rubbing
with the tip before the ICP-RIE treatment, the tribo-current
was also observed after the treatment. Furthermore, the tribo-
current is positive when the sample is P-type doped, and
reverses to be negative when the sample is N-type doped. The
reversion is probably because the direction of the built-in elec-
tric field will be reversed in the NN heterojunction.

In order to test the PN and NN heterojunctions at the inter-
face after the treatment, the current-voltage curves between the
tip and different ICP-RIE treated Si samples were measured.
For the P-type Si with 10-20 Q cm resistivity (as shown in
Figure 2c), the rectification performance become worse com-
paring to the curve before the ICP-RIE treatment (Figure 1b),
which may be caused by the doping of fluorine and sulfur atoms
in the ICP-RIE treatment. The current-voltage curve of the NN
heterojunction at the interface between the tip and N-type Si
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Figure 2. Effects of the ICP-RIE treatment on the tribo-current between the tip and Si. a) The setup of the ICP-RIE treatment. b) The tribo-current
between the N-type diamond coated tip and ICP-RIE treated Si samples with different doping types and concentrations. c) Current-voltage curves
between an N-type diamond coated tip and ICP-RIE treated P-type/N-type Si samples. d,e) The effect of sliding load on the tribo-current between an
N-type diamond coated tip and ICP-RIE treated p-type Si with 10-20 Q cm resistivity (d), and n-type Si with 10-30 Q cm resistivity (e).
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with 10-30 Q cm resistivity is also shown in Figure 2¢, and the
current-voltage curves for other N-type Si samples are shown
in Figure S2 in the Supporting Information. It can be seen that
the rectification performance of the NN heterojunctions are all
very weak. These results suggest that the increase of tribo-cur-
rent is not caused by the increased strength of the built-in elec-
tric field. Hence, the increase of the density of surface states of
the Si samples is most probable responsible for the increased
tribo-current. The effects of the sliding load on the peak current
between the tip and P-type Si (10-20 Q cm resistivity), N-type
Si (10-30 Q cm resistivity) are shown in Figure 2d,e (and the
relations for other samples are shown in Figure S3 in the Sup-
porting Information). The results show that the peak current
decreases first and then increases with the sliding load for all
the Si samples. In addition, the density of the current peaks
increases with the increasing sliding load for both P-type and
N-type Si samples (Figures S4 and S5, Supporting Informa-
tion), which implies that the bonding interactions can promote
the generation of tribo-current between two sliding semicon-
ductors. Here, the increase of the density of the current peaks
implies that the charges or energy at the interface between the
tip and the sample will be released in a larger area with a larger
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sliding load. Hence, the peak current decreases first (when the
sliding load is small) since the charges flow away in a larger
area. With the increase of the sliding load, the bonding inter-
actions between the tip and sample increase significantly, the
peak current increase with the sliding load though the increase
of the density of current peaks.

Based on the results, the mechanism of the generation of
tribo-current can be described as the tribovoltaic effect. The
effects of ICP-RIE treatment and sliding load on the tribo-cur-
rent can also be explained. As shown in Figure 3a, the Fermi
level of the N-type diamond coated tip is higher than the P-type
Si samples, and there are electrons in the surface states of the
semiconductors (in the energy band diagram, the value of the Si
gap is 1.1 eV and diamond is 5.5 eV, and the work function of Si
is about 4.75 eV and diamond is 3.2 eV). When they come into
contact, the electrons will diffuse from the N-side to the P-side
(holes will diffuse in the opposite direction), and the PN het-
erojunction will be formed. In the meantime, electrons trapped
in the high energy level surface states on the N-type semicon-
ductor will transit to the surface states on the P-type semicon-
ductor, and energy will be released due to the transition of the
electrons, as shown in Figure 3b (this step is exactly the same

contact v

sliding Y

depletion layer o electron

Figure 3. Energy band diagram of tribovoltaic effect at a PN heterojunction. a—c) Energy band diagrams of the P-type semiconductor and N-type
semiconductor before contact (a), in contact (b), and in sliding (c). d) The movement of the electrons and holes at the PN heterojunction interface
in sliding. (E. is the bottom of the conduction band, E; is the Fermi level and E, is the top of the valence band, Ej, is the energy level of the acceptor

states and Ej, is the energy level of the donor states).
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with the CE between the conventional materials). The elec-
tron-hole pairs at the interface will be excited by the released
energy, provided the energy released is enough to excite the
electron—hole pairs at the interface (Figure 3c). It may be noted
that the energy required to excite the electron-hole pair at the
interface may be significantly lower than that for exciting e-h in
the valence band of either the P side or the N side, because of
the existence of surface states at the PN junction. On the other
hand, energy can also be released by the newly formed bonds
at the PN junction due to sliding-contacting, which may also
excite the electron-hole pairs. Driven by the built-in electric
field in the PN heterojunction, the electrons will move to the
N-side and the holes will move to the P-side, and the external
tribo-current flowing from the P-side to the N-side in the outer
circuit is induced (Figure 3d). When the Si samples are ICP-
RIE treated, the density of surface states of the Si sample will
increase and more electrons will transit between the surface
states, leading to more energy release and exciting more elec-
tron-hole pairs. Also, the increasing of sliding load may result
in stronger bonding interactions, and increase the generation
efficiency of the electron-hole pairs. Hence, the tribo-current is
easier to be induced under high sliding load, and the ICP-RIE
treatment can lead to higher tribo-current.

Comparing to the PN heterojunction, the strength of the
built-in electric field in the NN heterojunction at the interface
between the tip and sample is weaker. Only a small propor-
tion of the electrons-hole pairs can be separated by the built-
in electric field. Hence, no current was detected between the
tip and untreated N-type Si samples, since the density of sur-
face states cannot produce enough electron-hole pairs to gen-
erate observable current at this condition. After the ICP-RIE
treatment, the density of the surface states of the Si sample is
rapidly increased, and the energy band diagram for the tribovol-
taic effect in the NN heterojunction after the ICP-RIE treatment
is shown in Figure S6 in the Supporting Information. The band
structure of the Si sample and the tip before contact is shown
in Figure S6a in the Supporting Information. Affected by the
surface states, the band offsets of the Si sample and the tip at
the interface will be both positive (upward) when they contact
each other,?*3¢ as shown in Figure S6b in the Supporting
Information. The electrons at the surface states will be excited
due to the friction excitation (Figure S6b, Supporting Informa-
tion). Because the density of the surface states of the Si sample
is increased by the ICP-RIE treatment, many electron-hole
pairs will be generated at the Si side, and the electrons will flow
from the interface to the Si side induced by the built-in electric
field, and negative tribo-current will be generated.

Furthermore, the tribo-current between the Pt tip and Si
samples is also observed, which means that the tribovoltaic
effect can also occur at a Schottky junction. Figure 4a,b shows
the current-voltage between the Pt tip and the P-type Si with
0.1-0.5 Q cm resistivity, N-type Si with 10-30 Q cm resistivity,
respectively. The interfaces showed good rectification perfor-
mance. It implies that the Schottky junction is formed at the
interface of the Pt tip and Si samples. It is shown that the tribo-
current can also be generated between the Pt and Si samples in
Figure 4c. But the tribo-current is very small, since the density
of surface states of the untreated Si samples is quite low. After
the ICP-RIE treatment, the current-voltage curves between the
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Figure 4. The tribo-current between Pt tip and Si samples with different
doping types and concentrations. a,b) Current-voltage curves between Pt
coated tip and P-type (a) and N-type (b) Si samples. c,d) The tribo-current
between the Pt coated tip and the Si samples (c) and the ICP-RIE-treated
Si samples (d) with different doping types and concentrations.

Pt tip and both the P-type and N-type Si are given in Figure S7
in the Supporting Information. It can be seen that the rectifi-
cation performance of the Schottky junction got slightly worse
comparing to that in the Figure 4a,b, which means that the
built-in electric field become weaker after the ICP-RIE treat-
ment. But the tribo-current between the Pt tip and Si samples
is significantly increased by the ICP-RIE treatment, as shown
in Figure 4d. Especially for the N-type Si samples, the peak
tribo-current can even be up to —2000 pA after the ICP-RIE
treatment. This is most probable caused by the increase of the
density of surface states of the Si sample due to the ICP-RIE
treatment. For the P-type Si samples, the tribo-current is only
slightly increased. We think this is possibly because that the
P-type Si is hole redundant, and the charge carrier in the P-type
Si are holes, which have larger effective mass than that of elec-
trons. Hence, the response of the metal/P-type Si interface to
the friction excitation is slower than that of the metal/N-type Si
interface, and lead to the low tribo-current and low sensitivity to
the density of surface states. It is also noted that the tribo-cur-
rent between the Pt tip and N-type Si with 0.1-1 Q cm resistivity
is very low. Here, the poor rectification performance (Figure S8,
Supporting Information) suggests that the contact of Pt tip and
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N-type Si with 0.1-1 Q cm resistivity is close to Ohmic contact,
due to the over doping of the N-type Si.

In the tribovoltaic effect, the transition of the electrons
trapped in the surface states is very important for the first step,
in which the energy is released to excite the electron—hole pairs.
This step in the tribovoltaic effect gives a hint to the study of
the CE. It suggests that the electron trapped in the surface
states of the materials is the charge carriers in the CE. So far,
the tribovoltaic effect has already been used to harvest mechan-
ical energy, similar to the photovoltaic effect for solar energy
harvesting. An important feature of the electric generator based
on tribovoltaic effect is that the direct current can be generated.
Hence, the electric generator based on tribovoltaic effect is an
important complement to the conventional TENGs, which usu-
ally generate an alternating current.

In conclusion, a direct current is generated by sliding the
N-type diamond coated tip over the Si samples with different
doping concentrations. The density of surface states of the Si
samples was increased by the ICP-RIE treatment. It is revealed
that the tribo-current between the Si samples increase with the
increasing density of surface states of the Si sample and the
sliding load. The results suggest that the tribo-current between
two semiconductors (or semiconductor and metal) is induced
by the tribovoltaic effect, in which the electron-hole pairs at the
interface may be excited by the energy release due to the transi-
tion of electrons from the surface states of one semiconductor
to that of another, and also by the energy released from bond
formation across the sliding interface. Further, the electron—
hole pairs are separated by the built-in electric field at the PN,
NN, and Schottky junctions, inducing the observed current.
This is the first time, to our best knowledge, that the tribovol-
taic effect is clearly described and verified experimentally. Our
findings also provide a method to enhance the output current
in the electric generator based on the tribovoltaic effect.

Experimental Section

ICP-RIE Treatment: The ICP-RIE treatment was carried out on the
commercial ICP-RIE equipment SI 500 (Sentech Instruments GmbH,
Germany). The flow rate of the SFs, O, and Ar was 30, 5, and 10
standard-state cubic centimeter per minute, respectively. The etching
treatment was remained for 60 s.

CAFM Experiments: The CAFM experiments were all performed
on a commercial AFM equipment lcon (Bruker, USA). DCP 01
(NT-MDT&Tipsnano, Russia) was used as the N-type diamond coated
tip and the Pt tip was 25Pt400B (RockyMountain Nanotechnology, USA).
In the CAFM scanning, the scan size was 20 um and scan rate was 1 Hz.
It needs to be noted that the external current flowing from the sample to
the tip is defined as positive during the CAFM scanning, but it is defined
as negative in the current-voltage curve measurement.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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