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Triboelectric generators are a type of devices for harvesting mechanical energy by utilizing triboelectric and
electrostatic induction effects. When two materials of different electron affinities are brought into contact,
electrons transfer across the contacted surfaces owing to triboelectrification. When the two materials are slid
against each other with a variation of the contacting surface area, an alternating current is electrostatically
induced in the external circuit. In this paper, a novel electric generator, called triboelectric cell, based on sliding
friction between n- and p-type doped semiconductors without changing the contacting area is reported. A direct
current is generated in the direction of the built-in electric field in the dynamic p-n junction across the contacted
surfaces, flowing from the p-semiconductor through the external circuit to the n-semiconductor. The generated
currents and voltages are studied through sliding speeds, accelerations, contacting forces, operation tempera-
tures and the geometries of the top electrode. The direct current generation can be attributed to electron-hole
pairs generated at the two sliding surfaces, which are then swept out the dynamic junction by the built-in

electric field.

1. Introduction

Mechanical-to-electric power conversion has been a hot research
topic for several decades. Most electricity harvested from mechanical
energy is in an alternating current (AC) form. However, in terms of the
efficiency of utilizing in non-interrupted electronic, signal processing
and electricity storage, direct current (DC) is more favorable. Electro-
magnetic generators convert mechanical power into electric power
through Faraday’s law of electromagnetic induction. The electricity
generated is originally in AC form, but with a split ring communicator
that switches the polarity of the conductor coil every half cycle, it is easy
to obtain the current in DC. A big drawback for electromagnetic gen-
erators is its poor capability in miniaturization. Piezoelectric effect can
be utilized to harvest mechanical energy. The Schottky contacts between
piezoelectric ZnO nanomaterials [1-3] or conducting polymer Ppy [4]
and metallic electrodes were reported to regulate electron motion more
favorable toward one direction, resulting in a DC output. Another
mechanical-to-electric power conversion technique that has been
growing fast recently is through triboelectric process. In a typical
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triboelectric nanogenerator (TENG), two materials with different elec-
tron affinities are brought together for contact triboelectrification, such
that the material with a lower electron affinity gives away its electrons
through the contacted surfaces to the other, resulting oppositely charged
surfaces. With repeatedly changing the size of the contacting area by
external mechanical force, the capacitance of the two electrodes varies,
resulting electrons flow back and forth in the circuit to balance the
varying potential difference, generating an AC current [5-11]. To
convert an AC current in to a DC current, rectification approaches such
as circuit configurations [12], generator electrode structure design such
as wheel-belt [13] or electric brushes [14], etc. have to be engaged. In
addition, several types of new generators could directly convert me-
chanical power into DC power. Using electrostatic breakdown between
the two electrodes in a TENG, a DC current was created while the
electrode is slid on the other [15], in which air gaps between collector
electrode and triboelectrification layer as well as the air pressure play
essential roles. In addition, sliding a metal tip on MoS, [16] or oxide
layer on silicon [17] were reported to create DC currents. It was sug-
gested that electrons generated at the contact surfaces by
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triboelectrification tunnel through the ultrathin insulating layer,
resulting in DC currents. Similarly, a DC current was found to be
generated while a metal tip sliding on a Si substrate [18]. Although
dynamic appearance and disappearance of the depletion layer in the
Schottky junction was proposed to be the origin of the DC current
generation, the detailed mechanism was not discussed. Previously, we
have reported that by intermittently contacting and separating a p- and
an n-type silicon electrode, a one-flow direction dominated AC current
was achieved [19]. In this work, we report on DC current generation
with a pair of p- and n-type doped semiconductors that are slid against
each other without changing the size of the contacting area. The current
flow direction is determined by the built-in electric field in the p-n
junction across the two contacted surfaces, regardless of the relative
sliding direction. Electron transport in the generator is analogous with
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that in solar cells. The major difference is that electrons and holes in our
generator are generated by triboelectrification, rather than photon
excitation in solar cells. To differentiate from other electric generators,
we call this new generator a triboelectric cell.

2. Experimental results and discussions
2.1. Direct current generation under sliding

When p- and n-type semiconductors are brought into contact, a p-n
junction forms near the contacted surfaces with a built-in electric field
pointing from the n-to the p-type surface. Here, we demonstrate that a
DC current is generated as long as the two semiconductors are slid
against each other. In all the experiments discussed in this paper, a pair

Fig. 1. Experimental set up and the
typical output of the triboelectric cell. (a)
A 3D schematics for the experiment setup
and the external circuit. A 1 x 1 cm? n-type
silicon electrode was on a 4-inch p-type sil-
icon wafer with 100 g weight on top (not to

the scales). (b) The displacement (upper) of
the top electrode with respect to the other
electrode and Isc (lower) as a function of
time for four sliding stages in one sliding
cycle. (c) Isc as a function of the sliding
speed for the four sliding stages in (b). (d) Isc
and (e) Voc for 20 min sliding experiments.
(f) The I-V curves of the two contacted
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of n- and p-doped semiconductor substrates or a pair of doped semi-
conductor and a metal is utilized directly as the electrodes. One of the
substrates is cut into a smaller size and placed onto the other so that the
two flat surfaces face each other. The small electrode can be slid or
rotated on the large one, as shown in Fig. 1a. For instance, a1 x 1 cm?n-
doped silicon electrode was slid on a p-doped silicon electrode back and
forth repeatedly on a linear motor controlled translation stage. On top of
the moving electrode, a 100 g weight was engaged to achieve 1 N normal
force. Fig. 1b shows an arbitrary cycle for sliding at a constant speed of
50 mms ™. A continuous DC current about 50 nA was generated during
the movement regardless of the sliding direction. In Stage 1 (3), the top
electrode was slid forward (backward) from the rest to the constant
speed at an acceleration of 5 m s~2. In contrast, in Stages 2 and 4, the top
electrode was deaccelerated at 5ms~2 to a full stop. The short circuit
current, Igc, with respect to instantaneous speed for each stage clearly
indicated that the current could respond to the transient speed imme-
diately, no hysteresis loop was observed in the experimental error, see
Fig. 1c. The DC current always flew from the p-silicon through the
external circuit to the n-silicon electrode. Once the sliding was stopped,
the current dropped to zero instantaneously. With continuous sliding, a
constant DC can be observed. Fig. S1 shows a DC short circuit current
when the n-type electrode was slid 30 mm away from the centre of a
rotating p-type electrode with a constant angular speed of 10 rpm
controlled by a rotation stage. The current fluctuation could be associ-
ated with the stick-slip behavior, caused by microscopic friction fluc-
tuation, possibly resulted from friction force variation in different
sliding regimes [20,21]. Fig. 1d and e plot the average Isc and open
circuit voltage, Voc, over 20 min with a 2-s pause after each sliding to
either direction, respectively. No obvious decay of the output was
observed over time.

Formation of the p-n junction across the contacted surfaces can be
confirmed by clear rectification characteristics, as shown in Fig. 1f.
Under a force of 0.2N (or an apparent pressure of 2 kPa), the overall
current was small and the rectification factor, |Iz(1V)/Ig (-1V)|, was only
4.5. With increasing the contact force (pressure) up to 5N (50 kPa), the
rectification performance was improved with the rectification factor
increasing up to 20. Igc increased from 16.5 nA under a force of 0.2 N to
89 nA under 5N, see Fig. 1g. Isc turned to saturation when the force was
larger than 2N. The force could affect the generated current in two
possible ways. A larger contact force (or apparent pressure) leads to a
diminution of air gaps between the two contact surfaces and increases
effective contact area and hence improve the electrical contact.
Furthermore, increasing the force (or pressure) results in larger fric-
tional force or higher frictional power that excites more electrons and
holes.

A 1 pF capacitor was employed to collect the charge from the DC
current. The voltage over the capacitor could saturate at 0.28 V with 4
back-and-forth sliding cycles (see Fig. S2). The saturated voltage is
constrained by the built-in potential of the contacted p-n junction, which
should correspond to the chemical potential difference (opposite to the
work function difference) between the two electrodes used here, i.e.,
0.35V measured using a variable capacitance technique (Refer to the
Supporting Information and Fig. S4c).

Besides sliding a silicon electrode on another silicon electrode, we
have confirmed in general that sliding a doped semiconductor electrode
on another doped semiconductors or metals generates a DC current as
long as the two electrode materials have distinct chemical potentials (or
work functions). The generated currents from the electrode pairs of
oppositely doped GaAs & silicon, p-type silicon & Al and n-type silicon &
Au are displayed in Figs. S5-S10 in the Supporting Information. The
common feature of all the tested electrode pairs is that the generated DC
current flows from the lower chemical potential (or higher work func-
tions) electrode through the external circuit to the other electrode,
which is in the direction consistent with the direction of the built-in
electric field in the p-n junction across the contacted surfaces, suggest-
ing that electrons and holes are generated by frictional energy and then
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swept out of the p-n junction to form the DC current. In our approach,
the size of the contacted area during the sliding was unchanged. This is
different from the sliding mode of typical TENGs [9-11] where the
current is created by electrostatic induction due to variation of the
contacted surface area.

2.2. Influences of the sliding speed and acceleration

Macroscopically, the sliding speed v is directly related to the friction
power as Pr= jgFv, where F is the normal force and y; refers to the sliding
friction coefficient that is independent of the apparent contact area and
sliding velocity [22]. With the experimental conditions in this work, ; is
estimated to be 0.2 [23,24]. This friction power dissipates in the contact
surfaces, causing excitation of electrons and holes. Thus, the number of
generated electron-hole pairs is expected to be linearly proportional to
the friction power or the sliding speed.

Fig. 2a and b shows Isc and V¢ under several constant sliding speeds
with a weight of 100 g on top of a p-type electrode sliding on an n-type
substrate. Igc increased linearly by 10 times with the constant speed
increasing from 10 mm s~ to 200 mm s_l, as shown in Fig. 2b. A higher
sliding speed contributes a higher friction power, exciting more elec-
trons and holes at the contact surfaces, which are subsequently swept
out of the p-n junction by the built-in electric field, leading to a larger DC
current. It is worth noting that, for the speed higher than 100 mms™?,
Voc saturated at 0.31 V, which corresponded to the chemical potential
difference of 0.35V between the two electrodes, see Fig. S4c. Observed
Voc can be understood as the result of charging the parasitic capacitance
in the device and circuit. The higher the speed, the more electrons and
holes were generated and the quicker was the parasitic capacitor
charged. The power dissipated to the load under a constant sliding of
50 mms ! is shown in Fig. S3. It maximized around 1 MQat 1.2nW.
Note that the friction power can be estimated as Py= uFv~10 mW. Thus,
the efficiency of the power conversion was ~1.2 nW/10 mW~10"".

The influences of transient sliding speeds on V¢ and Isc were studied
using several accelerations from 0.05 m s2tolms 2 (Fig. 2¢). It is seen
from Fig. 2d that Igc at 100 mm s! increased from about 0.23 pA for an
acceleration of 0ms 2 (the constant speeds as discussed above) to
0.58 pA under 1 m s~2. This suggests that the acceleration process could
more efficiently excite electrons and holes than the constant speed
process. The increase in friction power APy from t=tg to t=1to 45t is
zero for a constant speed motion, while it is equal to usFadt for an
accelerated motion with an acceleration a (see Supporting Information).
Thus, the additional power gain increases with acceleration and it is
dissipated to the contacted surfaces and hence enhances the excitation of
electrons and holes. Moreover, the mechanical power dissipated to the
surfaces under a smaller acceleration may form a temperature profile
through which heat could transport into the bulk of the doped semi-
conductor electrodes, leading to weaker electron-hole generation near
the surfaces.

2.3. Influences of the geometry of the top electrode

With the same apparent contact area (or the area of the top elec-
trode), normal force, sliding speed and sliding distance, the influence of
the geometry of the top electrode was studied by using three different
lengths of the sliding sides (perpendicular to the sliding direction, w in
Fig. la. It can be seen from Fig. 3 that the larger the side length, the
higher Igc could be obtained. In contrast, Vo¢ did not vary significantly.
These findings suggest the length of the sliding side dominated Igc,
rather than the apparent contact area of the two electrodes. This is
because that when the top electrode is slid under the same contact
pressure (through controlling the contact area and normal force) and
sliding speed, the newly established p-n junction in front and the dis-
appeared former p-n junction at the back are larger for the samples with
a larger w. Hence, a larger temporal change in surface dipoles could be
caused (refer to more detailed discussion in Section 3), generating more
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Fig. 3. Isc and V¢ against the length of the sliding side of three top electrodes
with same apparent contact area but increasing side lengths.

electrons and holes. In other words, only the new overlapping/releasing
regions efficiently promote charge transfer. This characteristic of our
devices is similar to the sliding mode of triboelectric nanogenerators.

2.4. Influences of operational pressure, humidity and temperature

To investigate the influences of air pressure on the DC current gen-
eration, the sliding experiments were performed in a vacuum chamber
under the air pressure of 107> Pa, and after that, the vacuum chamber
was refilled with nitrogen up to the atmosphere. Isc generated in the
vacuum was found to be comparable with those measured under ni-
trogen at atmosphere and air at atmosphere, as shown in Fig. 4a. This
means that nitrogen, air and moisture should not be necessary factors
contributed to the DC current generation.

Fig. 4b shows under 10~° Pa, and the average Igc was decreased from
150 nA at the room temperature down to only 50 nAat 120 °C. This

<041 o 2=0.05m/s?

Nano Energy xxx (xxxx) xxx

I I L 1

50 100 150
Speed (mm/s)

200

—<—a=1m/s®
[ —e—a=0.5 m/s?
05F ™ a=0.2 m/s®
——2a=0.1 m/s?

N —=— =0

1

20 4l0 6lO 80
Speed (mm/s)

100
1

to 200mms °;

2 to 1 ms~ 2% (d) Isg vs the transient speed under different

phenomenon may be interpreted through the temperature dependent
built-in potential. When the temperature increases, the Fermi levels in
both semiconductor electrodes shift towards to the bandgap centre,
leading to decrease in the built-in potential or build-in electric field and,
consequently, decrease in the current generated.

3. Current generation in the triboelectric cell

In this discussion, the surfaces of the semiconductor electrodes are
assumed ideal, and the influences of the surface states on the energy
band diagram and electron transport are ignored. Fig. 5a shows the
energy band diagrams for the two disconnected electrodes. The elec-
trostatic potential of the p-type neutral region with respect to the Fermi
level Ey is determined by y, = — 1/q(E; — Er) = — kT/qIn(Na /ny),
where q is the unit charge, N, is the acceptor concentration, E; is the
intrinsic Fermi level, k is the Boltzmann constant, T is the absolute
temperature in Kelvin degree and n; is the intrinsic carrier concentration.
Correspondingly, the electrostatic potential of the n-type neutral region
with respect to Ep is y, = kT/q In(Np /n;), where Np is the donor con-
centration [25]. When the electrodes are in contact (Fig. 5b), electrons
diffuse from the n-type (E2) to the p-type semiconductor electrode (E1)
(and holes diffuse from E1 to E2) due to their chemical potential dif-
ference, leading to formation of a p-n junction across the two contacted
surfaces. As a result, positively charged space charges are left in the
depletion region in the n-type semiconductor, while the negatively
charged ones dwell in the p-type side, causing a built-in electric field
pointing from n-to p-type semiconductor electrode in the junction. At
the thermal equilibrium, a common flat Fermi level establishes across
the two entire electrodes, leading to a built-in potential in the p-n
junction [25].

V=, -y, = kT/q ln(N/‘ND /niz) @
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Fig. 5. The schematics and energy band diagrams for a triboelectric cell with an n-type semiconductor as the top electrode and a p-type semiconductor as
the bottom electrode. (a) The disconnected stage, (b) the contacted still stage, (c) the top is being slid on the bottom electrode laterally. The white arrows stand for
surface electric dipole moment; red arrow stands for built-in field direction. E¢ is the bottom of the conduction band, Ey the top of the valence band, E; the intrinsic
level and Ef the Fermi level, Vj; the built-in potential, y; » are the potentials with respect to the Fermi levels in the p- and n-type semiconductors.

and zero current flowing in the external circuit.

DC current generation was obtained from sliding a metal electrode
on a semiconductor [18] and it was attributed to acceleration or
recoiling of electrons and holes that are diffusing across the depletion
layer during the dynamic appearance and disappearance of the con-
tacted Schottky junction. This interpretation seems not persuasive by the
fact that the formation of the depletion layer is caused by diffusing
charge carriers at the interface first and then the diffusion is confined by
the space charge induced built-in electric field.

Herein, we interpret the DC current generation in triboelectric cells
through the following possible processes:

(1) Electrons and holes are generated due to the energy released by

(2

—

breaking of the bonds across the contacted surfaces in the friction
sliding motion [26,27], and they can be expelled out of the p-n
junction due to the built-in electric field, forming a DC current.
Because of overall charge neutrality, the space charges in the p-n
junction can be regarded as an effective dipole whose dipole
moment points from the negatively charged space charges in the
p-type electrode to the positively charged space charges in the n-
type electrode, perpendicular to the contacted surfaces under the
thermal equilibrium. When the top electrode is being slid, the
space charge region in the bottom electrode would follow the
sliding motion, but with a small lagged distance of d ~vr (see
Fig. 5¢), where 7 is the dielectric relaxation time and v is the
sliding speed. As a result, the effective dipole moment slightly
deviates from that under the thermal equilibrium, causing a

change in the potential energy of the dipole. This released energy
from the newly formed dipole could excite electrons and holes in
the lagged region with an area of wd ~ wvz. This could interpret
our main findings discussed above, i.e., Isc is a linear function of v
and Igc is linearly proportional to w, rather than the area of the
top electrode.

(3) A surface flexoelectric potential difference could be induced by

inhomogeneous strains at nanoscale asperities and it could pro-
mote electrons transferring from one surface to the other in
contact [28]. In our case, sliding a semiconductor on another
would definitely cause inhomogeneous strains between the two
surface asperities.

(4) As mentioned in the introduction, utilizing electrostatic break-

down of the small gap between the two electrodes of a TENG,
photons could be created at the gap due to air discharge. Thus, a
DC current was created while one electrode is slid on the other
due to photon excitation [15]. However, this picture may not be
applicable to our triboelectric cells. Firstly, for electrodes used in
this paper, with one lightly doped n-type silicon electrode in
contact with one highly doped p-type silicon electrode, the
electric field at the interface between the two electrodes for an

ideal p-n junction can be calculated as Emgx = —(2q/¢ NAVM)%
~3x10°Vm™!, where ¢ is the permittivity of silicon. The elec-
tric field is much small than the air breakdown field of
1 x 108 Vvm™! required in small gaps [29,30]. Considering very
large surface states and non-ideal p-n junction, the actual electric
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field across the two contacted surfaces over the gap could be even
lower. Secondly, air breakdown discharge would occur once the
electrodes are contacted. It would not be promoted by the sliding.
However, as shown in Fig. 1b, no current was generated if the top
electrode was not slid. Thirdly, the DC current generation was not
detectably affected when the electrodes were slid in vacuum or
atmosphere.

It is worth pointing out that current generation in a triboelectric cell
is essentially different from that in a typical sliding mode TENG in
several aspects: (i) instead of utilizing an insulator surface of the elec-
trode to retain electrostatic charges on the surface in the TENG, oppo-
sitely doped semiconductors are directly employed as electrodes in the
triboelectric cell to form a p-n junction. (ii) The ratio of the contacted
and un-contacted areas between two electrodes must be varied in a
conventional sliding TENGs, while the size of the contacting area
maintains unchanged during sliding for the triboelectric cell. It is the
built-in electric field that drives the triboelectrically generated electrons
and holes to form a DC current, rather than electrostatic induction be-
tween the electrodes in TENGs. (iii) There is only displacement current,
no conduction current, directly across the two electrodes in conven-
tional sliding TENGs, while in the triboelectric cell only conduction
current is generated.

Electron transport in a triboelectric cell resembles in a semi-
conductor solar cell. The p-n junctions play a role in separating electrons
and holes. In solar cells, electrons and holes are generated through
absorbing photons [31]. In contrast, the electrons and holes in tribo-
electric cells are created by triboelectrification.

4. Conclusion

In this work, direct current generation has been clearly demonstrated
by sliding a doped semiconductor electrode against another oppositely
doped semiconductor or metal electrode as long as the two electrodes
are of distinct Fermi levels. The generated DC current flows in the same
direction as that of the built-in electric field in the dynamic p-n (or
Schottky) junction near the contacted surfaces and it does not depend on
the sliding direction. It increases with the sliding speed and accelertion,
decreases with increasing operational temperature and does not depend
on atmospheric pressure. At a given speed, transient sliding could more
efficiently generate the current than constant sliding. Our findings
suggest that electrons and holes are generated at the contacted surfaces
and then swept out of the contacted p-n (or Schottky) junction by the
built-in electric field to form the DC current.
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