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ABSTRACT: As an energy harvester that converts mechanical power into 300
electrical energy, a triboelectric nanogenerator (TENG) with a pair of metallic
and insulating electrodes can generate only the displacement current (I;) in
the electrodes, whereas a chemical potential difference generator (CPG) with a
pair of semiconducting or/and metallic electrodes can generate both Iy, and
conduction current (I_,,). Considering the effects of motion parameters on I
and I, is important for harvesting different mechanical energies in practical

scenarios; the output characteristics of CPGs and traditional TENGs under
different external resistance (R), contact-separation frequency (f), and
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maximum separation distance (x,,) were systematically studied for the first time in this work. More interestingly, a direct
current (DC) output can be generated directly by CPGs under R > 10 MQ or f > 100 Hz. This work not only provides a
guideline for collecting different mechanical energies but also promotes the development of CPGs as an energy harvester and
self-powered vibration sensor in the semiconductor industry.

ith the rapid development of the electronic

intelligence age, self-powered energy devices are

desired and needed for a large number of
miniaturized, portable, and wireless electronic devices.' > For
continuous operation of these devices, it is important to
develop microelectric generators that can convert mechanical
energy into electricity.'”” Triboelectric nanogenerators
(TENGs) are a type of promising mechanical-to-electric
power convertors with the advantages of low-cost, wide choice
of materials, and simple fabrication.” "> A typical TENG is
composed of a pair of insulating and insulating or metallic
electrodes."”'* The two electrodes are charged with equal
opposite charges when they contact with each other because of
triboelectrification.”>™"” Then, electrons transfer back and
forth between the backside metallic pad of the two electrodes
through the external circuit because of electrostatic induction,
realizin§ the conversion from mechanical power to electrical
energy. *°° However, only displacement current (I) is
generated between the two electrodes; the insulating electrode
simply blocks electrons from passing across the surfaces of the
two electrodes. I, is capacitively coupled to the external
circuits so that the power delivered to the external resistance is
determined by the internal impedance of the TENG, actual
variation of the capacitance (C) between the two electrodes,
parasitic capacitance, and external resistance. Although a large
C is desirable to accommodate more charges, a large time
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constant RC reduces the power conversion efficiency,””

where R is the external load resistance. The I, of TENG is
also suppressed by a large R because of the slow charging
process.”” More importantly, this problem would become
more critical under high f and small x, in which x_, is the
maximum gap between two electrodes, causing the degradation
of the output performance of the TENG.

In 2018, a unique electric generator with a pair of
semiconducting and semiconducting or metallic electrode
dynamics was reported.”® The two electrodes must have a
distinct chemical potential difference. When the two electrodes
are brought in contact, electrons diffuse from the higher to the
lower chemical potential electrode.””** Once both electrodes
are separated by mechanical power, the diffused electrons can
be pumped out to the external circuit, yielding a transient
current through the external load. In the approaching stage,
apart from that through electrostatic induction (causing I,
the space charge regions near the surfaces of the electrodes can
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Figure 1. The experimental setup and output performance of a CPG with an electrode pair of Au and n-type Si electrodes. (a) Structure of
experimental setup. The components of the CPG are shown in the enlarged illustration on the left. (b) Circuit connection in this experiment.
(c) Detailed energy band diagram of CPG in (i) disconnected, (ii) contacted, and (iii) separating state. (d) The static J-V curve between the
contacted Au and n-type Si electrode pair. Inset: the circuit for the J—V curve measurement. (e and f) The current output characteristic and
the accumulative charge of the CPG under R = § MQ, f = 200 Hz, and x,, = 0.3 mm.

also be restored through diffusion of electrons across the
contacted surfaces, leading to a conduction current (I, ). As R
increases, the charge collected through I_, of the chemical
potential difference generator (CPG) does not vary signifi-
cantly while the charge collected from Iy is gradually
decreased, even dropping to an undetectable level under R ~
100 MQ.” The CPG does demonstrate several unique
characteristics for mechanical power-to-electricity conversion.
However, critical parameters affecting the electrical perform-
ance of CPG, including R, x_,, and f, have not been
systematically investigated to the best of our knowledge.

Here, the influences of R, x,, and f on the performances of
both typical CPG and TENG under a vertical contact
separation motion mode are compared systematically. It is
found that the increasing of R and f causes the alternating
current (AC) output of the TENG to decrease gradually, while
inducing a direct current (DC) output for the CPG. This
contrasting characteristic demonstrates that the RC effect
inhibits I but has much less impact on I_,. Beyond high f,
the hundred micrometer x,, is a remarkable merit of the CPG
for obtaining high-frequency and tiny mechanical vibration
energy. The proposed systematic comparison of TENG and
CPG not only provide a guideline for harvesting different
mechanical energy but also demonstrates the potential
prospects of CPG as a new energy harvester or self-powered
vibration sensor in the era of semiconductor integrated
electronic intelligence.

In order to investigate the output electrical characteristic of
CPG under different R, f and x,, we set up a contact-
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separation experimental platform as shown in Figure la. An n-
type silicon (Si) electrode, whose doping concentration (Nj)
and thickness are 5 X 10'° to 6 X 10"* cm® and 541 ym (Figure
S1), is fixed on the center of the mover of a vibrational
workbench. A gold (Au) electrode is fixed on the stationary
beam. The size of the contact area between the two electrodes
is about 5 mm X 5 mm. Two miniature lifting displacement
platforms with two screw micrometers (Figure 1a) are used to
maintain a proper tiny gap between the two electrodes. Figure
1b shows the circuit connect between two electrodes of CPG
and the ammeter SR570 in this experiment. The energy band
diagrams of the n-type Si electrode and Au electrode under
disconnected and contacted stages are sketched in Figure
1c(ijii). A positive space charge or depletion layer formed near
the contacted n-type Si electrode surface because of their
chemical potential difference. Once the two electrodes are
separated from each other (Figure 1c(iii)), the depletion
region narrows significantly and the Fermi level of the Si
electrode (Eg) drops below the Femi level of Au electrode
(Egn), as the positive charges trapped in charge space are
pumped to the external circuit. Therefore, a negative transient
current flows from the n-type Si electrode to the Au electrode
through R, realizing the conversion of mechanical power to
electrical energy. A very good rectification characteristic of the
J—V curve is obtained when the two electrodes are in static
contact (Figure 1d), suggesting that a decent Schottky junction
is formed. Figure le displays the output current of CPG under
R =5 M, f =200 Hz, and x,, = 0.3 mm. The current output
of about 900 nA is generated directly by the CPG, and it is
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Figure 2. Output current characteristics of a CPG and a TENG under different movement conditions. (a and e) The output current of the
CPG and TENG vs R under f = 100 Hz and x,, = 0.3 mm. (b and f) The output current of the CPG and TENG vs x,, under f = 100 Hz and R
=5 MQ. (c and g) The output current of the CPG and TENG vs f under R = 5§ MQ2 and «,, = 0.3 mm. (d and h) Detailed output current of

the CPG and TENG under f= 1 Hz and f = 10 Hz in 3 periods.

apparently a pulsed DC current. The accumulative charge
collected from the current (Figure 1f) indicates that the
transferred charge during one cycle is up to about 0.4 nC.
Figure 2a—c exhibits the measured output current versus R,
f,and x, for the CPG, respectively. Under f = 100 Hz and «,,
= 0.3 mm (Figure 2a), the positive current almost reduces to
about 0 A under R = S MQ, while the intensity of negative
current just decreased 0.3 pA compared to R = 1 MQ.
Although the intensity of negative current decreases with
increasing R, the CPG keeps the DC output for R higher than
S MQ. The output current of CPG with different x,, under R =
S MQ and f = 100 Hz is shown in Figure 2b. The peak current
output increases from 0.6 to 0.9 yA with the x,, changing from
0.3 to 1.0 mm. Meanwhile, the output current of CPG with
different f under R = 5 MQ and x,, = 0.3 mm is shown in
Figure 2c. With f increasing from 1 to 100 Hz, the peak output
current increase from 0.01 yA to 0.6 pA. Then, the output
current intensity remains unchanged with f increasing from
100 Hz to 200 Hz. More importantly, it is observed that the
output current is dominated by a pulsed DC current for f
higher than 100 Hz. To compare the output performance of
the CPG with that of a traditional TENG, the TENG mainly
consists of a Au electrode and a poly tetra fluoroethylene
(PTFE) film coated with a Au film on the back for the electric
connection with the external circuit. The contact area of the
two electrodes and the thickness of PTFE film in the TENG is
about 5 mm X S mm and 541 pym, comparable to those used in
the CPG (Figure S1). With R, f, and «x,, increasing, the output
current of TENG keeps an AC style (Figure 2e—h). Moreover,
the equal amount of electrons transferred between the two
electrodes during the contact and separation processes also
demonstrates the AC characteristics of the TENG under
different movement variables (Figure S2). The output current
decreases with R increasing, while it increases with increasing
x,, and f. As shown in Figure 2d,g, it is noted that the pulse
width of the current shrinks significantly as f increases.
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The working mechanisms and output current characteristics
of the CPG and TENG under R = S MQ, f= 200 Hz, and
x,, = 0.3 mm are illustrated in Figure 3. For the CPG, when
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Figure 3. Working mechanisms of the CPG and TENG under R =5
MQ, f =200 Hz, and x,, = 300 gm. (a) Schematic illustration of the
current generation in a contact and separation cycle for the CPG.
(b) Output current of the CPG as a function of time. (c)
Schematic illustration of the current generation in a contact and
separation cycle for the TENG. (d) Output current of the TENG
as a function of time.

the two electrodes are brought in contact, electrons in the n-
type Si electrode transfer to the Au electrode because of their
chemical potential difference (Figure 3a(i)). Once the Au
electrode leaves from the Si electrode under mechanical power,
the electrons discharge from the Au electrode to the n-type Si
electrode through the external circuit to balance the electrical
potential difference between the two electrodes (Figure
3a(ii)). Until the separation distance is larger than the width
of the depletion region of the n-type Si electrode, most of the
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Figure 4. Accumulated charge of the CPG under different conditions. (a) The original charge signals vs R under f = 100 Hz and x,, = 0.3 mm.
(b) Original charge signals vs f under R = S MQ and «,, = 0.3 mm. (c) The original charge signals versus x,,, under R = 5§ MQ and f= 100 Hz.
(d) The QOneg and QC-pos vs R under f = 100 Hz and «,,, = 0.3 mm. (e) The Q—C—neg and QC-pos vs f under R = § MQ and x,,, = 0.3 mm. (f) The

QC-neg and QC-pos vs x, under R = § MQ and f = 100 Hz.

electrons in the depletion region have been pumped out to the
external circuit.”® A temporary thermal equilibrium state could
establish when the gap reaches the maximum (Figure 3a(iii)).
In the approaching stage (Figure 3a(iv)), the space charge
region in the n-type Si electrode could restore through the
chemical potential difference of the two electrodes, causing a
positive I flowing from the Au electrode to the n-type Si
electrode. This current increases until the two electrodes are
just in contact. Thereafter, the space charge region can also
restore through diffusion of electrons from the n-type Si
electrode to the Au electrode, yielding I, which is not
measurable in the external circuit. For our Au and n-type Si
electrode pairs, the RC = 3.0 X 103 s under the R = 5 MQ

and the C=6.15X 10""°F (the detailed measurement
method is shown in Experimental Methods in the Supporting
Information). Under f= 200 Hz, the time of approaching
stage t,

pp = 25 X 10 s is comparable with that of RC. As a

result, the space charge region cannot fully restore in the
approaching stage and then the rest space charge region
restoration would proceed with electron diffusion after the two
electrodes are in contact. It is the existence of the diffusion
current across the two contacted electrode surfaces that leads
to generation of the DC-dominated pulsed current by the CPG
(Figure 3b). In sharp contrast, for the TENG, when the two
electrodes fully contact with each other, electrons transfer from
the Au electrode to the PTFE surface because of the electron
affinity difference between the two electrodes, resulting in a
negatively charged PTFE surface and positively charged Au
electrode (Figure 3c(i)).”*">* Once the Au electrode separates
from the PTFE electrode under mechanical power, the positive
charge on the Au electrode is gradually neutralized by electrons
from the back Au film of the PTFE electrode, resulting in a
gradual increase in positive charge in the back Au film, to
balance their potential difference (Figure 3c(ii)). Figure 3c(iii)
shows the charge distribution between the two electrodes,
when the separation reaches its maximum of 0.3 mm. Next,
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electrons flow back to the Au electrode from the back Au film
in the approaching stage to decrease the potential difference
between the two electrodes until both electrodes get in contact
(Figure 3c(iv)). Therefore, electrons transfer back and forth
between the Au electrode and back Au film to form an AC
current in the external circuit (Figure 3d).*”*° It is worth
noting that the AC output of TENG is displacement current,

%, arising from the polarization field generated by the

electrostatic charge on the surface, which is termed the Wang
term.”’ According to the theoretical mode of TENG (Figure
S3), the electrical filed inside the dielectric PTFE (E,) can be

described as follows:*'
5 Q)
Sepe (1)

where Q (¢) is the charge of the back Au film, S the contact area
of the Au electrode, &, the vacuum dielectric constant, and &,
the relative dielectric constant of the PTFE. The electric field
inside the air gap E,, is

_aw

_ S
Eair -
&

(2)

where o is the electrostatic charge density on the surface of the

PTFE and can be treated as a constant after several contact—

separation cycles. The voltage drop for Ris V =1IR = RCL—? or
d

rIQ

dt

ox(t)

€o (3)

The detailed parameters used in the simulation are listed in
Tables S1—S3. The calculated results indicate that R has an
inhibitory effect on the output current intensity of TENG
(Figure S4), while high f and large x, can increase the output
current intensity of TENG, which is consistent with the
experimental results as shown in Figure 2d—f.

=~ e+ x(0) +
Se,
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The influences of R, f, and x_, on the accumulative charge
for the CPG are shown in Figure 4. As the CPG under large R
(>S MQ) or high f (>100 Hz), the charge veruss time curve
shows a step-like shape (Figure 4ab). When R = S MQ,
f =100 Hz, and x,, = 0.3mm, the average charge per cycle is
about 0.3 nC. The output charge increases with the extension
of x, (Figure 4c), accompanied by the increase of output
current as shown in Figure 2c. The charges collected during
the negative current (QC_neg) and positive current (Qc_pos)

t
through Q¢ e (c-pos) = /0 " I¢_neg(C-pos)dt are shown in Figure
4d. It is seen that Qc-pos sharply decreases from about 0.1 nC

under R =1MQ to 0.002 nC under R = 100 MQ, while
Qc_neg remains about 0.1 nC, nearly independent of R. This

result clearly suggests that under a large R, the depletion region
of the Schottky junction is restored through electron diffusion
across the contacted surfaces, thus a large R has no inhibiting
effect on I . Here, the ratio of Qc_neg/ QC_POS increases from 2

to 1.2 X 10* for R from 1 MQ up to 100 M, demonstrating a
DC output performance of the CPG under a larger R.
Additionally, from Figure 4e one can see that the higher f also
hinders QC_PDS but has no effect on Q Coneg’ The QC—pos

gradually decreases from about 0.2 nC under f=1Hz to
0.03 nC under f= 200 Hz simply because restoration of the
depletion region becomes more difficult via electrostatic
induction under a higher f in the approaching stage. When
x,, increases from 0.3 mm to 1.0 mm under f= 100 Hz and

R=5MQ,Q C neg MAINtains around 0.2 nC (Figure 4f). As x,,

is much larger than the depletion layer width (W) of the
Schottky junction,”® it is reasonable that Qc-neg and

QC-neg/ QC-pos do not apparently change with x_, as shown

in Figure 4f.

Furthermore, the influence of the work function for different
metal electrodes (copper (Cu), Au, platinum (Pt)) on the
current output of CPGs have been studied (Figure S). The
well-accepted work functions of Cu, Au, Pt are 4.3, 4. 8, and
5.3 eV, respectively.”> Using the variable capacitance
method,” the chemical potential difference (V;) between the
n-type Si and the metal electrodes are measured to be 0.08 V
for the Cu and n-type Si, 0.46 V for the Au and n-type Si, and
0.57 V for the Pt and n-type Si electrode pair (Figure SS).
Figure Sa shows the static J—V curve of each of the electrode
pairs. Their good rectification characteristics suggest that the
Schottky junctions can well form in the three static contacted
electrode pairs. The rectification factor, i.e.,
[I(+4.0V)/I(—4.0V)I for the Cu and n-type Si electrode pair
is about 2.6, lower than the S.5 for the Pt and n-type Si and 4.8
for Au and n-type Si electrode pair. The output current and
Qc_neg of each of the electrode pairs under R = 5 MQ,

f =200 Hz, and x,, = 0.3 mm are shown in panels b and ¢ of
Figure S, respectively. A pulse DC dominated output can be
observed from these electrode pairs. The current peak intensity
of the Cu and n-type Si electrode pair is about 360 nA, which
is obviously lower than that of the Pt and n-type Si and Au and
n-type Si electrode pairs (560 nA). The value of Q Coneg follows

the trend of Pt and n-type Si > Au and n-type Si > Cu and n-
type Si, suggesting that a larger V; may promote a higher

3084

£ —a—Icon(Pt & Si)
a—Ilcon(Cu & Si)

10° 10° 10° 10° 10° 10" 10° 10

Resistance (Q)

‘Cu&Si

Au & Si

r AT ST T T T T T T T T T T s s s s s e TS N

1 a3 , b :

' —Pt | ]

i 241 __Au ! 0 LYpIEyN !

] — = '

| E 18 :<5-160 '

'z 1 € |

1 E 12 12320 '

TS :S 1

! 6 1 -480 !

: 01~ — ! 1

1 ! -840 Au Pt '

i 2 1 0 1 2 000 005 010 0.15 029
. 1 1

i Bias (V) ! Time (s)

vt A

1

: d o030 ‘ .

! £025 —o—Icon(Au & Si)

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

S

[l

Figure 5. The output performance of CPGs for the Ptand n-type Si,
Auand n-type Si, and Cuand n-type Si electrode pairs. (a) The J-V
curves. (b) The output currents under R = § MQ, f = 200 Hz, and
%y = 0.3 mm. (c) The accumulative charges for a single negative
pulse current (Q ). (d) The average power for the DC output as

c-neg

a function of R.

electron pumping capability. This result is consistent with the
prior result that QC-neg is proportional to the Vj:*

PAVAYIIN
QC—neg ~ M]n (4)

where W, is the depletion region width in the n-type Si

electrode. The negative current average power

— t
P=R fo *i*dt/t, versus R for these metal electrodes under f

=200 Hz is shown in Figure 5d, where t,is the time duration of
the pulse current. The P of Cu and n-type Si, Au and n-type Si,
and Pt and n-type Si are 0.21 yW at R = 100 MQ, 0.22 uW at
R = 50 MQ, and 0.27 uW at R = 50 M, respectively.
Taking the Au and n-type Si electrode pair as an ideal
Schottky contact, the charge stored in the depletion region Qg

~ qNpA\ 2646, Vy/(qNp) ~ 1 X 107° C, which is about 4

orders of magnitude higher than the QC—neg per cycle observed

in Figure 4. Under the nonideal Schottky contact, the surface
states induce a potential barrier in the contact interface, which
inhibits the carrier transfer between the Au and n-type Si
electrode.” This is the reason why the output improvement of
the Au and n-type Si electrode pair is not significant compared
with that of the Cu and n-type Si electrode pair, although the
chemical potential difference of Au and n-type Si electrode
(0.46 eV) is much higher than that of Cu and n-type Si
electrode pair (0.08 eV). Moreover, a small air gap of several
nanometers in the contacted state could result in a sharp
decrease of charge stored in the depletion region.””

In this work, the effects of R, x,,, and f on the current
output of CPGs and TENGs have been first systematically
studied. As a result, the TENG is shown to be suitable for
harvesting ambient energy with low f and large ., such as
ocean energy, human motion energy, etc., whereas the CGP is
capable of harvesting mechanical energy with high f and tiny
x,,, such as sonic energy. Different from the TENG, the output
current of CPGs is dominated by discharging the diffused
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electrons to the load, rather than from discharging electro-
statically induced charges, leading to the output performance
of the CPG being independent with the time constant RC,
which is one of the merits of CPGs. Therefore, a pulse DC
output can be directly generated by a CPG under a large R (>
10MQ) or high f (>100 Hz), which demonstrates the
potential application of the CPG as a high-frequency energy
harvester in the semiconductor industry. Taking advantage of
its signal characteristics from low to high frequency, the CPG
is also expected to be a self-powered vibration and threshold
monitoring sensor with a wide frequency response range.
CPGs also have the potential to be used as an energy harvester
or sensor for micromagnitude and high-frequency vibrations.
In conclusion, this work not only provides clear guidance for
obtaining different mechanical energies through TENGs or
CPGs but also provides a practical paradigm for further
establishing the physical model of CPGs.
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