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ABSTRACT

Converting mechanical energy into direct-current electric power based on the tribovoltaic effect is a typical characteristic of tribovoltaic nano-
generators (TVNGs). Although this newly discovered physics effect has been devoted to numerous research studies recently, a generalized
theoretical model is still missing, thus unable to comprehensively elaborate the working principles of TVNG. Unlike previous qualitative
explanations restricted to the conventional diffusion-drift theory, a new theoretical model is proposed according to classical semiconductor
physics. Using the model, the governing equation of a TVNG is derived for the first time, which provides possibilities for revealing the varia-
tions of basic physical variables whether within the device or in an external circuit. The direct-current output is suggested to be the coupling
of the tribovoltaic effect and contact electrification; in detail, it directly results from the movement and realignment of quasi-Fermi levels for
excess carriers that are contiguous to the junction/contacting interface under non-equilibrium conditions. Moreover, an equivalent circuit
model is established, equivalent to a constant current source parallel to a p–n junction diode according to the lumped parameter circuit the-
ory. Notably, a new term, mechano-induced electric field EM, is defined and introduced to describe the impact of triboelectric charges at inter-
faces. Furthermore, using the COMSOL Multiphysics software, a dynamic simulation model for TVNGs is proposed, allowing the simulation
and calculation of various TVNGs with different geometric constructions and charge distributions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0196998

I. INTRODUCTION

Based on the coupling effect of contact electrification (CE) and
electrostatic induction, triboelectric nanogenerators (TENGs) can con-
vert mechanical energy into electrical power with an AC signal output
in an external circuit.1–3 The invention of TENGs is a focus question
studied at present, which involves in a range of fields such as contact
electrification, high entropy energy, self-powered sensors, the Internet
of Things (IoT), biological medicine engineering, and so on.2,4–9

Maxwell’s displacement current is regarded as the driving force, owing
to the time-varying polarization of dielectrics in TENGs.1,2 Recent
research has shown significant interest in a new kind of energy har-
vesting device, which is called the tribovoltaic nanogenerator (TVNG)
(or direct-current triboelectric nanogenerator).10–15 A TVNG is con-
structed of at least the semiconductor materials and electrodes but
with a direct current output.10,14–17 The basic output characteristics
and material selection are the important differences between AC-

TENGs and TVNGs.12,17 The physical basis of the latter depends on
the triboelectric effect, which results from the electron–hole pairs gen-
erated at the p–n junction due to the energy released by the formation
of the newly formed chemical bonds at the interface.18–22 When two
semiconductors move toward each other, electron–hole pairs are
excited and distributed at the p–n junction/contacting interface.18,19,23

The generated electron–hole pairs are also referred to as excess car-
riers. In general, two different forces drive the electrons/holes to drift
or diffuse in the space charge region. The first one is the diffuse force,
which is created by the density gradients of the carriers. The built-in
electric field distributed in the space charge region produces another
force on the electrons/holes, which is in the opposite direction to the
above diffuse force. Theoretically, all electrons and holes excited are
swept out of the depletion region, generating a DC output in the exter-
nal circuit, along the direction of the built-in electric field but indepen-
dent of motion direction.12,18
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The effect of incorporating gallium nitride, telluride, and other
materials, as well as heterojunctions, to enhance the output of TVNGs
has been investigated, showing results in terms of improving the power
generation capabilities.24–29 Additionally, alternative TVNG structures,
such as the p-insulator-n configuration, have been experimentally
explored to diversify material options and design possibilities.30–34

Despite extensive efforts that have been made to improve the basic
output performances, either through semiconductor material selection
or structure design, there is still an inability to comprehensively clarify
the working principles of TVNGs.18,35,36 This is chiefly because there is
still a lack of theoretical models to quantitatively describe relations
among physical quantities based on the tribovoltaic effect. In addition,
we should pay attention to the triboelectric charges generated at the
contacting surfaces of TVNGs, since it is not clear how these charges
influence the carrier transport and even working mechanism as well as
output characteristics, thus hindering the design and optimization of
semiconductor devices for matching application requirements.10,37

Although very few theoretical physical models are proposed according
to drift-diffusion theory, they focus on the junction/interface instead of
the whole TVNG device.38,39 In other words, some local elements have
been investigated but not the device physics and device physical model,
while the latter is the emphasis.

Here, a theoretical model and analysis for TVNGs are presented,
based on the coupling effect of tribovoltaic effect and contact electrifi-
cation, aiming to capture the in-depth mechanism of the TVNG
device. The objective here, first and foremost, is to understand the
operation principle, output characteristic, and performance of TVNGs.
Deferring the idea above and solar cells theory, we derived the govern-
ing equation of TVNGs for the first time. Most importantly, an equiva-
lent circuit model and universal simulation model of a TVNG device
are also proposed, offering tremendous possibilities to clarify the
underlying mechanisms and quantitative relations among different
physical variables. Three typical configurations, namely, ideal p–n
junction TVNG, wide-bandgap semiconductor-sandwiched TVNG,
and mechano-induced electric field-dominated TVNG, are designed,
and numerical experiments are conducted to demonstrate the rational-
ity and validity of these models and theoretical analysis. Detailed inves-
tigations are carried out to explore the influences of physical
parameters including doping concentration, generation rate of elec-
tron–hole pairs, bandgap, as well as geometric parameters on the out-
put performances of TVNGs. The constructed models and theoretical
analysis presented here are expected to serve as a potentially powerful
tool to better understand the physical mechanism of TVNGs and tri-
bovoltaic effect, which is substantially possible to get its way.

II. GENERAL THEORY
A. The generation of electron–hole pairs and DC-signal

It is important to understand how the electron–hole pairs are
generated; here, our focus is to build a theoretical model for TVNGs,
revealing how the generated electron–hole pairs flow through the p–n
junction/contacting interface and how they flow in the external circuit.
A typical AC-TENG device consists of dielectric materials and metal
electrodes, using the coupling effect of contact electrification (CE) and
electrostatic induction. A traditional lateral-sliding (LS) mode TENG
is illustrated in Fig. 1(a). When the reciprocating part (dielectric 1 and
the attached top electrode) moves, an alternating current signal is
obtained in the external circuit. A typical TVNG consists of at least a

semiconductor and two metal electrodes to ensure a dynamic Schottky
contact or/and a p–n junction. Unlike the displacement current gener-
ation mechanism of AC-TENGs, the physical basis of a TVNG is based
on the coupling effect of tribovoltaic effect and contact electrification.
For instance, a lateral-sliding TVNG composed of a p-type and an n-
type semiconductor is illustrated in Fig. 1(b). As the reciprocating part
moves periodically, mechanically induced electron–hole pairs are gen-
erated and then redistributed through the p–n junction/contacting
interface under driving forces, causing the space charge region forma-
tion and destruction simultaneously; as a result, a DC signal is
obtained flowing from the p-region (top) electrode through a load
resistor in the external circuit to the n-region (bottom) electrode.

B. Energy band diagrams for the dynamic p–n junction

The term tribovoltaic effect is defined to describe the generation
of electron–hole pairs at semiconductor interfaces under external
mechanical excitation. This special case is similar to the photovoltaic
effect, which occurs in solar cells. In solar cell devices, electron and
hole pairs are excited by photons, converting solar energy into electric-
ity.40,41,43 As demonstrated in Fig. 1(d), when photons with energy h�
exceed the bandgap Eg of the semiconductors, electron–hole pairs are
excited within the penetration depth of these photons. The created
electron–hole pairs are then separated owing to the built-in electric
field. Consequently, the holes move from the n-region to the p-region
forming a hole current jp, while the electrons move from the p-region
to the n-region generating an electron current jn. The working process
of TVNGs can be divided into two stages: the contacted stage and the
sliding stage. Assume that the semiconductors involved are non-
degenerate, satisfying the Boltzmann distribution and neglecting the
influence of surface states on the energy band diagram and carrier
transport. Figure 1(e) depicts the energy band diagrams and Fermi
energy levels for the n-type and p-type semiconductors under thermal
equilibrium. When the two semiconductors are brought into contact,
the majority carriers of the n-type semiconductor (electrons) and the
majority carriers of the p-type semiconductor (holes) diffuse to the
opposite side owing to their chemical potential difference. As a result,
the negatively charged ions are left in n-type semiconductors and posi-
tively charged ions are left in p-type semiconductors, generating a
built-in electric field pointing from n-region to p-region. The redistri-
bution of carriers continues until a common flat Fermi level is estab-
lished through the whole p–n junction [Fig. 1(f)]. At thermal
equilibrium, the potential barrier Vbi of the p–n junction is determined
by42,43

eVbi ¼ EFN � Eið Þ þ Ei � EFPð Þ � kBT ln
NDNA

n2i
; (1)

where Ei is the intrinsic Fermi level, EFN and EFP denote the Fermi lev-
els of the n-type semiconductor and p-type semiconductor [Fig. 1(e)],
respectively; kB is the Boltzmann constant, T is the temperature in
Kelvin degree, ni is the intrinsic carrier concentration, which is propor-
tional to exp �Eg=2kBT

� �
, and ND and NA represent the donor con-

centration and acceptor concentration, respectively.
For the second step, when the two semiconductors slide relative

to each other, the electron–hole pairs are generated due to the tribo-
electric effect, producing a DC flowing in the external circuit
[Fig. 1(g)]. In general, there are two different forces to drive the carriers
drift/diffuse in the space charge region. The first kind of force is the
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diffuse force, which is created by the density gradients of carriers. The
built-in electric field distributed in the space charge region produces
another force on carriers, which is in the opposite direction to the
above diffusion force. After the electron–hole pairs are generated,
the holes drift from the n-type to the p-type (red solid arrows), while
the electrons drift from the p-type to the n-type (blue solid arrows)
under the force produced by the built-in electric field. Another force
caused by the carrier concentration gradient acts on the electrons and
holes to move in the opposite direction (blue and red dotted arrows).
The total effect of the diffuse process and drift process leads to a

generation of direct current flowing in the external circuit. Meanwhile,
some electrons transit from the conduction band to the valence band,
resulting in a reverse process of the electron–hole pair excitation, i.e.,
recombination (black dotted arrows). There are three main issues that
we need to direct our attention to. At short-circuit conditions
[Fig. 1(g1)], assume that most of the mechano-induced electron–hole
pairs could be swept out of the dynamic p–n junction, and these charges
(QSC) or current (ISC) flow unhindered from the p-type semiconductor
electrode to the n-type semiconductor electrode. While at open-circuit
conditions, no charges could flow into the external circuit. If an external

FIG. 1. The TVNG device based on the tribovoltaic effect. (a) Schematic of a linear sliding TENG, which generates an alternating current. (b) Typical structure and (c) equiva-
lent circuit of TVNG based on the tribovoltaic effect. (d) Energy band diagram for a p–n junction solar cell. Energy band diagram for a p–n junction in (e) the separate state and
(f) contact state. Energy band diagram for an ideal p–n junction TVNG under (g1) short-circuit and (g2) working conditions. (h) Energy band diagrams for a wide-bandgap semi-
conductor-sandwiched TVNG. (i) The space charges and triboelectric charges near a dynamic p–n junction, and the corresponding built-in electric field as well as mechano-
induced electric field. (j) Energy band diagrams for a mechano-induced electric field-dominated TVNG.
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resistor is loaded, only part of the charges can flow from the p-region elec-
trode through the external load to the n-region electrode [Fig. 1(g2)].

C. Equivalent circuit model of TVNGs

Since there is a built-in electric field in the dynamic p–n junction,
which points from the n-region to the p-region, the mechano-induced
electron–hole pairs are subsequently separated by the electric field.
The generated carriers move in the opposite direction: the electrons/
holes are injected across the space charge region into the n/p region,
which means that the electrons/holes cross the p–n junction where
they will flow into the n/p region. As a result, there generates a current
in the dynamic p–n junction flowing from the n-region to the p-region
(IM). Consequently, the accumulation of excess holes in the p-region
and excess electrons in the n-region results in the growth of electric
potential in the p-region and the reduction of electric potential in the
n-region. It turns out that the mechano-induced current (IM) produces
a voltage drop (V), which forward biases the p–n junction. The total
potential barrier is now reduced to qVbi � qV, generating a forward-
bias current IF, which flows in the opposite direction to the IM. The
generation of the IF can be explained as follows.

Taking Fig. 1(g2) as an example, it shows the energy-band dia-
gram very similar to a case when a forward-bias voltage is applied to
the p–n junction. The decrease in the total potential barrier means that
the built-in electric field in the space charge region is also decreased.
Then, the electrons and holes are no longer held back in the n and p
regions, respectively. As a result, the diffusion of holes from the p-
region across the p–n junction generates excess minority carriers in
the n-region. Again, the diffusion of electrons from the n-region
through the p–n junction produces excess minority carriers in the p-
region. So, the flow of charges creates a current, which is the forward-
bias current IF. There are three kinds of currents in a TVNG: the
mechano-induced current IM, the forward-bias current IF, and the con-
duction current in the external circuit I. Note that both the IM and IF
flow in the opposite direction. According to the ideal-diode equation,
the forward-bias current IF is written as42,43

IF ¼ IS exp
eV
kBT

� �
� 1

� �
; (2)

where V is the mechano-induced voltage, and IS represents the
reverse-saturation current. If an external resistor is loaded in the exter-
nal circuit, the conduction current passing through the load is given by

I ¼ IM � IF ¼ IM � IS exp
eV
kBT

� �
� 1

� �
: (3)

This equation indicates the I–V characteristic of TVNGs. The source IM
results from the excitation of excess carriers by mechanical stimulation.
To simply assume the average generation rate (Dg) of non-equilibrium
carriers in diffusion lengths (LN þ LP), both the generated holes and
electrons, which are distributed in the n-region and p-region with the
diffusion length of LN, LP respectively, could be across the p–n junction
and flows into the other region. Then, the IM could be written by

IM ¼ qDgS LN þ LPð Þ; (4)

where q is the electron charge, and S is the area of the p–n junction.
There are other two cases that deserve serious consideration. First,

when there is no external resistor, V¼ 0. The current, in this case, is
referred to as the short-circuit current

I ¼ ISC ¼ IM: (5)

Another case is when an external resistor goes to infinity, the net cur-
rent decreases to zero, then one obtains the open-circuit voltage VOC.
The mechano-induced current IM is just balanced by the forward-
biased junction current42,43

I ¼ 0 ¼ IM � IS exp
eV
kBT

� �
� 1

� �
; (6)

then the open-circuit voltage VOC is obtained by

VOC ¼ kBT
e

ln 1þ IM
IS

� �
� kBT

e
ln

IM
IS

� �
: (7)

A plot of the diode currents I as a function of the diode voltage V from
Eq. (9) is shown in Fig. 2(g), by which one gets the short-circuit cur-
rent and open-circuit voltage points on the figure. For a regular p–n
junction, the ideal saturation current is given by42–44

IS ¼ SqNCNV
1
NA

ffiffiffiffiffiffi
Dn

sn

r
þ 1
ND

ffiffiffiffiffiffi
Dp

sp

s0
@

1
Aexp

�Eg
kBT

� �
: (8)

It is found that the IS decreases exponentially with Eg, so a large Eg
means a large VOC output. Qualitatively, the maximum VOC is the
built-in potential of the junction, and the maximum built-in potential
is close to the energy gap. This is the internal reason why many experi-
ments have given the conclusion that the VOC is extremely propor-
tional to an energy bandgap Eg.

30,31 In addition, the output power
could be given by

P ¼ IV ¼ IMV � ISV exp
eV
kBT

� �
� 1

� �
: (9)

The condition of maximum power is obtained when dP/dV¼ 0. From
Eq. (9), one has

dP
dV

¼ 0¼ IM� IS exp
eVm

kBT

� �
�1

� �
� ISVm

e
kBT

� �
exp

eVm

kBT

� �
(10)

and

Im ¼ IS
e

kBT
Vmexp

eVm

kBT

� �
� IM 1� kBT

eVm

� �
; (11)

Vm ¼ kBT
e

ln

IM
IS

� �
þ 1

1þ kBT
eVm

2
6664

3
7775 � VOC � kBT

e
ln 1þ kBT

eVm

� �
: (12)

The maximum power Pm is then

Pm ¼ ImVm � IM VOC � kBT
e

ln 1þ kBT
eVm

� �
� kBT

e

� �
: (13)

Assume the input power is Pin, then the ideal conversion efficiency g is
the ratio of the maximum power output Pm to the incident power Pin
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g ¼ Pm
Pin

¼ ImVm

Pin
¼

V2
mIS

e
kBT

� �
exp

eVm

kBT

� �
Pin

: (14)

Theoretically, the ideal efficiency can be calculated. It has been
found that the mechano-induced current IM increases with smaller Eg.
On the other hand, the voltage increases with Eg by having a small sat-
uration current. Therefore, to maximize the power, there exists an
optimal bandgap Eg. According to the lumped parameter circuit the-
ory, a TVNG is equivalent to a constant current source in parallel with
a p–n junction in ideal conditions [Fig. 1(c)].

D. Carrier transport in the typical geometric structures

Ideally, the above discoveries could be applied to TVNGs with
different geometric structures. When a semiconductor layer with a
wide bandgap is inserted between the two semiconductors [Fig. 1(h)],

we can predict that the output voltage should be enhanced and even
larger than the Fermi level difference between n- and p-type semicon-
ductors owing to the enhancement of interface barrier height. In addi-
tion, an increased output voltage means an increased IF, which
decreases the conduction currents I flowing through the external load
according to Eqs. (8) and (9). The influence of triboelectric charges dis-
tributed on the contacting interface of semiconductors has been care-
fully noted and investigated. Assume that triboelectric charges are
generated and distributed on the contacting interface due to contact
electrification [Fig. 1(i)]. The created triboelectric charges make the
chemical potential near the p–n junction interface different from that
of the bulk regions. Most importantly, the carrier concentration and
transport, energy band diagrams, and the built-in electric field can be
influenced by the electrostatic charges. The electric field caused by the
triboelectric charges on the surface of semiconductors is called
the mechano-induced electric field (EM), which significantly affects the

FIG. 2. Finite element simulation and the basic output characteristics of the ideal p–n junction TVNG. (a) Structure diagram and boundary conditions. (b) Mathematical expres-
sion of the generation rate of electron–hole pairs. (c) Meshing for finite element simulation. (d1) Electron concentration and electron current density, (d2) hole concentration and
hole current density under SC condition. (d3) Electric potential distribution and electric field under OC condition. (e) Comparison of energy bands for static p–n junction and the
TVNG at the AB cut line. Quasi-Fermi levels for electrons (EFn) and holes (EFp) are introduced to describe excess carriers. (f) Y-component of electric field (Ey) at the AB cut
line. (g) I–V characteristics of the static p–n junction and the TVNG. (h) P–V curve of the TVNG. (i) Output current with time under SC conditions and various loading
conditions.
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basic outputs of TVNGs [Figs. 1(i) and 1(j)]. Refer to Sec. III for the
detailed explanations.

III. RESULTS AND DISCUSSION
A. Ideal homogeneous p–n junction TVNG

To make a systematic study of the working mechanism of
TVNGs, an ideal homogeneous p–n junction TVNG is designed ini-
tially. This TVNG model consists of a stator part including an n-type
semiconductor and a (bottom) metal electrode, a sliding part, which is
comprised of a p-type semiconductor and a (top) metal electrode, con-
nected to an external electric circuit [Fig. 2(a)]. When there is a relative
movement between the n-type and p-type semiconductors, energy
releases at the contacting interface leading to a generation of electron–
hole pairs. In general, the peak of generation rate occurs at the
contacting interface, but it will quickly diminish since the generated
electron–hole pairs can inject and diffuse into the bulk of the n- and p-
type semiconductors. Here, the generation rate of electron–hole pairs
is approximately represented by a mathematical expression G (x, y, t),
which is equivalent to a product of a rectangular function Fx(x) with a
constant value within the contact region and zero outside the region
and a Gaussian function Fy(y) centered at the interface [Fig. 2(b)] as
follows:

G x; y; tð Þ ¼ AFx x � vtð ÞFy yð Þ; (15)

where A is a coefficient with the unit of 1/(cm3�s) and v represents the
sliding velocity of the sliding part. The corresponding meshes created
are illustrated in Fig. 2(c) (see Sec. V and supplementary material for
all modeling details). Under SC conditions, the excess holes drift from
the n-region through the dynamic p–n junction to the p-region, while
the excess electrons drift from the p-region through the dynamic p–n
junction to the n-region under the built-in electric field, thus generat-
ing a conduction current passing from the n-region to p-region [Figs.
2(d1) and 2(d2)]. The current in the n-region is mainly carried by elec-
trons, and that in the p-region is mainly by holes within the TVNG.
Inversely, in the external circuit, the current flows from the top elec-
trode (connected with the p-type semiconductor) to the bottom elec-
trode (connected with the n-type semiconductor). Under OC
conditions, there are no chargers transferred between the two electro-
des, which makes the electric potentials distributed in the n-type and
p-type semiconductors different [Fig. 2(d3)]. It should be noted that
the potential inside the DC-TENG is negative since the vacuum energy
level is taken as zero in the model. In addition, we know that the
thermal-equilibrium electron and hole concentrations are functions of
the Fermi energy level. Due to the generated electron–hole pairs and
non-equilibrium carriers injected during the relative movement, the
quasi-Fermi levels for electrons (EFn) and holes (EFp) are introduced to
replace the Fermi energy level obtained in equilibrium [Fig. 2(e)]. An
electric field is built up caused by the positive ions in the n-side and
the negative ions in the p-side, and its direction is in the negative y
direction of this geometry [Fig. 2(f)]. The maximum electric field
(about 0.93MV/m) occurs at the contacting interface (y¼ 0lm) since
the concentrations of carriers in the depletion region are much smaller
than those distributed outside of the space charge region.

Plots of Eqs. (2) and (3) are demonstrated in Fig. 2(g), which
illustrate the I–V characteristic of TVNGs at static and dynamic states,
respectively. It is observed that the p–n junction exhibits a rectification
characteristic, while at dynamic state, the I–V curve moves downward

along the current-axis with a value of ISC. Note that the VOC and ISC
are two key parameters of the TVNG, which can be calculated from
the current-axis intercept and voltage-axis intercept, respectively.
According to Eq. (9), the P–V curve is demonstrated in Fig. 2(h),
where the peak of the power is denoted as Pmax representing the maxi-
mum power of the TVNG, and the corresponding loading resistance is
regarded as an optimum resistance Ropt. When the generation factor A
is set as 1� 1022 cm�3�s�1, the ISC and VOC are 0.642nA and 0.39V,
respectively, with a maximum power of 0.189 nW under an optimum
resistor of 0.54 GX of the ideal homogeneous p–n junction TVNG.
Moreover, the direct current–time relationships under different exter-
nal loads are given in Fig. 2(i). Different relaxation times, which are
strongly affected by the external circuit conditions, are required for the
output currents to reach the steady state [Figs. 2(i) and S2]. Under
short-circuit conditions, the relaxation time is very small and is quite
negligible owing to without any obstruction for the charges transfer-
ring from one electrode to another, while under loading or open-
circuit conditions, carriers cannot flow freely, requiring more time for
the circuit to reach a steady state.

Furthermore, both the generation rate and doping concentration
are researched in detail when we investigate the basic output perform-
ances of TVNGs (Fig. 3). Since the net current flows across the
dynamic p–n junction, the quasi-Fermi energy levels for the electrons
and holes must change. In the regions where the injected non-
equilibrium minority carriers are distributed, the quasi-Fermi energy
levels of electrons and holes [EFn and EFp in Fig. 3(a)] are presented.
As the generation rate increases, more minority carriers move from
the p–n junction into the neutral semiconductor region, which is far
from the space charge region. It should be noticed that the relative
change of the majority carrier concentrations is substantially smaller
than the corresponding relative change of the minority carrier concen-
trations. The generation of electron–hole pairs exhibits a limited effect
on the majority carrier concentrations but substantially affects the
minority carriers. Therefore, the minority carrier concentrations
(holes) in the n-region notably increase, making the EFp closer to the
valence band; similarly, the minority carrier concentrations (electrons)
in the p-region increase, leading to the EFn moving to the conduction
band [Fig. 3(a)]. The excess minority carrier concentrations become to
be zero at distances far from the space charge region. At the edge of
the p-region (y¼ 1lm) and n-region (y¼�2lm), both the corre-
sponding EFn and EFp are close to 0. According to Eqs. (4) and (7), the
IM and VOC are all proportional to the generation rate. Therefore, the
IM and VOC become bigger as the generation rate increases [Fig. 3(b)],
and the peak of the output power (Ppeak) is also directly proportional
to the generation rate.

Figures 3(c) and 3(d) depict the electric potential distribution
within the TVNG and ISC and VOC at different doping concentrations.
Increasing the doping concentration from 1014 cm�3 to 1018 cm�3, the
electric potential increases from 0.52V to 0.97V accordingly but largely
drops in the junction region. According to Eq. (1), it is understood
that increasing the doping concentration increases the built-in poten-
tial. We further note that the junction width decreases at a higher dop-
ing concentration. In general, the total width of the depletion region
extending into the p-region and n-region is a reciprocal function of the
doping concentration because the depletion region can extend further
into the lower-doped region. From Fig. 3(d), we notice that the VOC

increases with the increase of the doping concentration, but it has little
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effect on ISC. Although a larger doping concentration results in a bigger
majority carrier concentration, the excess carrier concentration
remains limited by the generation rate of electron–hole pairs, which
can be found in Eq. (4). However, a larger doping concentration gener-
ates a smaller inverse saturation current IS, and the VOC is inversely
and exponentially proportional to the IS based on Eq. (7). Therefore, a
smaller IS gives rise to a larger VOC output. The corresponding I–V
and P–V curves are shown in Figs. S3. A detailed comparison of the
theoretical calculations and experimental results are shown in supple-
mentary material Note 5.

B. Wide-bandgap semiconductor-sandwiched TVNG

It has been found that a larger bandgap is beneficial to get a
higher VOC of TVNGs.12,39,45 Now, a wide-bandgap semiconductor is
inserted between the n-type and p-type semiconductors to discuss this
phenomenon. In general, wide-bandgap semiconductor materials have
bandgaps in the range above 2 eV, showing electronic properties that
fall in between those of conventional semiconductors and insulators.
The schematic diagram of a TVNG based on a wide-bandgap semi-
conductor sandwiched at the interface is shown in Fig. 4(a). The
parameters are listed in Table S2. Note that the inserted wide-bandgap
semiconductor is set as a pure semiconductor without any dopant spe-
cies present. In the static state, this wide-bandgap semiconductor-

sandwiched TVNG exhibits rectification characteristics, which are
similar to that of an ideal p–n junction [Fig. S5(a)]. When the sliding
part moves, the electrons (holes) from the p(n)-region cannot flow
freely to the n(p)-region. This is attributed to the fact that the wide-
bandgap semiconductor builds up a higher potential barrier in the
junction region, which impedes the carriers from diffusing and drifting
into each semiconductor material. Only part of the carriers in a higher
energy state can cross the potential barrier [Fig. 4(b)]. Figures 4(c) and
4(d) illustrate the carrier distributions and energy band diagrams along
the cut line AB. There are two discontinuity energy bands distributed
at the conduction band and valence band, respectively, forming hetero-
junction junctions at the contacting interface between the interfaces of
the n-type (and p-type) silicon and the un-doped wide-bandgap semi-
conductor layer. As demonstrated in Fig. 4(a), the first junction form-
ing at the interface of n-type silicon and wide-bandgap semiconductor
is denoted as the left abrupt junction, while the other junction is
denoted as the right abrupt junction.

For the Fermi levels in these materials to become aligned, elec-
trons and holes from the narrow-bandgap region must cross the two
abrupt junctions. For instance, the electrons from the narrow-bandgap
n-region flow into the wide-bandgap silicon. A positive space charge
region exists in the narrow-bandgap n-region and an accumulation
layer of electrons exists at the interface of the wide-bandgap silicon,
creating a built-in electric field pointing from the n-region to the wide-

FIG. 3. Effect of the electron–hole pair generation rate and doping concentration. (a) Quasi-Fermi level for electrons and holes (EFn and EFp) at the AB cut line with varies elec-
tron–hole pair generation rates under SC conditions and (b) the effect of electron–hole pair generation rate on ISC, VOC, and Ppeak. In these cases, the doping concentration is
set as 1� 1015 cm�3. (c) Electric potential distribution at the AB cut line with various doping concentrations at the static state, and (d) effect of doping concentration on ISC,
VOC, and Ppeak. In (c) and (d), the generation rate is 1� 1022 1/(cm3�s).
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bandgap semiconductor. However, in the wide-bandgap semiconduc-
tor, the carrier concentration is extremely smaller since it is un-doped
without any dopant species present. As demonstrated in Fig. S5(c), the
carrier concentrations are no longer continuous when they meet the
wide-bandgap region. However, due to the generated electron–hole
pairs, the carrier concentrations distributed in this region are strongly
enhanced; the same phenomenon can also be found in the right abrupt
junction [Fig. 4(c)]. Note that the generated hoes drift from the wide-
bandgap silicon to the n-type silicon owing to the built-in electric field.
Therefore, the excess holes decrease gradually by recombination with
the majority carrier electrons in the n-region, until they are decreased
to a small value when it is far away from the junction. Similarly process
for the excess electrons. The carrier concentration leads to a special
energy band diagram demonstrated in Fig. 4(d), which unquestionably
influences the I–V characteristic of the wide-bandgap semiconductor-
sandwiched in TVNG.

The changes of current and voltage calculated at different bandg-
aps are depicted in Figs. 4(e) and 4(f). Increasing the bandgap, the

output current decreases but the voltage increases. It is because the car-
rier transport is suppressed by the inserted wide-bandgap layer, only
part of the carriers with high energies could flow across the two abrupt
junctions. As a result, a small net charge current flows in the external
circuit. In addition, according to Eqs. (7) and (8), VOC is approximately
proportional to the bandgap. The thickness of the wide-bandgap layer
is another factor that influences the basic outputs of TVNGs. Both the
ISC and VOC increase with the thickness of the wide-bandgap semicon-
ductor within a certain range [Figs. 4(g) and 4(h)]. Fig. S7 illustrates
the carrier concentrations inside TVNGs with the thickness of the
wide-bandgap layer of 0.05 and 0.2lm, respectively. With the increase
in the thickness of the wide-bandgap layer, both the electron and hole
concentrations inside have decreased especially in the junction regions.
This means that, on the one hand, more generated excess carriers are
swept out of the junction regions and injected into the diffusion
regions under the built-in electric field for the TVNG with a thicker
wide-bandgap layer. On the other hand, the recombination of elec-
trons and holes reduces as increasing the thickness of the wide-

FIG. 4. TVNG based on the wide-bandgap semiconductor-sandwiched structure. (a) Structure diagram. (b) Working mechanism. (c) Carrier concentrations and (d) energy
bands at the AB cut line. (e) I–V characteristics when the bandgap of the middle layer varies from 1.12 to 3 eV and (f) the corresponding ISC and VOC. (g) I–V characteristics
when the thickness of the middle layer varies from 0.02 to 0.2 lm and (h) the corresponding ISC and VOC. Effect of (i) doping concentration and (j) electron–hole pairs genera-
tion rate on ISC and VOC.
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bandgap layer, due to that the recombination is proportional to the
carrier concentrations. Consequently, increasing the thickness of the
wide-bandgap layer could inevitably increase the diffusion length of
carriers. The current IM, which is directly proportional to the diffusion
length of the non-equilibrium carriers, will become larger. Thus, larger
ISC and VOC are obtained. Studies have returned similar results as the
p–n junction TVNG when increasing the generation rate and doping
concentration [Figs. 4(i) and 4(j)]. As discussed above, the intrinsic
reason for these phenomena could be that the sum of the electron and
hole currents is significantly enhanced, thus giving rise to a larger out-
put performance of the TVNG.

C. Mechano-induced electric field-dominated TVNG

In general, when two materials are in contact with each other, tri-
boelectric charges are created, generating an electric field perpendicu-
lar through the contacting interface. If the case occurs between the p–n
junction, there is no doubt that the generated mechano-induced elec-
tric field (EM) can affect the basic outperformances of TVNGs. Such a

TVNG is referred to as a mechano-induced electric field-dominated
TVNG. If the magnitude of EM is close to or even larger than that of
the built-in electric field (Ebi), one cannot neglect the change of the car-
rier transport process in the dynamic p–n junction and the bulk
regions of the n and p semiconductors. The following two situations
are discussed in more detail. First, if the generated EM displays the
same direction as the Ebi, the total electric field is enhanced, which
makes the carriers have a bigger moving velocity, resulting in a larger
DC output. However, if the two electric fields go in the opposite direc-
tion, the total electric field will be decreased, which then reduces the
output voltage and current. It is more likely that if the EM is extremely
larger than the Ebi, the carriers will move in the opposite direction,
leading to the direct current in the external circuit flowing in the oppo-
site direction.

As demonstrated in Fig. 5(a), triboelectric charges are generated
at the contacting interface. The charges distributed on the lower
surface of the p-region and the upper surface of the n-region are repre-
sented by r1 and r2, respectively, satisfying the equation of L1r1
þ L2r2¼ 0 according to electrostatic theory. The I–V characteristic

FIG. 5. Mechano-induced electric field-dominated TVNG. (a) Structure diagram and (b) working mechanism. (c) I–V characteristics and (d) P–V curves under three interfacial
charge density conditions. (e) Electric potential distribution and electric field under two interfacial charge density conditions. Energy bands and distribution of Ey at the AB cut
line when (f) r1¼ r2¼ 0, (g) r1¼1 mC/m2, r2¼�0.2 mC/m2, and (h) r1¼�1 mC/m2, r2¼ 0.2 mC/m2, respectively.
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and corresponding P–V curves under three different charge densities
are explored in Figs. 5(c) and 5(d). When r1¼ r2¼ 0, the energy band
diagram and Ebi pointing from the n-side to the p-side are illustrated
in Figs. 5(f1) and 5(f2). It is observed that the electron (hole) concen-
tration decreases gradually (increases) from the n-side to the p-side
[Fig. S9(a)]. Within the wide-bandgap semiconductor, the carrier con-
centrations of the electron and hole are abruptly reduced, even close to
zero. This case is the same as the case analyzed in detail in Sec. III B. In
this case, the ISC is 0.1 nA, and VOC is 0.62V, with a maximum power
of 0.019 nW.

If the lower surface of the p-region and the upper surface of the
n-region are charged positively and negatively, respectively. For
instance, if one sets r1¼ 1 and r2¼�0.2 mC/m2, it generates a
reverse current flowing from n- to the p-region through the external
circuit. As illustrated in Fig. 5c, the ISC is �0.1 nA, and VOC is about
�0.15V. The corresponding output power is reduced compared with
the case when there are no created triboelectric charges [Fig. 5(d)]. If
r1¼�1 and r2¼ 0.2 mC/m2, the basic outputs of the TVNG are sig-
nificantly increased [Fig. 5(d)]. The electric potential and electric field
distribution for the two cases are shown in Figs. 5(e1) and 5(e2).
When r1¼ 1 and r2¼�0.2 mC/m2, EM is generated, pointing from
the p-region to the n-region. Then, the electrons are attracted and
moved toward the wide-bandgap region, making the electrons accu-
mulate, and the holes are excluded and moved away from the wide-
bandgap semiconductor [Fig. S9(b)]. Thus, the potential of the p-
region adjacent to the contacting interface is raised and the potential of
the n-region is reduced. Consequently, the relevant energy bands bend
and the electric field distributed in the n-region within the wide-
bandgap layer is negative. So, the excess holes move toward the bottom
electrode and excess electrons move toward the p-side, leading to a
reverse current flowing in the external circuit. When r1¼�1 and
r2¼ 0.2 mC/m2, EM is generated pointing from the n-region to the p-
region. Thus, the holes are attracted and accumulate, but the electrons
are depleted [Fig. S9(c)]. Then, a larger positive electric field is gener-
ated near the contacting interfaces [Figs. 5(h1) and 5(h2)]. If we con-
sider the difference between the two cases, it can be understood quite
easily why there appears an enhancement effect when r1¼�1 and
r2¼ 0.2 mC/m2. Against this background, it is very fitting to note that,
when the EM displays the same direction as the Ebi, it is beneficial for
the excess carriers to transport. Overall, the numerical results indicate
that the outputs of the TVNG can be greatly enhanced by the tribo-
electric charges under special conditions. It can be generally concluded
that modifying the charge generation and distribution at the contacting
interface can modulate the basic outputs of TVNGs.

Moreover, the influence of the charge density and doping concen-
tration on ISC and VOC are also investigated. Considering the first case,
that is, the lower surface of the p-region and the upper surface of the
n-region are positively and negatively charged, respectively. A very
small charge density (r1¼ 0.1 mC/m2) can make a significant reduc-
tion of VOC and ISC [Fig. 6(a)]. This is attributed to the fact that the EM
generated by the triboelectric charges displays an opposite direction
compared with Ebi, then decreasing the total internal electric field, hin-
dering the movement of carriers. Increasing the charge density r1 to
0.5 mC/m2, there displays a reversed output current and voltage, indi-
cating that the total internal electric field has a reverse direction. As r1
continues to increase, the created EM is larger than that of the original
Ebi, leading to an enhancement of the reverse basic outputs. If the

charge distribution is contrary to the former, both the ISC and VOC

increase as the charge density of r1 increases [Fig. 6(b)]. The total
internal electric field is enhanced in this case. The influence of doping
concentration on the basic outputs of TVNGs is demonstrated in Figs.
6(c) and 6(d). Increasing the doping concentration, both the ISC and
VOC are decreased and then increased inversely when the charge den-
sity of r1 is positive. That switch happens under the doping concentra-
tion close to 5� 1015 cm�3[Fig. 6(c)], which is because the EM is
stronger than the Ebi at this moment. On the contrary, under the con-
dition of r1 ¼�1 and r2¼ 0.2 mC/m2, increasing the doping concen-
tration results in larger ISC and VOC.

IV. CONCLUSIONS

In summary, a generalized theoretical model is proposed to eluci-
date the in-depth mechanism of the TVNG. The built model is univer-
sal and can be utilized to comprehensively describe the charge,
current, voltage, and power output behaviors in the external circuit,
clarifying the dynamic p–n junction, electron–hole separation process,
built-in electric field, Fermi levels (and the quasi-Fermi levels), electric
field, and electric potential distributions in the “internal circuit.”
Intentionally referencing the solar cells theory, the governing equation
of TVNGs is proposed for the first time, which reaches beyond the
conventional diffusion-drift theory-based explanations. A universal
simulation model integrative framework is proposed, according to the
key theory and technologies of simulation. Using the simulation meth-
ods, the basic output performances and influences such as material
properties and structural parameters for three typically designed
TVNGs are analyzed. The basic conclusions are as follows:

(1) The physical fundament of TVNGs is based on the coupling
effect of tribovoltaic effect and contact electrification. Because
of the tribovoltaic effect, the electron–hole pairs are generated
at the sliding/contacting interface under mechanical excitation,
while the electron–hole pair separation process is mainly domi-
nated by the time-varying electric field that is primarily distrib-
uted within the dynamic p–n junction. Since the built-in
electric field points from the positive to the negative charges,
the movement of mechano-induced carriers (electron-hole
pairs) generates a DC-current, with the holes flowing to the p-
side and electrons flowing to the n-side, respectively. So, the
direction of the current within TVNGs is consistent with that of
the electric field, which dominates the separation of carriers.
Outside the TVNG device, the produced current flows from the
p-region through the load resistor to the n-region, regardless of
the moving direction.

(2) Different from the traditional Fermi energy level obtained
under thermal-equilibrium conditions, the quasi-Fermi levels
are applied for non-equilibrium states caused by the mechano-
induced (excess) carriers within the TVNG device. As the elec-
tron/hole concentration increases or decreases in the depletion
region and diffusion region, the quasi-Fermi level for electrons/
holes will move slightly closer to/away from the conduction/
valence band. The degree of quasi-Fermi level splitting is a mea-
sure of the total carrier concentrations under mechanical excita-
tion and illustrates the fact that the electrons flowing through
the external circuit have to balance the deviation to maintain
thermal equilibrium. This is why there are different changes in
the carrier concentration, electric field/potential distribution,
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and energy band diagrams compared with a traditional p–n
junction.

(3) According to the lumped parameter circuit theory, a TVNG is
equivalent to a constant current source in parallel with a p–n
junction diode theoretically.There are three-type currents in a
TVNG: the mechano-induced current IM flowing from the n-
region to the p-region, the forward-bias current IF flowing from
the p-region to the n-region caused by the total potential differ-
ence between the two electrodes, and the conduction current in
the external circuit I. The IM and IF flow in opposite directions.
Furthermore, the short-circuit current and open-circuit voltage
are essentially determined by the carrier concentrations, the
strength, and distribution of the inner electric field, as well as
the height of the potential barrier. Increasing the generation
rate of electron–hole pairs and doping concentration can signif-
icantly enhance the basic outputs. In addition, inserting a
wide-bandgap semiconductor between p-type and n-type semi-
conductors generates a higher barrier adjacent to the junction/
interface, which can effectively expand the bandgap, increasing
the open-circuit voltage but decreasing the output current.

(4) Contact electrification is a universal phenomenon that occurs
almost at any interface. To describe the influence of triboelectric
charges created at the contacting interface of semiconductors, a
term, that is, mechano-induced electric field EM, is defined. The

direction of EM can be equal or opposite to that of the built-in
electric field distributed in the space charge region, depending
on the characteristics of semiconductor materials. Therefore,
the basic outputs of the TVNG will be enhanced or decreased,
which largely depends on the carrier transportation under the
coupling effect of EM and Ein.

(5) A dynamic simulation model for the TVNGs is also con-
structed, using the COMSOL multi-physics software, which
includes at least three different modules: electric circuit (cir),
semiconductor (semi), and moving mesh (ale). By this universal
model, one can simulate and calculate any kind of TVNGs with
different geometric constructions and charge distributions.
What is worth highlighting is that the simulation model couples
the tribovoltaic effect and contact electrification comprehen-
sively, which could become a powerful tool for investigating the
relevant sciences and technologies.

V. METHODS

The finite element simulations for the TVNGs with three differ-
ent configurations [Fig. 7(a)] are performed, utilizing the COMSOL
Multiphysics software [Fig. 7(b)]. The simulation model couples the
electrical circuit interface (cir), the semiconductor interface (semi), and
the moving mesh interface (ale) together. Take the ideal p–n junction

FIG. 6. Effect of charge density and doping concentration on ISC and VOC of the mechano-induced electric field-dominated TVNG. ISC and VOC when r1 varies (a) from 0.1 to
2.0 mC/m2 and (b) from �0.1 to �2.0 mC/m2. ISC and VOC of the TVNG with various doping concentrations when (c) r1¼1, r2¼�0.2 mC/m2, and (d) r1¼�1, r2¼ 0.2
mC/m2.
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TVNG as an example. In the semiconductor interface, the stator is an
n-type silicon doped with a donor concentration of ND and the slider
is a p-type silicon doped with an acceptor concentration of NA. The
dimensions of the slider and stator are denoted by L1, H1, L2, and H2,
respectively. Electrodes are attached to the upper surface of the slider
and the lower surface of the stator, and the two nonrectifying metal–
semiconductor junctions are regarded as an ideal Ohmic contact. The
lower electrode is grounded (V¼ 0 V), while the upper electrode is
connected to the external circuit, with its potential equal to the voltage
across the external circuit (V¼Vcir). The circuit section is connected
to a resistor, a Volt meter, and an Amp�ere Meter, respectively, which is
to simulate loading, open-circuit, and short-circuit conditions. The
movement equation of the slider is constructed in the moving mesh
interface. All modeling parameters are available in the supplementary
material (Tables I–III).

In semiconductor simulations, it is necessary to calculate the
key physical quantities such as electric fields, carrier

concentrations, electron and hole currents, and so on. The distri-
bution of the electric potential is calculated from the Poison equa-
tion as follows:

r � �e0errVð Þ ¼ q; (16)

where the charge density q is contributed by the concentrations of all
charged particles including electrons (n), holes (p), and ionized donors
(ND

þ) and acceptors (NA
�) as follows:

q ¼ e p� nþ Nþ
D � N�

A

� �
: (17)

Note that the vacuum energy level is taken as a zero reference. From
the Boltzmann statistical theory, n and p are determined by the Fermi
level and conduction and valence bands

n ¼ NC exp � EC � EFn
kBT

� �
; (18)

FIG. 7. The general simulation model of TVNG devices. Three typical configurations: (a1) ideal p–n junction TVNG, (a2) wide-bandgap semiconductor-sandwiched TVNG, and
(a3) mechano-induced electric field-dominated TVNG. (b) Theorical modeling of the TVNG using COMSOL Multiphysics Software couples three interfaces: the electrical circuit
interface (cir) in the AC/DC module, the semiconductor interface (semi) in the semiconductor module, and the moving mesh interface (ale) in the deformed mesh module.
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p ¼ NV exp � EFp � EV
kBT

� �
; (19)

where NC and NV represent the effective density of states in the con-
duction band and the effective density of states in the valence band.
For silicon, NC¼ 1.04(T/300)3/2 � 1019 cm�3. NC¼ 2.8(T/300)3/2

� 1019 cm�3. The EC and EV are given by

EC ¼ � eV þ vð Þ; (20)

EV ¼ � eV þ vþ Egð Þ: (21)

In an indirect bandgap semiconductor such as silicon at low fields,
trap-assisted recombination is usually the dominant contributor to
the recombination of electrons and holes, which is characterized
using the Shockley–Read–Hall model (supplementary material). The
generation rates of electron–hole pairs are described in Eq. (11).
Overall, the electron and hole concentrations related to generation
and recombination can be obtained by solving the continuity equa-
tions as follows:

@n
@t

¼ �lnr � nEð Þ þ Dnr2nþ gn � un; (22)

@p
@t

¼ �lpr � pEð Þ þ Dpr2pþ gp � up: (23)

Then, the electron current density (Jn) and the hole current density
(Jp) are determined by

Jn ¼ enlnE þ eDnrn; (24)

Jp ¼ enlpE þ eDprp: (25)

SUPPLEMENTARY MATERIAL

See the supplementary material for the modeling details.
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