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SUMMARY

This�work�provides�a�device�figure-of-merit�(FOM�D�)�for�tribovoltaic�nanogenerators�(TVNGs),�anchored�in�the�
maximum�achievable�output�energy�as�defined�by�a�comprehensive�mathematical�model�that�rigorously�
characterizes�mechano-induced�electron-hole�transport�within�the�space�charge�region.�The�energy�conver-

sion�mechanism�in�TVNGs�encompasses�two�distinct�stages:�first,�mechanical�energy�is�converted�into�po-

tential�energy�through�electron-hole�pair�generation;�subsequently,�the�intrinsic�electric�field�of�the�dynamic�
p-n�junction�separates�and�transports�these�charges,�resulting�in�electrical�output.�Dynamic�capacitance,�
which�arises�from�spatial�charge�separation�within�the�space�charge�region,�fundamentally�governs�rectifica-

tion�behavior,�phase�lag,�and�amplitude�attenuation�under�high-frequency�operation.�These�effects�are�effec-

tively�captured�using�a�transient�equivalent�circuit�model�composed�of�a�current�source,�diode,�and�voltage-

dependent�capacitor.�The�defined�FOM�D�is�explicitly�formulated�as�a�function�of�short-circuit�charge�(Q�SC�),�
open-circuit�voltage�(V�OC�),�and�mechano-induced�charge�(Q�m�).

INTRODUCTION

In�recent�years,�a�diverse�range�of�energy-harvesting�devices�

based�on�thermoelectric,�piezoelectric,�triboelectric,�and�tribo-

voltaic�effects�have�been�developed�for�a�direct�conversion�of�

environmental�energy�into�electricity.�1–5�Tribovoltaic�nanogener-

ators�(TVNGs)�represent�a�distinct�class�of�device�that�leverage

the�coupling�of�the�tribovoltaic�effect�and�contact�electrification�

to�transform�mechanical�energy�into�direct�current�(DC)�output.�5–7�

Notably,�TVNGs�generate�DC�output�independent�of�motion�di-

rection,�enabling�advanced�potential�applications�in�the�Internet�

of�Things,�smart�sensing,�and�self-powered�electronics.�8–10�A�

typical�TVNG�is�composed�of�at�least�one�semiconductor�material�

and�electrodes,�forming�a�dynamic�p-n�junction�or�Schottky

PROGRESS�AND�POTENTIAL� Tribovoltaic�nanogenerators�(TVNGs)�are�innovative�energy-harvesting�de-

vices�for�converting�mechanical�energy�into�direct�current�electricity�through�the�tribovoltaic�effect.�A�

comprehensive�understanding�of�the�transport�behavior�of�mechano-induced�electron-hole�pairs�within�

semiconductors�is�crucial�for�elucidating�their�operational�mechanisms�and�output�characteristics.�This�

study�presents�a�general�mathematical�model�that�is�designed�to�quantitatively�describe�the�energy�conver-

sion�process�and�is�adaptable�to�various�geometric�structures�and�boundary�conditions,�thereby�ensuring�
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evaluate�the�output�performance�of�TVNGs,�providing�a�quantitative�metric�for�comparing�the�energy�conver-

sion�efficiency�of�devices�with�different�architectures.�For�the�first�time,�the�capacitance�characteristics�of�

TVNGs,�which�stem�from�the�dynamic�accumulation�and�recombination�of�excess�carriers,�are�systematically�

investigated.�Building�on�these�insights,�we�established�a�transient�equivalent�circuit�model�that�represents�

the�TVNG�as�a�current�source�in�parallel�with�a�diode�and�a�voltage-dependent�capacitor.�This�research�ad-

vances�the�fundamental�understanding�of�TVNG�device�physics�and�properties,�laying�a�robust�foundation�for�

further�performance�optimization�and�expanded�applications.
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junction at the contacting interface. 11–14 Mechano-induced elec-

tron-hole pairs generated at the interface are separated by the 

built-in electric field and extracted through an external circuit to 

balance the electrode potential difference. 15,16 So, the output 

characteristics of TVNGs are intrinsically governed by the dy-

namic transport of excess carriers including generation, recom-

bination, drift, and diffusion within the semiconductor. 5,11,15–21 

TVNGs can be configured in horizontal sliding or vertical 

contact-separation modes 21–25 and classified by material 

composition, such as semiconductor-semiconductor, metal-

semiconductor, semiconductor-insulator-semiconductor, and 

liquid-semiconductor architectures. 26–33 Although the experi-

ment has demonstrated the impact of geometric structure, me-

chanical excitation, and material properties on device perfor-

mance, 8,9,34–36 the underlying transport dynamics of excess 

carriers, key to the electrical behavior of TVNGs, remain inade-

quately understood. Capacitive behavior arises from the accu-

mulation of charges at the space charge region, and resulting 

charging/discharging process significantly influences the tran-

sient response. 37–39 However, systematic analysis of TVNG’s 

transient and capacitive characteristics is limited, and compre-

hensive theoretical models describing excess carriers are still 

lacking. 15,40

Here, a device figure-of-merit (FOM D ) is established to pro-

vide a standardized metric for quantifying and comparing 

TVNG output characteristics. By analyzing output voltage-

charge (V-Q) relationships, the FOM D is related to the maximum 

output energy per cycle and is mathematically formulated as a 

function of the short-circuit (SC) charge (Q SC ), open-circuit (OC) 

voltage (V OC ), and mechano-induced charge (Q m ). Further-

more, a transient equivalent circuit model is proposed to cap-

ture the dynamic output characteristics of TVNGs, by consid-

ering the accumulation and recombination of excess carriers. 

The capacitance behavior, quantified as C = dQ/dV, is system-

atically examined, particularly under high-frequency operation. 

Through rigorous mathematical modeling with explicit initial 

and boundary conditions, we elucidate the spatiotemporal 

transport behavior of excess carriers, time-dependent electric 

fields, carrier distributions, and band structure evolution, offer-

ing new insights into device-level physics and external circuit 

output. These findings could lay a foundation for the rational 

design and optimization of next-generation TVNGs and self-

powered systems.

RESULTS

A typical lateral sliding p-n junction TVNG is illustrated in 

Figure 1A, comprising p-type and n-type semiconductors 

attached to electrodes. A p-n junction forms near the contact 

interface due to different Fermi levels of the semiconductors. Un-

der external mechanical excitation, mechano-induced electron-

hole pairs are generated and redistributed within the dynamic 

p-n junction. These excess carriers are subsequently separated 

and expelled from the p-n junction by the built-in electric field 

(E bi ) and the gradient of carrier concentration. Consequently, a 

DC is created, flowing from the p-region (top) electrode through 

an external circuit to the n-region (bottom) electrode. When 

external excitation is applied to the semiconductors, excess

electrons in the conduction band and holes in the valence 

band can exist in addition to the thermal equilibrium concentra-

tions. These excess carriers dominate the electrical properties of 

the semiconductors, with their transport behavior being funda-

mental to the operation of the TVNG. The carrier concentration 

and electric field distribution of the p-n junction under thermal 

equilibrium can be regarded as the background field, while the 

mechano-induced electrons and holes function as excess car-

riers (Figure 1D). The dynamic distribution of these carriers mod-

ifies the internal electric field of the TVNG compared to its equi-

librium state, creating an additional electric field outside the 

space charge region (SCR). The induced field, combined with 

the built-in electric field resulting from ionized impurities within 

the depletion region, forms a total electric field directed 

from the n-region electrode toward the p-region electrode. 

This is the reason why the conduction current flows in the 

same direction as the net field within the TVNG. In the external 

circuit, the p-region electrode, possessing a higher electric po-

tential, drives a DC through the load toward the n-region elec-

trode with a lower potential (Figure 1E).

To describe the transport behavior of the generated excess 

carriers under both thermal equilibrium and non-equilibrium 

conditions, a set of partial differential equations including elec-

trostatic equations, current-density, and continuity equations, 

is established. Building on the foundations of semiconductor 

physics and device theory, a comprehensive mathematical 

model for TVNGs is developed, with details presented in the 

methods section. This model enables us to quantify changes 

in various physical quantities and their interrelationships, 

including carrier concentration, electric field, potential distribu-

tion, output current, voltage, and power, as well as device char-

acteristics. The mathematical model can be solved using the 

partial differential equation (PDE) interface in COMSOL Multi-

physics. The geometry configuration and a cut-line AB extend-

ing from the top to the bottom electrode of a TVNG device are 

depicted in Figure 1A. Additionally, the relevant diagrams illus-

trating the energy band and boundary conditions under varying 

circuit conditions are provided in Figures 1F 1 , 1f 2 , and S1. Note 

that the contacting interface is set at x = 0, while the p-region 

and n-region electrodes are situated at x = W P and x = − W N , 

respectively (Figure 1F 1 ).

Capacitance characteristic

Capacitance, defined as the ratio of total charge to voltage, is a 

fundamental electrical property inherent to any charged body, 

representing its capacity for charge and electric field. In the 

context of a thermal-equilibrium p-n junction, the depletion re-

gion at the contact interface contains an equal number of immo-

bile ions with opposite charges, with positive ions residing on the 

n-side and negative ions on the p-side. This arrangement asso-

ciates capacitance with the p-n junction. When relative motion 

occurs between the contacting interfaces, the built-in electric 

field E bi , which points from the n-region to the p-region, drives 

the mechano-induced electron-hole pairs. Consequently, 

excess holes are injected into the p-region and excess electrons 

into the n-region. This process includes a reverse mechano-

induced electric field E M that is oriented opposite to that of E bi , 

effectively applying a forward bias across the dynamic p-n
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junction. As a result, the thickness of the depletion region is 

modulated. The total charge on the n-side (or p-side) becomes 

the sum of the immobile ion charge and the accumulated elec-

trons (or holes). Assuming the total charges on either side of 

the depletion region is Q, the relationship between charge and 

voltage can be expressed to define the capacitance of a TVNG 

device.

C(V) = 
dQ 

dV 
(Equation 1)

This indicates that the capacitance C is influenced by changes in 

voltage V resulting from variations in total charges Q. The 

charged particles primarily comprise electrons, holes, and 

ionized donors and acceptors. Thus, the capacitance of 

TVNGs fundamentally arises from the accumulation of excess 

carriers stored on either side of the depletion region. Three

mechanisms affect the stored charge. (1) Charge generation: 

electron-hole pairs are generated at the contacting interface 

due to the tribovoltaic effect, as detailed in methods section. 

While this generation introduces excess carriers, it does not 

lead to a continuous buildup of the carrier concentrations, as 

there is a maximum probability for excess electron-hole recom-

bination even at thermal equilibrium. (2) Recombination: the rate 

of recombination is governed by recombination times, affecting 

the total charges. (3) Charge extraction: the generated excess 

electrons and holes are driven to the n-side and p-side semicon-

ductors, respectively, due to E bi . Charges diffusing from either 

side of the diffusion region flow into the SCR. These factors 

contribute to the generation and variation of capacitance in the 

TVNG device.

The overall capacitance C(V) includes contributions from the 

junction capacitance C b , diffusion capacitance C d , and sliding

Figure 1. Equivalent circuits and band diagrams of TVNG

(A) Schematic of a p-n junction TVNG.

(B) Steady-state equivalent circuit for TVNGs.

(C) Transient equivalent circuit accounting for the capacitance characteristics for TVNGs.

(D) The carrier concentrations and electric potential in the thermal-equilibrium p-n junction are treated as the background field.

(E) Diagram of electric field distribution and transport of excess carriers within a TVNG.

(F) Band diagrams of a p-n junction TVNG under working and open-circuit conditions.
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capacitance C p , owing to the changes in spatial position during 

the sliding process as follows:

C(V) = C b + C d + C p (Equation 2) 

Under an idealized depletion region approximation, the capaci-

tance of the dynamic p-n junction can be estimated by (see 

Note S3)

C(V) = 

[
ε r ε 0 eN ∗

2(V bi − V)

] 1=2
(Equation 3)

where the effective doping concentration is defined as N ∗ = 
N D N A

N D +N A
. It is evident that C is a function of the output voltage V.

In general, the capacitance C(V) primarily arises from the excess 

carriers distributed within and near the depletion region. If the 

depletion region is treated as an insulator, a corresponding par-

allel plate capacitor can be conceptualized, where its capaci-

tance with plate separation d is given by C = ε 0 ε r A/d. By 

substituting d with the depletion region width W, the ideal equa-

tion represented in Equation 3 can be derived. From a funda-

mental perspective, a minor change in total charges dQ at the 

edges of the depletion region leads to a corresponding voltage 

change dV as the depletion region width fluctuates slightly. 

This reasoning also suggests that a dynamic Schottky junction 

exhibits capacitance, with its depletion region acting as an insu-

lator layer sandwiched between the metal and semiconductor 

regions. 14,31

Electrical analogy

The steady-state equivalent circuit of the TVNG is shown in 

Figure 1B (circuit 1). It is modeled as a current source in 

parallel with a diode, following the principles of lumped-param-

eter circuit theory. The governing equation for the circuit is ex-

pressed as

I = I M − I S 

[ 

exp 

(
eV

k B T

) 

− 1 

] 

(Equation 4)

where I represents the total current flowing through the external 

circuit, and I M denotes the mechano-induced current arising 

from the movement of the mechano-induced electron-hole pairs. 

The second term of the equation corresponds to the diode cur-

rent, with I S being the reverse saturation current (see Note S4). 

By setting the load voltage V = 0 and the load current I = 0, we 

can derive the corresponding I SC and V OC :

I SC = I M

V OC = 
k B T 

e
ln 

(

1 + 
I M 

I S

)

≈ 
k B T 

e
ln 

(
I M
I S

) 
(Equation 5)

While circuit 1 effectively describes the steady-state response of 

TVNGs, it is insufficient for capturing their dynamic response, as 

it does not account for the charging and discharging processes 

of the equivalent capacitor. For instance, the rectification char-

acteristic of the dynamic p-n junction is compromised at high 

operational frequencies, necessitating the consideration of 

capacitance characteristics under these conditions. To address 

this, an equivalent capacitor C(V) is introduced in parallel with the 

diode in a general TVNG model, as shown in Figure 1C. The gov-

erning equation is modified to

I = I M − I S 

[ 

exp 

(
eV

k B T

) 

− 1 

] 

− 

[

V 
dC(V) 

dV
+ C(V) 

]
dV

dt

(Equation 6) 

where the third term on the right-hand side represents the 

capacitive current I C . This equivalent circuit model clarifies the 

physical abstraction at the circuit level: on the one hand, the me-

chano-induced current I F produces an equivalent forward 

voltage drop across the p-n junction; on the other hand, the 

charging and discharging of the capacitor C(V) leads to phase 

delays and amplitude reductions in the output. Setting the load 

voltage V = 0 yields I SC , which is equivalent to I M . However, to 

determine V OC , the following equation must be solved:

I M = I S 

[ 

exp 

(
eV

k B T

) 

− 1 

] 

+ 

[

V 
dC(V)

dV
+ C(V) 

]
dV

dt 

(Equation 7) 

This universal equivalent circuit effectively captures the capaci-

tance characteristics of TVNGs. Under steady-state or low-fre-

quency conditions, where dV/dt≈0, circuit 2 simplifies to circuit 

1, as the impact of capacitance can be considered negligible. 

Non-ideal factors such as leakage current, contact impedance, 

and temperature effects can be simulated through the equivalent 

circuit model by introducing series or parallel resistances and by 

incorporating temperature coefficient and other appropriate 

solutions.

Figure-of-merit for the TVNG

A periodically operating TVNG device typically undergoes two 

stages with each operation cycle T. In the first stage, the p-type 

semiconductor and its attached electrode move for a duration 

of T 1 and remain stationary for T 2 ; subsequently, the moving 

part moves from right to left over a period of T 3 and remains sta-

tionary for T 4 , as illustrated in Figure S2A. During each stage, elec-

tron-hole pairs are generated at the contacting interface, produc-

ing output DC current and voltage. Two critical observations 

should be noted during operation. First, the direction of the DC 

current aligns with that of the built-in electric field E bi and is inde-

pendent of the direction of movement, which has been explored 

extensively in detail in our previously published paper. 16 Second, 

a recombination process inevitably exists, which annihilates both 

electrons and holes. The rate of recombination is proportional to 

both electron and hole concentrations. Consequently, it is clear 

that the mechanically excited electron-hole pairs cannot be 

entirely transferred into the external circuit. The total mechanically 

generated charge Q m , accounting for the transferred and recom-

bined charges, is given by (see Note S5)

Q m = eS

∫ T

0 

∫ 

V

GdVdT (Equation 8)

where G represents the generation rate of mechano-induced 

electron-hole pairs, a function of space and time. Assuming 

maximum output voltage and current are V OC and I SC , respec-

tively, the ideally achievable maximum output power P max is 

calculated by

P max = V OC I SC (Equation 9)
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Therefore,�the�maximum�output�energy�for�a�complete�cycle�can�

be�expressed�as

E�max� =�

∫�

P�max�dT�=�

∫�

V�OC�I�SC�dT�=�

∫�

V�OC�dQ�SC�

(Equation�10)

where� Q�SC� represents� the� transferred� charges� under�

SC�conditions.�In�this�context,�a�distinction�can�be�made�be-

tween�Q�m�and�Q�SC�.�Ideally,�all�generated�electron-hole�pairs�

should�transfer�between�the�two�electrodes�of�TVNGs;�however,�

carrier�recombination�during�operation�must�be�considered.�

Thus,�it�is�improbable�that�Q�SC�will�exceed�Q�m�.�We�will�quantify�

this�relationship�in�the�next�section.

During�the�stationary�state,�the�TVNG�transitions�from�a�non-

equilibrium�state�to�an�equilibrium�state,�indicating�annihilation�

of�excess�carriers,�including�electrons�and�holes.�This�process�

leads�to�thermal�equilibrium�between�the�n-type�and�p-type�

semiconductors,�suggesting�that�no�external�forces,�such�as�

voltages,�electric�fields,�or�temperature�gradients,�are�acting�

on�the�semiconductors�(see�Note�S6):

FOM�D� =�
eV�OC�Q�SC�

k�B�TQ�m
(Equation�11)

where�the�term�eV�OC�/(k�B�T)�represents�the�maximum�potential�

electrostatic�energy�that�a�TVNG�can�deliver�or�convert�within�

an�energy-harvesting�system.�The�ratio�Q�SC�/Q�m� indicates�the�

proportion�of�the�total�generated�mechano-existed�charges�

that�can�be�transformed� into�usable�electrical�energy.�This�

context�allows�for�a�general�discussion�to�the�FOM�D�of�TVNGs.�

On�one�hand,�while�V�OC�and�Q�SC�are�linked�to�the�dynamic�trans-

port�and�distribution�of�excess�carriers,�they�are�also�influenced�

by�the�material�properties�and�structure�of�the�device.�On�the�

other�hand,�the�formation�of�chemical�bonds�and�the�energy�

release�during�friction�at�the�contact�interface�determine�the�gen-

eration�rate�and�total�quantity�of�electron-hole�pairs.�Importantly,�

external�mechanical�excitation�is�crucial,�as�it�provides�the�en-

ergy�necessary�for�generation�of�electron-hole�pairs�due�to�the�

tribovolatic�effect.�Other�mechanical�factors,�such�as�the�contact�

pressure,�atmosphere,�and�surface�roughness�of�the�semicon-

ductors,�also�contribute�to�the�overall�performance.�Conse-

quently,�the�FOM�D�provides�a�comprehensive�and�meaningful�

metric�for�evaluating�and�comparing�the�energy�conversion�effi-

ciency�of�different�TVNG�devices�across�material�properties,�

electrical�behavior,�and�mechanical�interactions.�Furthermore,�

we�should�note�that�the�total�mechano-induced�charge�Q�m�,�

which�is�generated�exclusively�within�the�contacting�surfaces,�

is�closely�affected�by�many�different�factors.�When�mechano-

induced�carriers�are�generated,�only�part�of�them�can�be�sepa-

rated,�driven�by�V�bi�within�the�SCR,�and�the�other�portion�of�

them�would�be�lost�since�it�is�simultaneously�accompanied�by�

separation,� trapping,� recombination,�and�other�possibilities.�

So,�it�is�difficult�to�measure�Q�m�directly�if�there�are�no�appropriate�

methods.�However,�we�believe�that�there�exist�solutions�to�fix�

this�problem,�such�as�applying�a�bias�voltage�or�performing�

some�special�comparison�experiments.�Then,�defining�a�purely�

experimental�figure-of-merit�(FOM�exp�)�becomes�a�reality,�making�

it�possible�to�analyze�the�robust�correlation�or�proportionality�be-

tween�the�theoretical�FOM�D�and�this�practical�FOM�exp�.

DISCUSSION

Excess�carrier�distributions

The�TVNG�is�an�innovative�semiconductor�device�that�utilizes�the�

built-in�electric�field�E�bi� to�directionally�separate�mechano-

induced� electron-hole� pairs.� Its� output� characteristics� are�

governed�by�the�dynamic�transport�and�distribution�of�these�

generated�electron-hole�pairs�(excess�carriers).�By�examining�a�

thermal-equilibrium�p-n�junction�system,�the�mechanism�of�cur-

rent� generation� and� energy� conversion� can�be� elucidated�

through�the�dynamics�of�excess�carriers�(Figure�1D).�As�depicted�

in�Figure�2A,�the�E�bi�within�an�ideal�abrupt�p-n�junction�exhibits�a�

triangular�distribution,�directed�from�the�n-region�to�the�p-region.�

For�the�purpose�of�this�analysis,�we�assume�that�electron-hole�

pairs�are�generated�exclusively�within�the�SCR,�with�no�carriers�

generated�in�the�neutral�p-region�and�n-region.�In�the�SCR,�the�

generated�electron-hole�pairs�are�quickly�separated�by�the�E�bi�,�

with�electrons�being�driven�to�the�n-region�and�holes�to�the�p-re-

gion�(Figure�2B).�Upon�reaching�the�boundary�of�the�SCR,�these�

excess�carriers�are�injected�into�the�n- and�p-regions�as�majority�

carriers,�resulting�in�the�separation�of�the�excess�positive�charge�

and�negative�charge.�This�charge�separation�leads�to�two�pri-

mary�effects.�First,�the�injection�of�carriers�increases�the�concen-

tration�of�local�majority�carriers,�establishing�a�concentration�

gradient�between�the�SCR�edge�and�the�neutral�regions,�which�

in�turn�drives�majority�carriers�to�diffuse�toward�the�electrodes.�

Second,�the�redistribution�of�charges�modifies�the�E�bi�,�disrupting�

charge�neutrality�in�the�n- and�p-regions�and�creating�a�small,�yet�

significant,�electric�field�between�the�electrode�and�the�SCR�

boundary�(Figure�1E).�The�total�induced�electric�field�points�

from�the�n-region�to�the�p-region.�Consequently,�the�excess�

holes�drift�in�the�direction�of�E�bi�,�while�the�electron�drifts�in�the�

negative�x�direction�for�this�example�(Figures�2C�and�2D).�Ulti-

mately,�a�DC�current�is�generated�in�the�external�circuit,�primarily�

contributed�by�the�injected�majority�carriers.

As�illustrated�in�Figure�2E,�the�diffusion�current�(J�n,diff�and�

J�p,diff�)�decreases�with�increasing�distance�from�the�SCR�edge.�

In�contrast,�the�drift�current�(J�n,drift�and�J�p,drift�)�gradually�increases�

to�maintain�current�continuity.�A�detailed�analysis�based�on�drift-

diffusion�theory�is�provided�in�Note�S7.�Generally,�a�TVNG�energy�

conversion�system�involves�at�least�two�processes:�the�mechan-

ical�energy�harvested�generates�electron-hole�pairs,�thereby�

converting�mechanical�energy�into�the�potential�energy�of�elec-

tron-hole�pairs.�These�generated�electron-hole�pairs�are�then�

swept�out�of�the�SCR�by�the�E�bi�and�subsequently�driven�into�

the�external�circuit,�converting�electric�potential�energy�into�elec-

trical�energy.�In�comparison,�photon-generated�electron-hole�

pairs�in�a�solar�cell�are�approximately�uniformly�distributed�

throughout�the�device,�as�shown�in�Figure�2F.�41,42�The�E�bi�ex-

tracts�minority�carriers�into�the�depletion�region�and�promotes�

them�toward�the�opposite�electrodes;�however,�only�the�excess�

minority�carriers�located�in�the�depletion�region�and�diffusion�re-

gion�contribute� to� the�photocurrent.�Unlike�solar�cells,� the�

extraction�of�minority�carriers�is�unnecessary�for�TVNGs,�indi-

cating�that�the�E�bi�is�highly�effective�at�separating�the�generated�

electron-hole�pairs�within�the�SCR.�Furthermore,�it�is�important�

to�note�that�the�generation�and�distribution�of�electron-hole�pairs�

can�significantly�influence�the�transport�mechanisms�of�excess
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carriers. In this work, the generation rate of electron-hole pairs is 

described by a Gaussian function (Equation 15), with its spatial 

distribution detailed in Figure S3A. In general, the mechanical-

induced carriers are concentrated and distributed at the contact-

ing interface; however, their actual distributions should be 

adjusted according to special conditions. Two parameters are 

particularly important: the standard deviation (σ) and the gener-

ation rate coefficient (A). Detailed analyses are proposed in 

Note S8. For instance, I SC exhibits a linear correlation with A, 

while V OC is proportional to the logarithm of A. When A is fixed, 

a larger standard deviation σ results in a decrease of I SC and V OC .

Capacitance characteristics of the TVNG

A TVNG device maintains electrically neutral under all operating 

conditions; the total number of stored positive and negative 

charges remains constant. The relationship between the charge 

stored in the p-type semiconductor and the output voltage is 

shown in Figure 3A. When the output voltage is zero (i.e., under 

SC conditions), the generated electron-hole pairs recombine 

rapidly through the external circuit, preventing the accumulation 

of excess carriers within the TVNG. In this scenario, the charges 

stored are primarily due to the fixed ions present in the depletion 

region, where donor ions in the n-type region become positively 

charged due to electron depletion, and acceptor ions in the 

p-type region acquire a negative charge owing to hole depletion. 

As the output voltage increases, two important effects are 

observed. First, the quantity of accumulated carriers rises corre-

spondingly. Additionally, the output voltage effectively acts like a 

forward bias applied to a p-n junction, which reduces the deple-

tion width and consequently decreases the number of stored 

ions. Therefore, the total charge stored on the p-type semicon-

ductor diminishes as the output voltage increases, approaching 

zero as the V nears the built-in potential V bi (Figure 3A). When the 

stored carriers reach a critical threshold, the TVNG loses its ca-

pacity to store additional charges, and the output V attains its 

maximum value (V bi ).

With an increase in output V, the capacitance of the TVNG, 

derived from dQ/dV, gradually increases and then exhibits a 

sharp rise, as shown in Figure 3B. This behavior indicates that 

as the V approaches V bi , the capacitance of the TVNG is strongly 

influenced by the accumulation of excess carriers. The numerical 

results calculated using Equation 3 closely resemble those ob-

tained from the PDE model, except at larger output voltages. 

Additionally, the I SC calculated at three different generation rate 

coefficients is compared with results estimated from Equation 

S16 (Figure 3D). The corresponding moving velocity and time-

varying electron-hole pair generation rates are depicted in 

Figures 3C and S7, respectively. These findings demonstrate 

that a higher generation rate leads to an increased I SC . The vari-

ation of I SC is closely correlated with the moving velocity; for 

instance, when the velocity is zero, the I SC also decreases and 

eventually disappears (Figure 3D). In contrast, the V OC increases 

rapidly from zero before stabilizing at a high value (Figure 3E). 

Clearly, a relaxation time is necessary to transition from the initial 

state to a steady state, attributable to the capacitance character-

istics of the TVNGs. According to the equivalent circuit model, the 

capacitance of a TVNG plays a crucial role in determining the time 

required to reach a steady state. Figures 3F and S8A compare the 

output voltages calculated from the mathematical model and two 

equivalent circuit models. The observed lag time (Δt) results from 

changes in the capacitance of the TVNG device, whereby the 

voltage and current changes are synchronous at any time within

Figure 2. Excess carriers in the TVNG under SC conditions

(A) Generation of electron-hole pairs within the depletion region.

(B) Separation of the excess electrons and holes by the built-in electric field.

(C) Electron and hole concentrations.

(D) Excess electron and hole concentrations.

(E) Current density outside the junction.

(F) Carrier concentrations in a typical solar cell.
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circuit model 1, mainly because this model does not account for 

an equivalent capacitance element.

The relationship between output performance and working 

frequency (f) is further examined. The time-varying V OC is calcu-

lated at four different working frequencies. As shown in 

Figures 3G, 3H, and S8B, as frequency increases, the relaxation 

time for V OC to reach its steady state also increases, accompa-

nied by a decrease in amplitude. Note that the phenomenon of 

phase lag becomes more pronounced at higher working fre-

quencies. For instance, when the working frequency increases

from 10 Hz to 100 kHz, the relevant phase lag ratio Δt/T in-

creases from zero to nearly 8% (Figure 3I). This effect is attrib-

uted to a decrease in capacitive reactance with increasing fre-

quency, indicating that the capacitance characteristic of 

TVNGs must be considered when operating at high working fre-

quency. Conversely, at low frequencies, capacitive reactance 

can be negligible, allowing the transient equivalent circuit model 

(circuit 2) to be simplified to a steady-state circuit model (circuit 

1). It is worth noting that the relevant experimental results can be 

observed from the previously published works. 6,12,26,37

Figure 3. Capacitance for a periodically linear sliding TVNG

(A and B) (A) Charges and (B) capacitance as functions of the output voltage.

(C) Velocity and its magnitude with respect to time.

(D and E) (D) I SC and (E) V OC over time for three different generation rate coefficients.

(F) Comparison of V OC calculated using mathematical model (PDE), steady-state equivalent circuit model (circuit 1), and transient equivalent circuit model 

(circuit 2).

(G and H) V OC over time for various sliding frequencies.

(I) Time offset ratio Δt/T with respect to sliding frequency.
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Furthermore, to explore the capacitance effect of the TVNG, 

its fundamental performance is numerically calculated under 

pulsed mechanical excitation. A pulse signal can be decom-

posed into multiple frequency components, with the influence 

of high-frequency components being particularly pronounced. 

A scenario is examined in which the TVNG is subjected to a 

half-cycle sliding motion (inset in Figure 4A). The I SC depicted 

in Figure 4A closely follows the pulsed velocity of the sliding mo-

tion. In contrast, the time-dependent V OC exhibits a significantly 

distinct behavior (Figures 4B and 4C), increasing sharply with the 

mechanical pulse before decaying slowly, taking some time to 

approach zero. The same phenomenon has been reported in 

the previously published experiments. 37 This decay is likely 

due primarily to the discharging process associated with capac-

itance effects. Notably, the results calculated from the equivalent 

circuit model 2 align precisely with those obtained from the 

mathematical model (PDE), reinforcing the ability of circuit model

2 to accurately capture the transient output characteristics of 

the TVNG.

Under OC conditions, excess carriers recombine slowly within 

the TVNG device. The dynamic transport behavior of excess car-

riers is investigated through current variation. The time-varying 

current running through the midpoint of the p-n junction under 

OC conditions is illustrated in Figure 4D, which can be divided

into three stages. In the first stage (0 − t 2 , where t 2 = 0.25 ms), 

the mechano-induced electron-hole pairs are separated by 

built-in E bi , generating a local mechanical current flowing from 

the n-side to the p-side. These excess carriers accumulate 

rapidly and pass through the edges of the SCR, resulting in an 

increase in V OC . Then the p-n junction is forward biased, produc-

ing a junction current flowing from the p-side to the n-side. Sub-

sequently, the p-n junction becomes forward biased, generating 

a current flowing from the p-side to the n-side. Since the junction 

current is smaller than the mechanical current, the total current 

flows from the n-region to the p-region during this stage. At t 2 , 

as the junction current increases, it nearly cancels out the me-

chanical current, resulting in a minimal total current density cor-

responding to a maximum excess carrier concentration 

(Figure 4F 1 ). In the next stage (from t 2 to t 3 ), as the carrier gener-

ation rate decreases, the relevant mechanical current gradually 

diminishes. When the junction current exceeds the mechanical 

current, the direction of the total current reverses, leading to 

quick recombination of the accumulated excess carriers 

(Figure 4F 1 ). After t 3 , as the carrier generation rate approaches 

zero, the excess holes in the p-region and electrons in the n-re-

gion diffuse toward their opposite regions, as illustrated in the 

energy band diagram in Figure 4E. Moreover, as the accumu-

lated excess carriers decrease due to the combined effects of

Figure 4. TVNG under pulse mechanical excitation

(A) I SC with respect to time.

(B and C) Comparison of V OC calculated using mathematical model (PDE), steady-state equivalent circuit model (circuit 1), and transient equivalent circuit model 

(circuit 2).

(D and E) (D) Magnitude of current density at the middle p-n junction with respect to time and (E) energy band diagrams at 0.5 ms under OC conditions.

(F) Carrier concentrations and current densities at three different time points under OC conditions.
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diffusion, drift, and recombination, the output V OC gradually de-

clines. This decline indicates a reduction on forward bias across 

the p-n junction, allowing the built-in potential to gradually return 

to its initial value. Importantly, these dynamic processes occur 

within and near the SCR, with the corresponding spatial distribu-

tion of current density illustrated in Figure 4F 2 .

Figure-of-merit for TVNGs

For a typical lateral sliding model of a TVNG (Figure 1A), 

assuming it is stimulated by a square wave, the corresponding 

velocity and electron-hole pair generation rate are depicted in

Figures 5A 1 and 5A 2 , respectively. The output voltage under 

different conditions, including SC, OC, and external loads, is 

illustrated in Figures 5B and S9. Under SC conditions, excess 

carriers recombine quickly through the external circuit, allowing 

the TVNG to return to thermal equilibrium. When an external 

resistor is connected, particularly under OC conditions, a signif-

icant output voltage is generated, accompanied by a substantial 

accumulation of excess carriers. Once the relative motion 

ceases, the TVNG requires additional time to transition from a 

non-equilibrium state to thermal equilibrium. This observation in-

dicates that even without additional mechanical energy input,

Figure 5. Operating cycle, output energy, and FOM D for a periodically linear sliding TVNG

(A 1 ) Velocity and (A 2 ) electron-hole pair generation rate as functions of time.

(B) Output voltage over time under SC and loading conditions.

(C) V-Q plots for different load resistances, along with the theoretical maximum V-Q plot.

(D) Output energy for various load resistances and maximum output energy.

(E) V-Q plots for a typical TENG.

(F and G) (F) V bi Q m , V OC Q SC , W Ropt , and (G) FOM D for various doping concentrations.

(H and I) (H) V bi Q m , V OC Q SC , W Ropt , and (I) FOM D for various excess carrier lifetimes.
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TVNGs can continue to convert stored electric potential energy 

from accumulated excess carriers into electrical energy. 

Notably, when a large resistor is connected, sufficient time 

should be provided for the TVNG to fully recover to thermal equi-

librium, as shown in Figure S9A.

By integrating the current over time, the transferred charges 

can be obtained. The output energy can be represented by the 

area enclosed by the V-Q curve (Figure 5D). In theory, V OC and 

Q SC define a rectangular region representing the maximum 

output energy. For instance, the built rectangle can be defined 

by the coordinates (0, 0), (Q SC , 0) along the charge axis and (0, 

0), (0, V OC ) along the voltage axis. Note that the rectangular 

area formed by V bi and Q m (values of 0.6162 V and 0.016 nC) 

is bigger than that of the V OC -Q SC curve. This is attributed to 

the fact that the maximum output voltage of the TVNG device 

can never exceed V bi , and Q SC is always less than Q m , as 

demonstrated in the theoretical section. Against this back-

ground, it is then very easy to understand why the area of the 

rectangle formed under different loading condition is smaller 

than that of the ideal V OC -Q SC curve. Figure 5C illustrates 

V bi Q m , V OC Q SC , and output energy W with varying loadings un-

der steady state. The theoretical values for V OC Q SC and V bi Q m 

are approximately 9.09 × 10 − 12 J and 9.88 × 10 − 12 J, respec-

tively. Under same conditions, the optimal output energy W opt 

of the TVNG device is 7.24 × 10 − 12 J, with an optimal resistance 

32 MΩ. It is evident that the W opt is smaller than V OC Q SC , which 

means that, even under an optimal condition, a TVNG device 

cannot deliver energy equivalent to V OC Q SC , let alone V bi Q m . 

Two representative V-Q plots of a triboelectric nanogenerator 

(TENG) are illustrated in Figure 5E. 43 The larger closed cycle 

(the blue area) represents the maximum energy output of a 

TENG (CMEO), which is achieved through four steps detailed 

in Note S9. Note that in these plots, V OC,max and Q SC,max repre-

sent the maximum V OC and Q SC under OC and SC conditions, 

respectively, while − V’ max signifies the maximum achievable 

voltage when the transferred charge reaches Q SC, max. The pri-

mary distinction between the V-Q plots of TVNGs and TENGs 

arises from their fundamental output performances. TENGs de-

vice output alternating current, whereas TVNGs output DC cur-

rent, even though both can convert mechanical energy into elec-

trical energy. Additionally, the optimal output energy achieved 

under optimal load resistance in a TENG is less than that under 

ideal conditions, paralleling the phenomenon observed in the 

V-Q plots for TVNG devices.

Discussion on model sensitivity

It is a fact that models reflect the essence of things; each theo-

retical model has its own advantages and limitations and a cor-

responding scope of applicability. The aim of this work is to 

explore the working mechanism of TVNGs and define an 

FOM D to provide a standardized metric for quantifying and 

comparing output characteristics. By integrating Poisson’s 

equation, current-density relations, and continuity equations, 

the developed framework enables precise determination of car-

rier concentrations and distributions, time-dependent electric 

fields, electric potentials, DC current, and band structure evolu-

tion, offering new sights into device-level physics and external 

circuit output. However, it should be noted that aforementioned

conclusions are obtained under ideal conditions; some other 

non-ideal parameters have not been considered in this work, 

such as heterojunction, asymmetrical distribution of mechani-

cal-induced carriers, the actual separation, trapping, recombina-

tion, and other possibilities. For sure, these factors can influence 

the output characteristics of TVNGs, which are meaningful 

topics and worth studying in our future work.

Key influencing factors

The FOM D for TVNGs is determined by a unique combination of 

factors, which can be broadly categorized into three main 

groups, as illustrated in Figure 6. (1) Structural factors: TVNGs 

can be classified based on the spatial relationship between me-

chanical motion and the contact interface, most notably into hor-

izontal sliding and vertical contact-separation modes. Alterna-

tively, classification can be based on the nature of the junction 

formed at the interface, such as semiconductor-semiconductor, 

metal-semiconductor, and liquid-semiconductor junctions. Each 

configuration exhibits distinct energy band alignments, dynamic 

junction behaviors, and current-voltage (I-V) characteristics, all of 

which significantly impact the device’s figure of merit. (2) Me-

chanical factors: the rate of electron-hole pair generation at the 

contact interface is primarily influenced by mechanical parame-

ters. This study specifically investigates the effect of sliding 

speed on electron-hole pair generation. However, in practical 

scenarios, additional parameters—including temperature, hu-

midity, friction coefficient, and normal pressure—play significant 

roles in regulating the dissociation and reformation of interfacial 

chemical bonds. (3) Material factors: the electronic performance 

of TVNGs is determined by material properties such as band gap, 

electron affinity, and doping concentration. Moreover, the trans-

port of excess carriers is modulated by various semiconductor 

properties, including doping level, carrier mobility, recombination 

rate, and carrier lifetime. Therefore, the physical factors influ-

encing the FOM D of TVNGs are more complex and multifaceted 

than those governing traditional TENGs, underscoring the need 

for further, in-depth research in this field.

METHODS

Mathematical model and boundary conditions

The electric potential ϕ and electric field E are governed by Pois-

son’s equation 44,45

d 2 ϕ
dx 2 

= −
dE

dx 
= −

ρ
ε s

(Equation 12)

where ε s is the dielectric constant of the semiconductors and

ρ = e 
( 
p − n + N+

D − N−
A

)
is the net charge density, contributed

by all charged particles, including electrons (n), holes (p), ionized

donors (N+
D), and acceptors (N−

A ). The current density consists of

a drift component induced by the electric field and a diffusion 

component arising from the carrier-concentration gradient. The 

electron current density (J n ), hole current density (J p ), and total 

current density (J) are given by 44,45

J n = eμ n nE + eD n ∇n 
J p = eμ p pE − eD p ∇p 

J = J n + J p

(Equation 13)
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where e represents the elementary charge, μ n (μ p ) is the electron 

(hole) mobility, and D n (D p ) is the electron (hole) diffusion coeffi-

cient. The dynamics of the carriers are governed by the continu-

ity equations 44,45

∂n

∂t
− 

1 

e 
∇⋅J n − G n + U n = 0

∂p

∂t
+ 

1 

e 
∇⋅J p − G p + U p = 0

(Equation 14)

where G n (G p ) represents the generation rate of electron (hole), 

and U n (U p ) represents the recombination rate of electron 

(hole). In general, the probability of generating electron-hole 

pairs decreases with increasing distance from the contacting 

interface of semiconductors, with the peak generation rate likely 

occurring at the SCR. For simplicity, a mathematical expression 

G(x,t) is used to describe the generation rate:

G n = G p = G(x; t) = A|v(t)|
1 

σ
̅̅̅̅̅̅ 
2π

√ e −
x 2

2σ 2 (Equation 15)

where σ is the standard deviation, and the unit of A|v(t)| is cm − 3

s − 1. G(x,t) is a product of a Gaussian function 1

σ
̅̅̅̅ 
2π

√ e −
x 2

2σ 2 , repre-

senting the spatial distribution of excited electron-hole pairs 

centered at the contacting interface x = 0, and A|v(t)| denotes a 

linear relationship between the sliding speed and peak genera-

tion rate. 16

For indirect band-gap semiconductors such as silicon, trap-

assisted recombination is usually the dominant mechanism, 

characterized using the Shockley-Read-Hall model 46,47 :

U n = U p = U =
np − n 2i

τ n (p+p 0 )+τ p (n+n0 ) 
(Equation 16)

where n i is the intrinsic carrier density, and τ n and τ p are electron 

and hole lifetimes, respectively. Detailed expressions for n i , n 0 , 

and p 0 are in Note S1.

Simulating the basic operating process of a TVNG device 

involves at least two steps. The first step is to obtain 

the thermal-equilibrium electron concentration n 0 , hole con-

centration p 0 , and electric potential ϕ 0 in the absence of 

generated electron-hole pairs, as detailed in Note S2. n 0 , p 0 , 

and ϕ 0 serve as the initial conditions for different states of 

the TVNG:

W N ≤ x ≤ W P ;n = n 0 ;p = p 0 ;V = V 0 (Equation 17) 

The second step involves solving Equations 12, 13, and 14 under 

various operating states with the corresponding boundary 

conditions.

Under SC conditions (Figure S1), the recombination rate of 

excess carriers at the electrodes (Ohmic contact) is infinite, sug-

gesting that the concentrations of excess carrier are zero. The 

corresponding boundary conditions are

Figure 6. Key factors affecting the FOM D for 

TVNGs

Device structure, including horizontal sliding and 

contact separation modes, as well as semi-

conductor-semiconductor, metal-semiconductor, 

liquid-semiconductor architectures, etc. Me-

chanical parameters, including friction coefficient, 

temperature, normal pressure, sliding velocity, 

and ambient humidity. Material parameters, such 

as carrier recombination rate, bandgap, carrier 

mobility, carrier lifetime, and doping concentra-

tion.
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n(x = − W N ) = n 0 ;p(x = − W N ) = p 0 ; ϕ(x = − W N ) = V bi 

n(x = W P ) = n 0 ; p(x = W P ) = p 0 ; ϕ(x = W P ) = 0 

(Equation 18)

where V bi represents the built-in potential of the thermal-equilib-

rium p-n junction. The I SC can be calculated using Equation 14. 

When an external resistor R is loaded (Figure 1F 1 ), the voltage 

(V L ) across R is given by

V cir = V L = IR = S 
( 
J n + J p 

) 
R (Equation 19)

where S represents the effective contact area, and I is the current 

flowing through the load. The voltage V L is equivalent to applying 

a forward bias on the p-n junction, effectively reducing the built-

in potential to V bi − V cir . The boundary conditions for the electric 

potential are

ϕ(x = − W N ) = V bi − V cir 

ϕ(x = W P ) = 0
(Equation 20)

Under OC conditions (Figure 1F 2 ), excess carriers cannot flow 

through the external circuit, leading to zero current at the elec-

trodes (J n +J p = 0). The boundary conditions are updated to

∇ϕ(x = − W N ) = 
D n ∇n − D p ∇p

μ n n+μ p p

ϕ(x = W P ) = 0

(Equation 21)

The V OC is then given by V OC = V bi − ϕ(x = − W N ).

PDE interface in COMSOL

The simulation begins with the definition of geometric structure 

and material parameters of the TVNGs, as listed in Table S2. 

Particular attention is given to specifying the generation rate 

and spatial distribution of electron-hole pairs (Equation 15). 

To model the coupled carrier transport and electrostatic 

behavior, three coefficient forms of PDE interfaces are em-

ployed to solve the continuity equations for electron concentra-

tion n, hole concentration p, and Poisson’s equation for electric 

potential. Each PDE interface is configured within designated 

solution domains, with appropriately defined physical coeffi-

cients representing drift, diffusion, recombination, and genera-

tion processes.

Initial conditions are set based on the thermal equilibrium so-

lutions n 0 , p 0 , and ϕ 0 , which are derived by solving the steady-

state p-n junction without electron-hole pair generation. Bound-

ary conditions are applied according to the specific operation 

conditions: SC, OC, or under load. A transient solver with appro-

priately selected time steps is then utilized to simulate the time 

evolution of electron concentration, hole concentration, and 

electric potential distribution. Other physical quantities, such 

as output charge, current, voltage, and power, can be extracted 

through post-processing based on the spatial and temporal dis-

tribution of carrier concentrations and electric fields.
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