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Field Effect Nanogenerator as Operated by Sliding Gates

Chongxiang Pan‡, Leo N.Y. Cao‡, Jia Meng‡, Luyao Jia, Weiguo Hu, Zhong Lin Wang ⁎ and 

Xiong Pu⁎

Broader context

Extracting electricity from semiconductor materials through the excitation of charge 

carriers or manipulation of carrier population/transport has been realized in many energy 

devices, such as thermoelectric generators, photovoltaic devices, and so on. However, utilizing 

materials’ semiconducting effect for mechanoelectrical energy conversion is still limited due 

to the lack of strategies to modulate the carrier’s transport by mechanical motion. Here, we 

report a mechanoelectric energy conversion mechanism by coupling the triboelectrification 

effect and electrostatic field effect, achieving electricity generation in the semiconductor 

channel as operated by the mechanical energy input through a sliding gate. This electricity 

generator can output electricity waveform following well with the sliding speed of the gate, 

yielding high voltage, high charge density and 3-fold higher power density than a conventional 

electrostatic induction-based triboelectric nanogenerator. Furthermore, the strategy to achieve 

dynamical and regional doping of semiconductors via a sliding-gate induced electrostatic field 

could be also promising for developing new devices for micro-electro-mechanical system. 
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Abstract

Controlling the motion of charge carriers in semiconductor materials is the fundamental 

strategy to realize many functional devices, which is typically done by applying an external 

voltage source. Here, using the electrostatic potential generated by a triboelectric material that 

is taken as a sliding “gate”, functional current is generated across a semiconductor channel 

when the gate is moving in parallel to the dielectric surface. Systematic studies verify that the 

motion of the electrified “gate” induces the regional and dynamical doping of the 

semiconductor channel, and thereby drives the carrier transport without applying an external 

voltage. This sliding-gated generator realizes mechanoelectric energy conversion based on 

coupled triboelectrification effect and electrostatic field effect, and is therefore termed as a 

field effect nanogenerator (FENG). It can output electrical currents with waveform following 

well with the gate’s sliding speed, which makes it different from conventional induction-based 

triboelectric nanogenerators with instantaneous outputs. Meantime, it can yield 3 times higher 

averaged power density than that of a sliding-mode triboelectric nanogenerator. Moreover, a 

rotary FENG is designed for practically viable direct-current generation. This work presents an 

undiscovered strategy for carrier manipulation in semiconductors, demonstrating a promising 

mechanoelectric energy conversion mechanism and a practical self-powered device. 
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Broader context

Extracting electricity from semiconductor materials through the excitation of charge 

carriers or manipulation of carrier population/transport has been realized in many energy 

devices, such as thermoelectric generators, photovoltaic devices, and so on. However, utilizing 

materials’ semiconducting effect for mechanoelectrical energy conversion is still limited due 

to the lack of strategies to modulate the carrier’s transport by mechanical motion. Here, we 

report a mechanoelectric energy conversion mechanism by coupling the triboelectrification 

effect and electrostatic field effect, achieving electricity generation in the semiconductor 

channel as operated by the mechanical energy input through a sliding gate. This electricity 

generator can output electricity waveform following well with the sliding speed of the gate, 

yielding high voltage, high charge density and 3-fold higher power density than a conventional 

electrostatic induction-based triboelectric nanogenerator. Furthermore, the strategy to achieve 

dynamical and regional doping of semiconductors via a sliding-gate induced electrostatic field 

could be also promising for developing new devices for micro-electro-mechanical system. 
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Introduction

Controllable manipulation of charge carriers is important for exploring fundamental 

electronic properties of materials and practical applications of desired functional devices1-3. 

The electrostatic doping, as a promising alternative to the chemical doping in which foreign 

atom impurities are involved, allows controllable and reversible changes of carrier population 

without producing disorders in materials, providing an opportunity for controlling material 

properties, such as superconductivity4, 5, insulating-metal transition6, 7, magnetic phase 

transition8, 9 and exciton dynamics10, 11. The electric field for electrostatic doping is usually 

provided by an external voltage applied on the gate electrode4, 5, 9-11, or by the electric double 

layer (EDL) formed at the interface between electrolyte and gate electrode7, 8, or by the 

polarized interface at the oxide heterostructures6. Nevertheless, these methods either require 

large voltage to polarize the dielectrics, or may introduce impurities due to the undesired 

interfacial electrochemical reactions. Meantime, to drive the transport of charge carriers, 

another source-drain voltage is required, which is the fundamental of field-effect transistors. 

Therefore, seeking undiscovered strategies to realize the electrostatic modulation and transport 

of charge carriers could lead to exploring new functional devices.

Triboelectrification is an ancient universal phenomenon generating electrostatic field, 

which recently attracts a wide-range interest to explore its underlying mechanism and potential 

applications12-14. Thousands of volt-high surface potential can be easily obtained from the 

injection of tribo-charges with opposite polarities into two different materials after the contact-

electrification process15, 16. This huge electrostatic potential has been demonstrated to generate 

microplasma17, actuate electroresponsive polymers18, manipulate droplet transport19, 20, 
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provide ionization charges for mass spectrometer21, implement air cleaning due to electrostatic 

adsorption22, and so on. Conceivably, this tremendous surface potential can replace the gate 

voltage to electrostatically modulate the population of charge carriers in semiconductor 

materials23, 24, but the modulation process is still limited due to the need of external source-

drain voltage to drive the transport of charge carriers.

Here, we proposed a novel strategy to modulate the carrier population and drive the 

transport of charge carriers simultaneously via a sliding-gate induced electrostatic field, not 

only realizing the dynamical and regional doping of semiconductors, but also resulting in the 

electricity generation in the semiconductor channel along the sliding motion direction, as 

depicted in Fig. 1a. The sliding gate produces electrified static charges at the interfaces, the 

electrostatic field of which is dynamically changing and unevenly distributed. Then, the 

triboelectric gate induces the regional and dynamical doping of the semiconductor “channel” 

and also generates electricity through an external circuit. For better understanding, we can 

compare our device to a field-effect transistor (FET, Fig. 1b). The differences include that: (1) 

there is no external gate electrode to apply gate voltage, but a slider exerting uneven 

electrostatic potential; (2) The source-drain voltage is also not needed. The transport of carriers 

is driven by the sliding gate, and the electricity can be directly generated between “source” and 

“drain” electrodes, rather than sourcing voltage for measuring current (Fig. 1c). This field-

effect nanogenerator (FENG), based on coupled triboelectric effect and electrostatic field effect, 

can not only transform the FET device to mechanical energy harvesting device, but also output 

about 3 times higher average power density than a conventional sliding-mode triboelectric 

nanogenerator (S-TENG) without the underlying semiconductor channel. Furthermore, we 
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design a practically viable rotary FENG for direct-current (DC) outputs. Therefore, our work 

presents a novel strategy for carriers’ manipulation in semiconductors, provides a new 

mechanoelectric energy conversion mechanism, and reports practical devices potentially as 

power sources or self-powered sensors. 

Results and discussion

The structure and electric outputs of the FENG

The device structure of the FENG is schematically shown in Fig. 1a, where a PTFE film 

is attached on the surface of Si and a nylon slider is sliding on the top. The Si used here is close 

to the intrinsic Si without intentionally doped impurities, the resistivity of which is larger than 

100 kOhm cm. The Copper (Cu) was deposited onto the left and right terminals of the Si 

through magnetron sputtering for the connection with the external circuit. The optical picture 

of a FENG is shown in Fig. S1 (ESI†). The Ohmic contact of Si with Cu electrodes was 

confirmed by the straight-line I-V curve obtained between the two electrodes (Fig. S2, ESI†). 

The characteristic of the electric output varies well with the motion forms of the slider. We 

define the right-side Cu electrode as the positive and the left as the negative. When the nylon 

slider moved unidirectionally from left to the right at a constant speed, direct current (DC) 

constant outputs were produced (red lines in Fig. 1d). It was observed that positive voltage and 

current were generated in external circuit when sliding the nylon from left to the right, and 

negative electrical outputs were obtained when sliding from right to the left (blue and green 

lines in Fig. 1d). Alternative current (AC) outputs were then generated if the nylon slider slid 

on the PTFE film back and forth. The current and voltage both have very similar waveform 

with the sliding speed. Continuous electrical outputs can be obtained as long as the sliding 
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motion is not stopped, which makes it different from conventional TENGs where only pulse 

outputs can be acquired. In the following study, we choose the reciprocating sliding as the 

motion forms of the slider. During the reciprocating sliding of nylon slider (maximum sliding 

speed was 30 cm/s, sliding distance was 5 cm, and normal pressure was 22.2 kPa), the open-

circuit voltage, short-circuit current and transferred charge quantity of the FENG could reach 

peak value of around 79 V, 10 μA and 576 nC, respectively (green lines in Fig. 1d).

A series of control devices were tested to demonstrate the characteristics of the FENG. 

When there is no Si layer (PTFE film attached on the acrylic plate directly with the electrodes 

on the two side surfaces), the electric outputs were much smaller than the FENG during the 

sliding of nylon on the PTFE film (Fig. S3, ESI†). When the Si was replaced by Cu, there was 

no voltage and current output during the slip of nylon film on the PTFE film (Fig. S4, ESI†), 

indicating that the high resistivity and semi-conductivity of Si were prerequisite for the 

electricity generation. The electrical outputs were also negligible when sliding PTFE or nylon 

slider directly on the Si (Fig. S5, ESI†). Furthermore, the electric outputs were also orders of 

magnitude smaller if two sliding materials were the same (either PTFE or nylon sliding by their 

own), as shown in Fig. S6 (ESI†). 

A traditional sliding-mode triboelectric nanogenerator (S-TENG, as schemed by the inset 

of Fig. 1e) was also constructed as a control device for comparison. The short-circuit current 

and charge quantity of the FENG was approximately 12 and 6.4 times larger than that of the S-

TENG, respectively (Fig. 1e), though the open-circuit voltage of the S-TENG could be higher 

(~114 V) (Fig. S7, ESI†). Meantime, the internal impedance (estimated by the matched external 

resistance) reduced from 80 MOhm of the S-TENG to about 500 KOhm of the FENG (Fig. 1f 
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and Fig. S8, ESI†). More importantly, the averaged power density of our device was about 3 

times higher than that of the S-TENG (Fig. 1f), although their peak power densities were close 

(Fig. S9, ESI†). We then compared the transferred charge quantity per motion cycle of our 

device with representative sliding or rotating TENGs in literatures, as it was well accepted as 

an important parameter for performance evaluation. The charge density of the FENG device 

reaches 384 μC/m2 calculated by the covered area of the sliding process of the slider, which is 

larger than most previous sliding or rotating TENGs using strategies like air breakdown25-28, 

charge excitation29-31, commercial film32-35, or charge space accumulation36, 37 (Fig. 1g and 

Table S1, ESI†). Furthermore, our FENG device can generate average power density 

comparable or even larger than previous sliding TENGs, but has the advantage of more lower 

internal impedance30, 38-42 (Fig. 1h and Table S2, ESI†).

Evidences of dynamical and regional doping by electrostatic charges

A series of investigations were conducted to get insights into the mechanism of the FENG. 

Firstly, we simulated our device at the microscopic level by the COMSOL Multiphysics 

Software (Note S1, ESI†). The electrostatic potential originated from the triboelectrification 

between PTFE and nylon films was dynamically and regionally distributed with the sliding of 

nylon slider (Fig. S10 and Movie S1, ESI†). The uneven electrostatic potential caused by net 

electrostatic charges with opposite polarities in different regions was exerted on the underneath 

Si and induced regionally different electrostatic doping effects. Therefore, the hole 

concentration is low in the surface of Si right underneath the nylon slider (N-type doped region), 

but high in Si without nylon slider on top (P-type doped region), as confirmed by the simulation 

results (Fig. 2a and Movie S2, ESI†); whereas, the electron concentration distribution is in the 
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opposite (Fig. S11, ESI†). Hence, the distribution of different doped regions should vary 

accordingly with the slider (Fig. 2a). Furthermore, the time-varying profiles of hole 

concentration at the left terminal (x=0 μm) and right terminal (x=90 μm) were exhibited in Fig. 

2b. The hole concentration increased from 1.69×105 cm-3 to 4.38×1012 cm-3 at the left terminal 

when sliding the slider from left to right; whereas, the right terminal changed oppositely (hole 

concentration decreased from 4.41×1012 cm-3 to 9.85×105cm-3) (Fig. 2b). Interestingly, this 

resulted in the variation of the hole concentration difference between the right and left terminals 

(changing from 4.41×1012 cm-3 to -4.38×1012 cm-3) (Fig. 2c), which was the origination of the 

electricity generation when two electrodes connected through the external circuit.

Then, the uneven distribution of electrostatic potentials on PTFE and nylon films was 

confirmed experimentally by the surface potential measurements. The surface potential of 

pristine PTFE and nylon film before the triboelectrification was as low as -124 V and +30 V, 

respectively (Fig. S12, ESI†). After sliding the nylon slider on the PTFE film, the surface 

potential of PTFE and nylon film increased to -1.898 kV and +3.179 kV, respectively (Fig. 

S13, ESI†). The higher absolute value of the surface potential of nylon film is because of the 

smaller slider area than the PTFE area (slider is 3×3 cm2, sliding distance is 5 cm, and the total 

PTFE sliding area is 3×8 cm2). Since the total positive tribo-charges in nylon should be about 

the same as the negative tribo-charges in the PTFE, the tribo-charge density in slider (and 

therefore the absolute surface potential) should be higher than that of the PTFE film. As a 

result, the total surface potential should be uneven in different regions: the PTFE area without 

nylon slider on top (non-contact region, region i and iii) has net negative tribo-charges and 

surface potential of roughly -1.898 kV; whereas, the PTFE area with nylon slider on top 
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(contact region, region ii) has net positive tribo-charges and surface potential of roughly +1.280 

kV (Fig. 2d). This regional distribution of electrostatic potential was well accordant with the 

COMSOL simulation. 

To experimentally confirm the regional doping effect, we probed the carrier type on the 

surface of Si in different regions through measuring the diffusion of hot carriers (Fig. S14 and 

Note S2, ESI†). For all measurements, the positive terminal of an electrometer was connected 

to the hot probe. The Si underneath the non-contact region showed negative potential, 

correspondent to the holes as majority carriers; whereas, the Si underneath the contact region 

had positive potential and therefore the electrons as majority carriers (Fig. 2e). 

The regional doping could also be reflected by the conductance (or I-V curve) between 

the two Cu electrodes of the Si. If the Si was uniformly exerted with electrostatic potential (two 

dielectric films were electrified and then the slider was taken away), an obvious increase in 

conductance was observed (state 2 in Fig. 2f), since the single type of majority carrier 

concentration should be increased throughout the surface channel. However, the conductance 

reduced to be even smaller than the original level, if the electrified slider was put back in the 

middle (state 3 in Fig. 2f). For the latter case, energy barrier could be formed across the surface 

regions with different types of electrostatic doping (see below discussion as well).

Furthermore, multi-alternate doping effect can be induced by increasing the slider 

numbers aligned in parallel. For demonstration, P-N-P-N-P doped regions in alternate arrays 

were constructed by two nylon sliders (Fig. 2g), which was verified by the hot-point probe 

measurement as shown in Fig. 2h. 

When nylon film was attached on the Si and PTFE was as the slider, the dynamical and 
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regional doping was in opposite due to the opposite electrostatic potential (Fig. S15 and S16, 

ESI†).

The mechanism for the electrostatic doping and electricity generation 

Based on above evidences, we propose that the electricity generation of our FENG device 

is originated from the regional and dynamical modulation of carrier transport in Si by the 

sliding-motion-induced variation of the uneven electrostatic potentials. We speculate the 

underlying mechanism for the electrostatic doping and electricity generation as follows (Fig. 

3). At the static state, the nylon slider and PTFE film are firstly tribo-electrified with about the 

same amount of opposite electrostatic charges but different charge densities, so the electrostatic 

potential exerted on the Si will be uneven according to Gauss’ Law (Fig. 3a and Note S3, ESI†). 

For the Si underneath non-contact region, electrons are repelled away and holes accumulated 

to the surface, leading to the band bending upwards and therefore the P-type doping (Fig. 3b); 

for the contact region, excessive electrons accumulate to the surface, resulting in the band 

bending downwards and the N-type doping (Fig. 3c). That means the Si “channel” consists of 

an N-doped region sandwiched by P-doped regions (Fig. 3d), which differs from a conventional 

FET with single-type doped channel. It should be noted that the energy barrier at the interfaces 

of the P-N region is forced by the electrostatic filed of electrified PTFE/nylon films, rather than 

the internal build-in electric field of traditional PN junction (Fig. S17 and Note S4, ESI†). 

At the dynamic state, the position of the N-doped region should change accordingly with 

the position of the top nylon slider (Fig. 3e). When the nylon slider slides forwards, the electron 

carriers at the rear side of the slider will be drifted forwards by the Coulomb interaction with 

the positive static charges on the nylon slider and the static negative charges on the newly 
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exposed PTFE film. Meanwhile, the forward diffusion of hole carriers in the P-doped region 

behind the slider occurs due to the concentration difference between the preexisting P-doped 

region and newly exposed region. In the front of slider, the hole carriers will be also drifted to 

the ahead P-doped region by the net positive charges of the nylon slider and then diffuses 

forward (Fig. 3e, f). Therefore, electrons flow from the left to the right electrodes through the 

external load to balance the charges. The current generation will continue as long as the slider 

keeps sliding, and the current direction will be reversed if the sliding direction is reversed, 

which are two characteristics accordant with the experimental observations. Meantime, the 

dynamical and regional doping is the opposite process when tribo-negative PTFE film is used 

as slider and tribo-positive nylon film is attached on the Si (Fig. S18 and Note S5, ESI†).

The influencing parameters of the FENG device

A simplified capacitor model is detailed in Fig. S19 and Note S6 (ESI†) for quantifying 

the electrical outputs of the FENG. Given the surface potential in PTFE film ( ), the short-

circuit current and open-circuit voltage can be expressed:

                            (1)

                          (2)

where w and l are the width and length (the sliding is along the length direction and the width 

is perpendicular to the sliding direction) of the nylon slider;  is the sliding speed of the slider; 

L is the length of the PTFE film;  is the resistance of the Si; ,  and  are the 

permittivity, thickness, and surface potential of the PTFE film, respectively. Therefore, the 

influences of sliding speed, normal pressure on the slider, sliding distance and Si resistivity on 
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the electrical outputs were systematically investigated for getting further insights into the 

device. For these tests, the sliding motion was reciprocating and the sliding speed was in 

triangle waveform. The open-circuit voltage and short-circuit current of the FENG increased 

with the peak sliding speed of nylon slider; while the transferred charge quantity per motion 

cycle showed only very slight variation with the sliding speed (Fig. 4a). These results are 

consistent with the capacitor model. Therefore, this device, other than as a power source, could 

also be promising for vibration or speed sensor in MEMS systems. The normal pressure on the 

slider also contributes to the output of FENG. At the peak sliding speed of 30 cm/s and sliding 

distance of 5 cm, the electric output of FENG increased with the increase of the normal pressure 

on the slider (Fig. S20, ESI†). This is because that severe triboelectrification between the nylon 

slider and PTFE film at the larger pressure results in higher electrostatic charge densities in the 

two dielectric films (Fig. S21, ESI†). The sliding distance of the slider also influences the 

electrical output of FENG due to the change of total tribo-charges. At the peak sliding speed 

of 30 cm/s and normal pressure of 22.2 kPa, the electric output of FENG boosted with the 

extension of sliding distance (Fig. 4b). Importantly, when the sliding distance increased to 140 

mm, the transferred charge of FENG reached 1.44 μC, correspondent to the charge density of 

1.6 mC/m2 when calculated by dividing the area of the slider. Furthermore, the electric outputs 

of FENG could be improved by increasing the ratio of the entire length of the device and the 

length of the slider (increasing the total sliding distance or decreasing the length of the slider) 

(Fig. 4c). 

The high resistivity of Si is crucial for the electricity generation of FENG. The voltage 

and current output of FENG with the resistivity of Si less than 10 kOhm cm and 5 kOhm cm 
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were only 0.03 V, 0.08 μA and 0.01 V, 0.05 μA respectively, which were orders of magnitudes 

less than that of 100 kOhm cm (Fig. 4d). This can be easily understood that the regional 

electrostatic doping effect could disappear as the chemical doping content in Si increases. The 

thickness of the PTFE film attached on the Si also affected the output due to its impediment of 

electric field penetrating the surface of Si (Fig. S22, ESI†). The durability of FENG was 

measured over long cycles. After 3000 cycles of sliding of slider on the PTFE film, the voltage 

of FENG had only slight degeneration and the PTFE film had no severe abrasion (Fig. 4e and 

Fig. S23, ESI†).

For the demonstration of FENG device, 30 LEDs and a 5 W bulb can be easily lighted up 

by the reciprocating sliding of nylon slider on the PTFE film (Fig. S24a and b, ESI†). With the 

help of a rectifier, the electricity generated can be stored in the capacitor and an electronic 

watch can be powered continuously (Fig. S24c and d, ESI†).

DC electricity generation

Direct current should be generated if the slider keeps sliding in one direction rather than 

back-and-forth, which is, however, hard to be implemented in practical. Therefore, we designed 

a disc type FENG device with the slider rotating on the PTFE film to explore the DC outputs. 

The disc type FENG device contains a stator consisting of two isolated semicircular Si covered 

by a PTFE film, and a rotator with a square nylon slider (Fig. 5a). Firstly, we decomposed the 

clockwise rotation process into four sub-processes, as depicted in the inset in Fig. 5b. When 

connecting the right sides of two semicircular Si directly and measuring the outputs at the left 

sides, three positive and one negative current peaks were observed, correspondent to the four 

sliding routes i-iv respectively (Fig. 5b and SI Fig. S25a, ESI†). For sub-process i and iii, DC 
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electricity was generated following the above discussed mechanism; however, two extra peaks 

(ii and iv) in opposite signs were also produced when the slider slides across the two 

semicircular Si, which follows the electrostatic induction mechanism of a traditional sliding-

mode TENG. Therefore, a diode was connected to the right-side terminals of the two 

semicircular Si. Then, DC output can be obtained during the whole rotation process with the 

sacrifice of negative peak number iv (Fig. 5c and Fig. S25b, ESI†). With this circuit connection, 

DC outputs can be realized at rotary mechanical motions (Fig. 5d). When driving the disc type 

FENG device with a rotary motor at the rotating speed of 200 r min-1, the DC output with peak 

values of 260 V and 22 μA can be obtained directly, and 174 LEDs can be easily lighted up 

(Fig. 5e). Different capacitors can be also charged readily (Fig. S26, ESI†), and a calculator 

can be powered continuously (Fig. 5f). 

Conclusions

In summary, we reported a field effect nanogenerator for mechanoelectric energy 

conversion by modulating the carrier population and transport in semiconductor Si via a sliding 

gate. The Si channel of the FENG was regionally doped by triboelectrification-generated 

electrostatic charges at the gate, and the sliding motion of the gate further yielded the electricity 

generation due to the dynamical modulation of carriers’ transport in the channel. Theoretical 

and experimental investigations were conducted to verify the electricity generation mechanism 

based on the coupled triboelectrification effect and electrostatic field effect. The influencing 

parameters on the electric outputs were then explored for the insights into the device 

characteristics. Finally, DC output was realized through appropriately designing a rotary 

generator. Our results demonstrated an outstanding strategy to electrostatically modulate the 
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electrical transport in semiconductors with tribo-charges, and presented mechanical energy 

harvesting devices potentially as power sources or self-powered sensors.

Experimental

Device fabrication

The FENG device was fabricated by attaching an 80 mm×40 mm×0.08 mm PTFE film on the 

Si with a dimension of 100 mm×40 mm×0.5 mm, exposing the left and right surface of Si. The 

100 mm×60 mm acrylic plate was used for the support of Si. The resistivity of the Si used here 

was larger than 100 kOhm cm. The Si was cleaned by ultrasonic treatment with acetone, 

ethanol, and deionized water before used. After the adhesion of PTFE film on the Si, the copper 

was deposited on the left and right surface of Si by the magnetron sputtering with a mask 

covering the PTFE film. The copper wire was sticked on the deposited area with adhesive tape 

as electrodes for the connection to the external load. The slider was fabricated by gluing the 

nylon film with a dimension of 30 mm×30 mm on the acrylic plate with double side tape. The 

traditional sliding-mode TENG was fabricated as follows: The PTFE film was attached on the 

Si, exposing one side surface of Si for the deposition of copper by the magnetron sputtering 

with a mask. A copper film was attached on the back surface of nylon film as slider, sliding in 

and out of the PTFE film. Here, the Si only served as electrode, and output signals were 

generated between Cu electrode and Si electrode. The disc type FENG device was fabricated 

as follows: Two semicircular Si was obtained by dividing the 4-inch Si in half and supported 

by an acrylic plate with a gap between them. The PTFE film was adhered on the two isolated 

semicircular Si as the stator, and a square nylon slider was attached on the circular acrylic plate 

as the rotator.
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Electrical measurement and characterization

The sliding and rotary operation was implemented by a linear motor (TSMV1201S) and a 

rotary motor. The open-circuit voltage, short-circuit current and transferred charge of the 

FENG were recorded by a programmable electrometer (Keithley Instruments model 6517b). 

The surface potential of PTFE and nylon film was measured by the Isoprobe electrostatic 

voltmeter (model 279). The I-V curve of the FENG was measured by the 2450 SourceMeter. 

The optical photograph of PTFE film was pictured by the metalloscope (Leica DM 2700 M). 

Hot-point probe measurement for the determination of carriers’ type

Three pair electrodes were deposited on the left, middle, and right regions of Si by the 

magnetron sputtering with a designed mask. Cu wires with a diameter of 100-μm were used 

for the connection with external circuit and for the conduction of heat. Then, PTFE (or nylon) 

film was attached on the Si, and nylon (or PTFE) slider was fabricated as mentioned above. 

The hot point was created by heating one of electrode pairs with a heated electric soldering 

iron. The output signals were recorded by the Fluke 117C True RMS Multimeter with the 

connection of hot electrode to the red line of multimeter (SI Appendix, Note S2 and Fig. S14).
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Fig. 1. The structure and electric output of the FENG. (a) Structural schematic of the FENG 

device. (b) The structure of the FET device. (c) The comparison of our FENG device with the 

FET device. (d)The electric output characteristic of the FENG with different motion forms of 

slider. (e) The electric output comparison between FENG and control S-TENG device. (f) The 

comparison of average power density between FENG and control S-TENG device. (g) The 

comparison of transferred charge density of our FENG device with previous sliding or rotating 

TENGs in literature. (h) The comparison of average power density with previous sliding or 

rotating TENGs in literature. Note: The power and charge density were calculated by dividing 

the area of the entire stator or the covered area during the sliding process of the slider.
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Fig. 2. The evidence of dynamical and regional doping of Si by electrostatic charges (the 

case of nylon film as slider). (a) The simulation of hole concentration distribution during the 

sliding of nylon film on the PTFE film. (b) The hole concentration at left and right electrodes 

with the sliding distance of nylon slider. (c) The hole concentration difference at left and right 

electrodes with the sliding distance of nylon slider. (d) The surface potential on the PTFE film 

at different regions. (e) The voltage due to the diffusion of hot carriers measured from three 

different regions of Si surface when nylon as slider. (f) The I-V curve of the Si channel when 

nylon as slider. (g) The schematic of P-N-P-N-P arrays induced by two sliders. (h) The voltage 

due to the diffusion of hot carriers of the five accordant regions.
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Fig. 3. The mechanism of the FENG device. (a) The schematic of the regional doping by 

electrostatic charges. (b and c) The energy band bending on the surface of Si at different regions, 

non-contact region (b) and contact region (c). (d) The energy band diagram of the whole surface 

Si “channel”. (e) The schematic of charge carriers’ transport in the Si “channel” induced by the 

dynamical electrostatic charges, leading to the electricity generation in external circuit. (f) The 

energy band diagram of the whole surface Si “channel” when sliding the nylon slider on the 

PTFE film.
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Fig. 4. The influencing parameters on the output of FENG device. (a) The influence of 

sliding speed of the nylon slider on the output of FENG device. (b) The influence of sliding 

distance of slider on the output of FENG device. (c) The influence of L/l ratio on the output of 

FENG. (d) The influence of the resistivity of Si on the output of FENG device. (e) The stability 

of the FENG device.
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Fig. 5. The direct-current generation of a disc type FENG device. (a) The schematic of the 

disc type FET-TENG device. (b and c) The output characteristic of the disc type FENG device 

when the right sides of two semicircular Si are connected directly (b) and connected through a 

diode (c). The inset shows the sliding routes of the slider and the circuit connection. (d) The 

circuit connection of the disc type FENG device when the slider is in rotary sliding motion. (e) 

The output of disc type FENG at a rotating speed of 200 r min-1. The inset shows 174 LEDs 

lighted up by the disc type FENG. (f) The voltage curve of a capacitor which is being charged 

by the FENG and, at the same time, powering a calculator continuously.
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