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A B S T R A C T

Conventional droplet-type tribovoltaic nanogenerators (TVNGs) are inherently restricted by open interfaces and 
intermittent droplet operation, where erratic solid-liquid contact and excessive interfacial charge dissipation 
drastically degrade their direct-current (DC) output and operational stability. In this work, we report a fully 
enclosed solid-liquid-solid (S-L-S) DC generator, termed an electric double layer induced semiconductor non- 
equilibrium triboelectric nanogenerator (EDL-SNE-TENG). Within this confined system, an ultrathin water film 
establishes two parallel and coupled electric double layers at the water‑silicon and water‑silver interfaces. Under 
cyclic mechanical compression, reversible polarization and ordered arrangement of interfacial water molecules 
are induced, reducing the effective work function of silicon to 4.02 eV. The dynamically polarized interface 
generates an intense localized electric field that continuously reduces the effective resistance to interfacial charge 
transfer and facilitates the directional transport of non-equilibrium charge carriers. This polarization-enhanced 
tribovoltaic effect enables highly efficient directional charge migration. The optimized EDL-SNE-TENG delivers 
an open-circuit voltage of 6.5 V, a short-circuit current of 35 μA, and a power density of 0.54 W⋅m− 2, exhibiting a 
50-fold enhancement in peak power density over conventional TVNGs. This work provides a theoretical foun
dation for fluidic-gating-enabled DC energy harvesting and a rectifier-free route toward practical self-powered 
devices.

1. Introduction

The rapid development of Internet of Things (IoT) devices, wearable 
electronics and human-machine interaction systems has fueled an 
increasing demand for reliable micro-energy solutions, positioning self- 
powered technologies as a promising route toward sustainable device 
operation. Liquid-solid triboelectric nanogenerators (LS-TENGs) can 
effectively harvest mechanical energy from flowing water and falling 
droplets, exhibiting substantial potential for powering low-consumption 
microdevices [1,2]. However, conventional LS-TENGs operate based on 
contact electrification and electrostatic induction, inherently generating 
alternating current (AC). Consequently, external rectification circuits 

are indispensable for achieving direct-current (DC) output, which 
inevitably increases device size and energy consumption, thereby 
limiting system integration and practical application [3–5].

The tribovoltaic effect offers a different solution to this challenge by 
enabling the direct generation of directional charge carriers at solid- 
liquid interfaces, thereby allowing rectifier-free DC output and facili
tating the development of simplified, high-performance nanogenerators. 
Despite these advantages, most existing tribovoltaic nanogenerators 
(TVNGs) rely on open interfaces and discrete droplet operation, which 
introduce several inherent drawbacks that severely restrict their output 
performance and practical utility [6–14]. First, each droplet-solid con
tact lasts only several milliseconds, which is too brief for sufficient 
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charge transfer and results in low energy collection efficiency per 
working cycle [15,16]. Second, the intrinsically stochastic nature of 
droplet impact leads to unstable contact areas, variable contact pressure 
and uncertain contact angles. These unregulated interfacial conditions 
produce inconsistent electrical output and poor signal repeatability. 
Third, open systems suffer from severe charge dissipation. A substantial 
portion of accumulated interfacial charges is removed along with 
departing droplets, causing significant energy loss. Owing to these 
limitations, conventional open-interface TVNGs exhibit weak output 
performance, with open-circuit voltages below 1.0 V, microampere- 
level short-circuit currents, and peak power densities lower than 0.01 
W⋅m− 2 [17–27]. Such performance remains inadequate for driving most 
practical microelectronic devices.

To overcome these challenges, we herein present a fully enclosed 
solid-liquid-solid (S-L-S) DC nanogenerator, termed an electric double 
layer induced semiconductor non-equilibrium triboelectric nano
generator (EDL-SNE-TENG). Unlike conventional devices relying on 
discrete droplets, this enclosed configuration employs a continuous ul
trathin water film to maintain stable solid-liquid contact under cyclic 
compression. This structural design effectively suppresses random con
tact fluctuation and interfacial charge loss, while the coupled electric 
double layers at the interfaces enable efficient charge retention and 
directional migration. Under mechanical compression, reversible mo
lecular polarization reduces the effective work function of silicon to 
4.02 eV and triggers dynamic fluidic gating, which changes the inter
facial potential distribution, reduces the effective resistance to interfa
cial charge transfer, and facilitates the directional transport of non- 
equilibrium carriers for enhanced tribovoltaic output. The fabricated 
EDL-SNE-TENG achieves stable rectifier-free DC output with an open- 
circuit voltage of 6.5 V, a short-circuit current of 35 μA and a peak 
power density of 0.54 W⋅m− 2, representing over 50-fold performance 
improvement compared with traditional TVNGs. This work explores 
interfacial polarization and non-equilibrium charge evolution at water- 
semiconductor interfaces, providing new insights and a viable design 
strategy for fluidic-gated DC self-powered systems.

2. Experimental section

2.1. Fabrication of the EDL-SNE-TENG device

A commercially available n-type silicon (100) wafer (resistivity 1–3 
Ω⋅cm, thickness 500 μm) was selected as the functional backbone. Prior 
to device assembly, the Si wafer underwent a standard RCA cleaning 
protocol to eliminate organic residues, metallic impurities, and native 
oxides, ensuring an atomically clean interface for subsequent 
modifications.

Following surface texturing, a highly conductive Ag electrode layer 
(thickness ~ 200 nm) was deposited onto the rear unpolished side of the 
n-Si wafer using Multi-Source Deposition System (MIKROUNA Shanghai 
Company). The comprehensive deposition parameters, including base 
pressure, rate, and post-annealing conditions to ensure ohmic contact, 
are fully specified in Table S1. The ohmic nature of the Ag/n-Si contact is 
confirmed by the linear current-voltage (I-V) characteristic measured 
under completely dry conditions in a dual-bottom-electrode configura
tion, where the current flows exclusively through the Ag/n-Si/Ag path. 
This back electrode ensures an ohmic contact for efficient charge 
collection. To define the active interaction region, the central area of the 
textured n-Si surface was selectively treated with oxygen plasma (100 
W, 60 s, 20 sccm O2, 10 Pa) to generate surface hydroxyl groups, 
rendering it super-hydrophilic with a static contact angle of approxi
mately 30◦. This hydrophilic anchor point is critical for stabilizing the 
water droplet dynamics during mechanical compression. Conversely, a 
commercially available polytetrafluoroethylene (PTFE) film (thickness: 
0.2 mm) served as the tribo-negative dielectric layer. The PTFE surface 
facing the water droplet was also lightly treated to optimize its electret 
properties and surface energy for consistent contact electrification. The 

EDL-SNE-TENG assembly was completed by encapsulating the edges 
with an insulating acrylic spacer to maintain structural integrity while 
allowing the free vertical displacement of the PTFE film.

2.2. Characterization and measurement

The surface morphology and microstructural features of the textured 
n-Si substrate and the deposited Ag electrode were systematically 
characterized using a Field Emission Scanning Electron Microscope 
(SEM, Thermo Fisher Scientific) operating at an accelerating voltage of 
5 kV. The elemental composition and purity of the silicon substrate were 
verified via Energy Dispersive X-ray Spectroscopy (EDS) mapping. The 
wetting behaviors of the solid surfaces were evaluated by measuring the 
static contact angles of deionized (DI) water droplets (5 μL) using a 
commercial contact angle goniometer (JY-82B Kruss DSA) under 
ambient conditions.

2.3. Electrical performance assessment

To evaluate the energy harvesting performance, the EDL-SNE-TENG 
was mounted on a programmable linear motor platform (LHR14S Antek 
Automation Technology (Suzhou) Co., Ltd.), which provided precise 
control over the mechanical compression frequency, amplitude, and 
force. A periodic contact-separation motion was applied to the PTFE film 
against the water-droplet/n-Si interface at a standard frequency of 5 Hz 
unless otherwise specified. The experimental setup and the corre
sponding pressure and current responses under cyclic mechanical 
loading are shown in Fig. S1. DI water (resistivity 18.2 MΩ⋅cm) was 
employed as the standard liquid medium, with comparative tests con
ducted using tap water to assess environmental robustness.

The electrical output signals, including open-circuit voltage (Voc), 
short-circuit current (Isc), and transferred charge (Qtr), were acquired in 
real-time using a high-impedance electrometer (Keithley 6514) con
nected to a computer-controlled data acquisition system. The sampling 
rate was set to sufficiently capture the transient DC pulse characteristics. 
The output power density was characterized by connecting variable 
external load resistors (ranging from 100 Ω to 1 GΩ) in series with the 
EDL-SNE-TENG and measuring the voltage drop across the load. All 
electrical measurements were conducted in a shielded Faraday cage to 
minimize external electromagnetic interference, under controlled envi
ronmental conditions (Temperature: 25 ± 1 ◦C, Relative Humidity: 40% 
± 5%).

3. Results and discussion

3.1. Structural design and configuration of the EDL-SNE-TENG

As illustrated in Fig. 1a, the structural configuration of the proposed 
EDL-SNE-TENG features a typical solid-liquid-solid multiphase hetero
structure. An n-type silicon wafer serves as the functional semiconductor 
substrate, with a silver layer sputtered on its rear surface to form a stable 
ohmic contact. The morphology and dimensional characteristics of the 
n-Si substrate and silver electrode are provided in Figs. S2 and S3. 
Scanning electron microscopy observations reveal a uniform micro-nano 
textured morphology on the silicon surface (Fig. 1a, inset i). This 
textured structure enlarges the specific surface area, which is beneficial 
for interfacial charge trapping and for regulating surface wetting 
behavior. Although crystalline silicon inherently contains defects that 
may promote carrier recombination, the fabricated device still sustains a 
stable DC output. This observation indicates that charge separation in 
this system is predominantly governed by the dynamic solid-liquid 
interface. Specifically, the interfacial electric field is sufficiently strong 
to rapidly sweep out non-equilibrium carriers before recombination can 
occur, thereby rendering the device tolerant to certain intrinsic semi
conductor defects. The dynamic interfacial interaction under periodic 
mechanical excitation governs the operating behavior of the S-L-S 
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heterostructure, as depicted in Fig. S4. To stabilize liquid distribution 
and ensure consistent interfacial contact, the silicon surface was selec
tively treated to maintain a clean hydrophilic state with a contact angle 
of approximately 30◦ (Fig. 1a, inset ii). The change in wettability 
following plasma treatment is summarized in Table S2. Such hydrophilic 
modification enables uniform and stable spreading of the ultrathin water 
film, which is essential for reliable and efficient energy harvesting. The 
influence of PTFE thickness on electromechanical coupling performance 
was also investigated, with detailed parametric optimization presented 
in Table S3. For device assembly, a tiny droplet of deionized water was 
deposited on the pretreated n-Si surface, followed by coverage with a 
PTFE film. The resulting ultrathin water film serves as a flexible inter
mediate layer that bridges the PTFE film and the semiconductor sub
strate, forming a configuration fundamentally distinct from 
conventional dry-contact or open-interface designs.

The electrical measurement setup is shown in Fig. 1b, where the 
silver back electrode and an external load were connected to a Keithley 
6514 electrometer for signal acquisition. Periodic mechanical 
compression at 5 Hz was applied to the PTFE top surface to induce cyclic 

interfacial compression and relaxation. Both n-Si and PTFE surfaces 
were modified by plasma treatment to improve hydrophilicity and 
enhance solid-liquid interfacial coupling. The band evolution behavior 
at the Ag/n-Si junction under different wetting conditions is illustrated 
in Fig. S5, revealing the underlying field modulation mechanism during 
device operation. Under weak wetting conditions (contact angle ≈ 60◦) 
corresponding to initial contact state, water adsorption on the silicon 
surface is limited, and the n-Si substrate maintains a relatively high work 
function. After the Ag/n-Si contact is established, interfacial charge 
redistribution occurs until equilibrium is reached. Under weak-wetting 
conditions, limited water adsorption results in a relatively high effec
tive resistance to interfacial charge transfer. When the surface transi
tions to a fully hydrophilic state (contact angle ≈ 30◦), a continuous 
water film forms and generates interfacial EDLs. The adsorbed water 
dipoles reduce the effective work function of n-Si. Although the work 
function difference between n-Si and Ag decreases, the potential drop 
introduced by the EDL acts as an additional gating effect, which modifies 
the interfacial potential distribution and reduces the effective resistance 
to charge transfer, thereby improving charge separation and transport 

Fig. 1. (a) Schematic of the EDL-SNE-TENG based on an S-L-S heterostructure (Insets show SEM images of the textured n-Si surface and Ag electrode, and an optical 
image of a water droplet on the super-hydrophilic n-Si surface). (b) Equivalent circuit of the measurement setup. (c-e) Open-circuit voltage, short-circuit current, and 
transferred charge per cycle under 5 Hz compression. (f) Output power density versus load resistance. (g) Steady-state resistance for different liquid media. (h) 
Comparison of peak short-circuit current, open-circuit voltage, and per-cycle transferred charge under dry and wet conditions.
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efficiency. Under repeated mechanical compression, the increasingly 
ordered interfacial water dipoles progressively reduce the effective work 
function of n-Si, which finally stabilizes at approximately 4.02 eV. In this 
state, the EDL field cooperates with the dynamic triboelectric potential 
at the solid-liquid interface, thereby increasing the interfacial charge 
density and strengthening the dynamic charging effect.

The enhanced accumulation of anions near the water/n-Si interface 
increases the surface hole concentration and forms more electrostati
cally coupled anion-hole pairs. This process changes the surface poten
tial of n-Si and establishes a transient potential difference between n-Si 
and the Ag electrodes. To restore charge equilibrium, electrons migrate 
toward the Ag electrodes, facilitating directional non-equilibrium car
rier transport and ultimately yielding optimized electrical output per
formance (Fig. S6). The optimized EDL-SNE-TENG demonstrates 
superior electrical performance under periodic excitation. As shown in 
Fig. 1c-d, the device generates typical DC pulse signals, achieving a Voc 
of approximately 6.5 V and an Isc of 35 μA. The accumulated transferred 
charge per cycle reaches 45 nC (Fig. 1e), a value significantly surpassing 
those of conventional L-S TENG systems, thereby highlighting the su
perior charge management capability of the S-L-S architecture. Power 
characterization (Fig. 1f) indicates a peak power density of 0.54 W⋅m− 2 

under optimal load matching, demonstrating its potential for driving 
micro-electronic devices. Comparative investigations further reveal that 
the EDL-SNE-TENG performance is insensitive to the ionic strength of 
the liquid medium, with tap water and deionized water yielding com
parable outputs (Fig. S7).

Parametric optimization confirms that a PTFE layer of 0.2 mm thick 
yields the maximum current output (Fig. S8). The Ag electrode spacing 
was further optimized using spacings of 4, 6, 8, and 10 mm (Fig. S9). 
With increasing electrode spacing, the output current decreased while 
the interelectrode resistance increased; therefore, 4 mm was selected for 
subsequent measurements. Comparative tests using different liquid 

media verify that the intermediate water film provides effective 
conductive coupling (Fig. 1g). A quantitative performance comparison 
under dry and wet operating conditions is summarized in Fig. 1h. The 
introduction of the interfacial water film increases the short-circuit 
current by approximately 17.1 times, the open-circuit voltage by 4.6 
times, and the single-cycle transferred charge by 30.8 times. Substrate 
comparison experiments further demonstrate that n-Si exhibits superior 
output performance compared with other semiconductor and insulating 
materials (Fig. S10), underscoring the indispensable role of semi
conductor band modulation in the energy conversion process. Single- 
electrode control tests (Fig. S11) also verify that both the water inter
mediate layer and the PTFE film are required to achieve efficient energy 
conversion. The performance of the EDL-SNE-TENG is compared with 
recently reported liquid-solid nanogenerators in Table S4. Operational 
durability is essential for the practical application of TENGs [28]. To 
verify this, the representative current signals before and after cycling, 
along with the long-term output response (Fig. S12), demonstrate that 
the device maintains a sustained electrical output without obvious 
degradation.

Collectively, these experimental results consistently confirm that the 
synergistic effect between electric double layer coupling and fluidic 
gating dominates the interfacial charge behavior, enabling the EDL-SNE- 
TENG to achieve high-performance, rectifier-free DC output.

3.2. Universality study of the DC droplet generator based on 
semiconductor non-equilibrium effects induced by water-solid interfacial 
contact electrification

To reveal the fundamental electrical distinction between the pro
posed water-bridge coupling mechanism and conventional solid-solid 
contact designs, four interfacial configurations with corresponding 
equivalent circuit models were designed and compared (Fig. 2a and 

Fig. 2. (a) Schematics of the four generator modes. (b-d) Comparison of short-circuit current, open-circuit voltage, and transferred charge among the four modes. (e) 
Summary of output performance metrics. (f) Instantaneous current density signals.
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Fig. S13). The four modes are defined as follows. In Mode 1, a copper foil 
was attached to the back of a PTFE film, and the assembly was placed 
onto an n-Si substrate. In this configuration, the water droplet bridges 
only the copper foil and the n-Si surface. In Mode 2, a copper foil was 
attached to the top surface of an n-Si substrate with a bottom silver 
electrode, and the water droplet contacted only the copper foil. Mode 3 
corresponds to the proposed EDL-SNE-TENG configuration. Without any 
copper foil, the silver electrode was directly patterned on the top surface 
of the n-Si substrate, enabling the water droplet to simultaneously 
contact the PTFE layer, the n-Si surface, and the silver electrode. This 
constitutes the core device structure of the present work. Mode 4 was 
modified from Modes 1 and 2 by removing the copper foil component. 
Mode 1 operates based on contact-induced electrostatic induction. En
ergy conversion is achieved via periodic contact and separation between 
the water droplet and the bottom electrode, which forms capacitive 
coupling with the top dielectric PTFE layer. Mechanical motion disrupts 
the electrostatic equilibrium and triggers interfacial charge transfer. 
However, two key factors constrain its output performance. First, the 
fixed contact area of 1.44 mm2 between the water droplet and the n-Si 
introduces considerable parasitic capacitance, denoted as CW/N. Ac
cording to the equivalent circuit and the equation VOC = Q/CW/N [29], 
this parasitic capacitance produces a shunting effect that suppresses the 
open-circuit voltage. Second, interfacial charge induction and transfer 
proceed continuously rather than instantaneously. Although this struc
ture can achieve energy conversion, its voltage and current output 
remain low. Thus, the performance limitation originates from the device 
output configuration and parasitic capacitance effect, rather than from 
insufficient interfacial charge generation. Consequently, Mode 1 was 
adopted as the baseline control to clarify the optimization direction for 
electrode design and parasitic capacitance suppression. Mode 2 shares a 
similar working principle with Mode 1, but with the copper electrode 
placed directly on the n-Si surface. This forms a polymer-water-metal 
sandwiched interface, where electric double layers primarily form at 
the PTFE-water and PTFE-Cu interfaces. In this configuration, the built- 
in electric field of the semiconductor barely contributes to charge 
regulation.

Mode 4 follows an operating principle similar to that of Mode 3. 
However, with the silver electrode positioned at the bottom of the 
substrate, the induced electrical signal is substantially attenuated. Mode 
3 represents the optimized configuration of the EDL-SNE-TENG. With 
the top-layer silver electrode on the n-Si, the circuit conducts immedi
ately once the water droplet contacts both the n-Si surface and the silver 
electrode under PTFE compression. This structural design offers two 
prominent advantages. First, the water medium forms two parallel ca
pacitances 2CW/A and CW/N at the water‑silver and water-semiconductor 
interfaces, respectively, which effectively restrains parasitic capaci
tance. Second, direct contact between water and both the n-Si and silver 
surfaces reduces the interfacial work function and increases the inter
facial potential difference, thereby greatly boosting the output power. 
Figs. 2b-2f demonstrate that Mode 3 achieves the optimal performance, 
delivering a steady short-circuit current of 35 μA, an open-circuit 
voltage of 6.5 V, and the maximum single-cycle transferred charge. 
Such superior performance stems from the unique water-bridge coupling 
effect of the S-L-S heterostructure. The interfacial water film functions 
not merely as a passive ohmic channel but as a dynamic charge bridge 
between the silver electrode and the n-Si substrate. Mechanical 
compression drives directional alignment of water dipoles and generates 
localized electric double layers. The dynamically polarized EDL modifies 
the interfacial potential distribution and facilitates directional charge 
transfer at the semiconductor interface.

In contrast to Modes 1, 2 and 4, which are based on conventional 
solid-solid contact, the water film in the EDL-SNE-TENG actively regu
lates interfacial electrical behaviors rather than merely transferring 
charges. It dynamically modulates the interfacial work function and 
synergizes the transport of ions, electrons and holes. Mechanical 
compression induces an asymmetric EDL distribution at the solid–liquid 

interface, thereby modifying the interfacial potential distribution and 
promoting directional charge redistribution. At the dynamic level, it 
achieves high-efficiency charge transfer with suppressed parasitic 
capacitance. The quantitative comparison of peak voltage, current, 
power density and transferred charge among the four modes is sum
marized in Table S5, which validates both the structural and mechanistic 
superiority of the proposed EDL-SNE-TENG.

3.3. Enhancement effect of interfacial water medium and charge transfer 
mechanism

The improved electrical performance enabled by the interfacial 
water film is presented in Fig. 3a. Experimental results verify that the 
introduction of the interfacial water film greatly enhances the device 
output. Under wet conditions, the peak short-circuit current rises from 
2.1 μA (under dry conditions) to 35.9 μA, while the open-circuit voltage 
increases from 1.43 V to 6.5 V (Fig. S14a). The total transferred charge 
within 10 s of continuous operation increases by a factor of 30.8 
(Fig. S14b). This substantial performance improvement originates from 
the mechanical deformation of the water droplet, which disrupts the 
initial solid-liquid interfacial equilibrium and establishes an asymmetric 
ionic distribution. This process greatly enhances the interfacial charge 
separation efficiency. These observations demonstrate the essential role 
of water in facilitating charge separation, which is governed by the 
dynamic work function modulation at the solid-liquid interface [30]. 
Interfacial wettability was further characterized to elucidate the inter
facial behavior of water molecules (Fig. S15). The PTFE surface exhibits 
hydrophobic characteristics with a contact angle of 101o, corresponding 
to weak solid-liquid adhesion. In comparison, the n-Si surface shows 
moderate hydrophilicity with a contact angle of 57o. Fig. S16 illustrates 
the molecular arrangement of interfacial water before and after me
chanical compression. In the initial state without external pressure, 
water molecules between the n-Si substrate and the silver electrode are 
randomly distributed with disordered dipole orientations. Conse
quently, the resulting interfacial electric field is too weak to drive 
effective charge separation. Under mechanical compression, the 
confined water layer undergoes structural rearrangement. External 
pressure tightens the solid-liquid contact and forces water molecules 
into a highly ordered alignment with spatial asymmetry. At the posi
tively charged n-Si interface, the oxygen atoms of water molecules 
orient toward the silicon surface. At the negatively charged Ag interface, 
the hydrogen atoms of water molecules orient toward the electrode 
surface [31]. The unified dipole orientation collectively builds a strong 
interfacial electric field directed from silver toward n-Si. This mechan
ically induced non-equilibrium field changes the interfacial potential 
distribution and reduces the effective resistance to interfacial charge 
transfer, providing a strong driving force for efficient charge separation 
and directional charge transport. Kelvin probe force microscopy (KPFM) 
measurements were conducted to validate the correlation between 
water molecular polarization and surface work function variation [32]. 
Dynamic characterization shown in Figs. 3b and S17, reveals that 
continuous mechanical cycling gradually reduces the n-Si surface work 
function. As the cycle number increases from 0 to 8, the work function 
decreases rapidly before the reduction slows down and finally stabilizes 
at 4.02 eV. This trend indicates that cyclic mechanical loading promotes 
continuous interfacial charge transfer and accumulation until a dynamic 
equilibrium is reached, forming a stable non-equilibrium field on the 
semiconductor surface. This steady state arises from the combined effect 
of mechanically induced triboelectric potential and solid-liquid electric 
double layer polarization. The observed dynamic interfacial electronic 
evolution arises from two cooperative factors. First, cyclic friction ac
cumulates negative charges on the PTFE surface, generating an external 
electric field that enhances interfacial polarization and promotes the 
dynamic charging of the EDL. Second, repeated compression stabilizes 
the ordered arrangement of interfacial water dipoles and strengthens 
remnant polarization [33]. Once charge accumulation reaches 
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equilibrium, the surface work function remains constant at 4.02 eV. 
Table S6 summarizes the corresponding surface potential and work 
function evolution under static and dynamic wet conditions. Static tests 
further reveal the intrinsic work function modulation induced by water 
adsorption. As shown in Fig. 3c, the silver-coated silicon surface exhibits 
an average work function of 4.47 eV in the dry state. After water film 
formation, the static equilibrium work function decreases to 4.23 eV, 
corresponding to a negative shift of 0.24 eV. This reduction demon
strates that water adsorption redistributes the interfacial charges and 
modifies the surface potential of n-Si, thereby strengthening the inter
facial electric field [34]. Such interfacial modification serves as the 
fundamental prerequisite for the mechanically triggered non- 
equilibrium field effect. A similar work function reduction is also 
observed in p-Si, textured p-Si and textured n-Si (Fig. S18), indicating 
that water-induced work function lowering is a universal phenomenon 
for silicon-based surfaces [35]. Fig. 3d compares the work function 
variation of bare and silver-coated n-Si before and after wetting. Bare n- 
Si shows a work function decrease from 4.43 eV under dry conditions to 
4.29 eV under wet conditions, consistent with the trend observed for 
silver-decorated n-Si. Finite element simulations (Fig. 3e) further 

corroborate the electric field distribution within the confined S-L-S 
structure under mechanical compression. The results show that the or
dered alignment of interfacial water dipoles generates a strong localized 
electric field at the water-Si interface, which is sufficient to significantly 
reduce the semiconductor work function, in good agreement with the 
KPFM measurements presented above.

Statistical analysis based on 1000 sampling points from Fig. S19a 
further validates the universal work function reduction of Ag and Si 
surfaces after water coverage. Water adsorption induces interfacial 
charge redistribution at the Ag and Si surfaces, resulting in measurable 
changes in their surface potential and work functions. In contrast, cop
per exhibits an opposite trend. The lower electronegativity of copper 
(relative to water) drives electron transfer from the metal surface to 
water, forming positively charged surface sites and increasing the work 
function [36–38]. Dynamic measurements in Fig. S19b confirm that the 
copper work function gradually rises and stabilizes under cyclic 
compression. This variation arises from two factors. First, the inherent 
electronegativity difference between copper (χ ≈ 1.9) and water (χ ≈
2.5–3.0) creates a surface dipole layer that elevates the apparent work 
function. Second, the aqueous environment promotes surface oxidation 

Fig. 3. (a) Comparison of output current with and without water. (b) Work function evolution of n-Si with contact cycles (c) Work function mapping of n-Si (eV). (d) 
Work function comparison of Si, Ag, Cu, and SS under dry and wet conditions (n-Si here refers to bare n-type silicon without Ag coating, SS stands for stainless steel). 
(e) COMSOL simulation of the device for one cycle.
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of copper, forming high-work-function Cu2O (5.3 eV). This distinct 
behavior further proves that electrode material properties and 
electronegativity-governed charge transfer dominate interfacial elec
trical responses [39].

The influence of semiconductor doping concentration on interfacial 
modulation was also explored using n-Si substrates with different re
sistivities under identical wetting conditions, as shown in Fig. S20. A 
higher doping concentration reduces silicon resistivity and shifts the 
Fermi level closer to the conduction band, yielding a lower initial work 
function. After water film coverage, all samples exhibit negative work 
function shifts, and the magnitude of shift correlates closely with sub
strate resistivity. This demonstrates that semiconductor doping can 
effectively tailor the initial band-bending state, optimizing interfacial 
charge transfer behavior and electric double layer configuration during 
solid-liquid contact. These findings provide fundamental guidance for 
the interfacial field-effect design and performance modulation of EDL- 
SNE-TENG devices. Table S7 summarizes the opposite work function 

evolution of high-electronegativity materials (Ag, Si) and low- 
electronegativity Cu, which is consistent with the charge transfer di
rection predicted by the triboelectric series. Table S8 further compares 
the output performance of different substrates, including n-Si, p-Si and 
insulators, verifying the indispensable contribution of semiconductor 
non-equilibrium effects to high-performance DC energy conversion.

3.4. Multi-scale charge transfer mechanism and dynamic field effect 
modulation

The device initially remains in a stationary state, with the PTFE film 
separated from the water layer. Ag electrodes were deposited on the n-Si 
surface by electron-beam evaporation. Charge redistribution occurs at 
the Ag/n-Si interface until Fermi-level equilibrium is reached, while the 
ohmic behavior of the contact is confirmed by the linear I-V character
istic. When the water droplet simultaneously contacts n-Si and Ag, two 
parallel electric double layers form at the water/n-Si and water/Ag 

Fig. 4. (a) Working mechanism of tribo-iontronics. (b) Current signal during contact-separation and magnified view. (c) I-V curves under dynamic and static 
conditions. (d) Schematic of charge injection using an electrostatic gun. (e-f) Current profiles after injecting positive and negative charges.
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interfaces, respectively. The comparable work functions of n-Si and Ag 
indicate that both interfaces can participate in interfacial charge redis
tribution (Fig. S21a) [40]. Water adsorption modifies the surface po
tentials of n-Si and Ag and establishes an interfacial potential difference, 
providing the basis for directional charge transport under dynamic 
mechanical excitation. The full working cycle is illustrated in Figs. 4a(i)- 
4a(iv). In the initial stationary state shown in Fig. 4a(i), stable negative 
charges remain on the PTFE surface. Cations in the water tend to 
approach the PTFE/water interface, whereas anions tend to approach 
the water/n-Si interface. At this stage, the interfacial electric double 
layers remain approximately equilibrated, and the charge distribution is 
relatively stable. Therefore, almost no current flows through the 
external circuit. When the PTFE film moves downward and compresses 
the confined water layer, as shown in Fig. 4a(ii), the charge densities of 
the electric double layers at the PTFE/water and water/n-Si interfaces 
rapidly increase, corresponding to a dynamic interfacial charging pro
cess. The cations become more densely accumulated near the PTFE/ 
water interface, whereas the anions accumulate near the water/n-Si 
interface [41,42]. As the interfacial anion density increases, the hole 
concentration at the n-Si surface also increases, resulting in the forma
tion of more electrostatically coupled anion-hole pairs. The increased 
hole concentration changes the surface potential of n-Si and generates a 
transient potential difference between n-Si and the Ag electrodes. To 
restore charge equilibrium, electrons migrate from n-Si toward the Ag 
electrodes and subsequently flow into the external circuit, thereby 
producing the dominant forward current Ii. When the external force is 
released and the PTFE film rebounds upward, as illustrated in Fig. 4a 
(iii), the confined water film contracts, and the interfacial electric 
double layers undergo a discharging process. The deformation and re
turn flow of the water film remove and redistribute some of the anions 
previously enriched near the water/n-Si interface, thereby decreasing 
the local interfacial anion density [43]. Consequently, the number of 
electrostatically coupled anion-hole pairs decreases, and the hole con
centration at the n-Si surface is reduced. The previously established 
potential difference therefore gradually diminishes. To restore the initial 
charge equilibrium, electrons flow in the direction opposite to that 
during compression, producing a weaker reverse current Ie in the 
external circuit [44,45]. As the water film gradually recovers its initial 
morphology in Fig. 4a(iv), the cations and anions return toward their 
initial quasi-equilibrium distributions. Meanwhile, the hole concentra
tion and surface potential of n-Si gradually recover to their initial levels. 
Consequently, the external current decreases to zero, and the device 
enters the next compression-rebound cycle [46,47]. The band structure 
before PTFE contacts n-Si is shown in Fig. S21b(i). The n-Si substrate 
forms ohmic contact with the bottom silver electrode, and the entire 
system remains near thermodynamic equilibrium. After one full contact- 
separation cycle shown in Fig. S21b(ii), electron transfer from n-Si to 
PTFE generates a triboelectric field (Etribo), which bends the energy 
bands near the silicon surface and reinforces the built-in electric field. 
This observation verifies that triboelectric potential modulates the 
semiconductor band alignment, which is the core mechanism enabling 
non-equilibrium DC output [48,49]. During compression, dynamic EDL 
charging and the increased formation of anion–hole pairs generate a 
strong and rapid positive current pulse Ii. During rebound, EDL dis
charging, anion redistribution, and interfacial potential relaxation pro
duce a weaker and shorter reverse current Ie (Fig. 4b). Fig. S22 compares 
current-voltage (I-V) curves measured with and without the water film. 
The presence of water greatly increases the current output and steepens 
the I-V slope. These changes indicate that the interfacial water film 
enhances electrical conductance and reduces the effective resistance to 
interfacial charge transfer. A further comparison between static and 
dynamic I-V responses is given in Fig. 4c. During 1 to 3 s of continuous 
contact and separation, the dynamic curve shifts distinctly upward. This 
upward shift indicates that dynamic interfacial polarization further re
duces the effective resistance to charge transfer and facilitates direc
tional carrier transport. Such dynamic interfacial modulation is difficult 

to capture by conventional static electrical tests. Consistent trends 
measured from the top and bottom electrodes confirm that water- 
induced interface modification widely enhances carrier transport 
across different electrode junctions. External charge injection tests were 
performed to clarify how interfacial charge affects interfacial charge 
transport under water loading. An electrostatic gun was used to inject 
positive and negative charges onto the device surface. Fig. 4d summa
rizes the resulting current responses. Positive charge injection onto PTFE 
first produces a sharp negative current pulse, followed by recovery to
ward a positive signal, as shown in Fig. 4e. By contrast, negative charge 
injection triggers an initial positive pulse before gradual recovery 
(Fig. 4f). Charges accumulated at the PTFE-water interface create a local 
electric field that penetrates into the underlying semiconductor, thereby 
changing the local interfacial potential distribution and the effective 
resistance to charge transfer [50]. Positive and negative charge injection 
induces opposite interfacial electrostatic perturbations, thereby gener
ating current pulses of opposite polarities. These observations demon
strate that the polarity and density of the surface charges dynamically 
regulate interfacial charge redistribution and carrier transport. The slow 
current recovery arises from gradual charge relaxation on the PTFE 
surface. These results confirm that triboelectric charges in the S–L–S 
structure dynamically modify the interfacial potential and reduce or 
increase the effective resistance to charge transfer depending on their 
polarity, thereby regulating the DC output [51,52].

3.5. Multifunctional application based on water-solid Interface EDL 
induced semiconductor non-equilibrium effect direct current output

Although the EDL-SNE-TENG inherently produces unidirectional DC 
pulses and can directly drive light-emitting diodes (LEDs) without any 
rectification (Fig. 5a), a weak reverse current pulse appears during the 
separation phase (Fig. 4b), which may slightly reduce the charging ef
ficiency when charging external capacitors. To eliminate this effect and 
obtain a pure charging profile, a rectifier bridge was optionally con
nected in series with the device (Fig. 5b) [53]. The bridge blocks the 
reverse leakage current without altering the forward DC output. 
Charging tests on 0.1 μF, 0.47 μF and 4.7 μF capacitors demonstrate that 
the charging rate decreases with increasing capacitance, reflecting the 
intrinsic output characteristics of the EDL-SNE-TENG. While the device 
achieves stable output under periodic contact-separation motion, dy
namic signal response under continuous sliding operation is essential for 
practical implementation.

Parallel silver electrodes spaced 1 cm apart were fabricated on a 4-in. 
n-Si wafer, and a water-coated PTFE film was adopted for sliding tests 
(Fig. 5c). When the water film sweeps across the electrode interval, the 
interfacial EDLs trigger contact charge variation and induce non- 
equilibrium carrier migration within the semiconductor. This transient 
conductive path generates prominent current pulses, verifying that the 
water film acts as a dynamic charge bridge to sustain stable DC output 
during sliding. The EDL-SNE-TENG maintains high electrical conduc
tivity and exhibits an asymmetric I-V response under continuous sliding 
(Fig. 5d). The external circuit acquires regular DC current pulses during 
rapid sliding of the PTFE-water composite structure (Fig. 5e, Figs. S23 
and S24), with stable voltage and charge responses provided in Fig. S25. 
The underlying mechanism for sliding-induced DC generation is 
consistent with that of recently reported field-effect nanogenerators 
[54]. A simplified electrode configuration further verifies device reli
ability and operational generality. A water-attached PTFE sheet is 
placed between two silver electrodes, and periodic mild compression 
creates cyclic contact-separation behavior (Fig. 5f). Cyclic deformation 
and rebound of the water layer enable repeated formation and break
down of the S-L-S three-phase interface. In Fig. 5g, the current signal 
remains stable within the initial 5 s without external compression, while 
obvious current pulses are captured during the 5 to 10 s pressing- 
releasing cycles. Even with this simplified structure, the device main
tains efficient DC generation based on the electric double layer-induced 
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semiconductor non-equilibrium effect. This indicates that the proposed 
working principle possesses excellent generality and structural adapt
ability for diverse device configurations [55].

4. Conclusion

In summary, we have developed an efficient DC micropower 
harvester based on a S-L-S heterostructure, denoted as the EDL-SNE- 
TENG, and systematically elucidated the interplay between EDL 
behavior and semiconductor band modulation. Under cyclic mechanical 
compression, interfacial water dipoles undergo ordered alignment, 
generating a strong local electric field. This field reduces the effective 
work function of n-Si to a stabilized threshold of 4.02 eV and sustains 
continuous non-equilibrium carrier transport, thereby enabling 
rectifier-free DC output. The optimized device delivers an open-circuit 
voltage of 6.5 V, a short-circuit current of 35 μA, and a peak power 
density of 0.54 W⋅m− 2, representing an over 50-fold enhancement 
compared with conventional open-interface TVNGs. This study ad
vances the fundamental understanding of fluidic-gated DC energy har
vesting and provides a practical and promising route for powering self- 

powered microsystems, wearable electronics and Internet-of-Things 
devices. Further efforts will focus on large-scale array integration, 
exploration of wide-bandgap semiconductors and in situ spectroscopic 
characterization of polarized interfacial water to deepen mechanistic 
insight and boost device performance.
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