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There is a rising prospective in harvesting energy from the environment, as in situ energy is required for the distributed sensors in the
interconnected information society, among which the water flow energy is the most potential candidate as a clean and abundant
mechanical source. However, for microscale and unordered movement of water, achieving a sustainable direct-current generating
device with high output to drive the load element is still challenging, which requires for further exploration. Herein, we propose a
dynamic PN water junction generator with moving water sandwiched between two semiconductors, which outputs a sustainable
direct-current voltage of 0.3 V and a current of 0.64μA. The mechanism can be attributed to the dynamic polarization process of
water as moving dielectric medium in the dynamic PN water junction, under the Fermi level difference of two semiconductors.
We further demonstrate an encapsulated portable power-generating device with simple structure and continuous direct-current
voltage output of 0.11V, which exhibits its promising potential application in the field of wearable devices and the IoTs.

1. Introduction

Sustainable energy harvesting from the environment is
always required to meet the increasing energy demand of
modern information society [1–5], especially the burgeoning
Internet of Things (IoTs) and bioelectronic devices [6–21].
As a clean and abundant mechanical source, water flow
energy is the most potential candidate in our daily life. For
macroscale and ordered movement of water, it has been used
to generate electricity since the development of Faraday gen-
erator, which is widely used in hydropower industry until
now [22, 23]. However, for microscale and unordered move-
ment of water, collecting energy from flowing water mole-
cules and converting it into electricity is still challenging,
which can be used as in situ energy or sensor in some special
environments. Recently, water has been used to generate
electricity by placing water moleculars over carbon nanotube

[24–27], graphene [28–32], polymer [33–36], or other nano-
structured materials [37–39]. Various physical mechanisms
have been proposed to explain the water energy harvesting
phenomenon based on the flow of water, such as the moving
liquid dragging electrons [24, 30], water evaporation [38, 39],
liquid flow induced triboelectrification [40–42], and charges
fluctuating asymmetric potential in substrate [25, 43]. How-
ever, those generators cannot continuously output direct cur-
rent especially under the low frequency and unordered water
movement, which is limited by the moving direction. And
the device output is still not high enough to drive the load
element, requiring for high performance direct-current
generators with some novel physical mechanism.

The semiconductor physics are well developed, and thus
the interaction between water and semiconductor could pro-
vide an insight into the electricity generation by moving
water droplets on or inside various materials. Actually, water
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is mysterious as it remains a quantum material where quan-
tum fluctuation has a great impact on its appearance [44].
The highly polarized water molecules can work as conductive
dielectric medium, where the distribution of electron density
resembles the picture of black holes [45]. Recent studies
about the dynamic metal-semiconductor junction [46–48],
semiconductor-semiconductor junction [49–51], and other
semiconductor system [52–61] provide an inspiration to
explore the electronic dynamics at the dynamic water/semi-
conductor junction interface [62, 63]. In particular, we have
proposed the physical phenomenon of the carriers rebound-
ing in the dynamic junction generator with ultrahigh built-in
electric field at the semiconductor interface [49–51], which
can instantaneously polarize the water molecules in the semi-
conductor interface. Herein, we design a dynamic PN junc-
tion generator with water as a moving dielectric medium
between two semiconductors, which has been rarely investi-
gated before [64, 65].

In this generator, the water droplet is sliding between a
P-type silicon and a N-type silicon with different Fermi
levels, which leads to a continuous current output. The
physical mechanism is proposed to be originated from
the dynamic polarization process of moving water molecules
between semiconductors, in which polarized water work as a
moving dielectric medium between the dynamic PN junction.
In detail, whenwatermolecules contact with silicon, the sand-
wiched water molecules are instantaneously polarized, and
the free charge carriers in silicon are accumulated at the
water-semiconductor interface, and then they reach the elec-
trostatic balance and polarization balance, which is driven
by the Fermi level difference between two semiconductors.
As water droplet moves, the polarization balance is repeatedly
broken and reestablished. Meanwhile, these induced polar-
ized electrons and holes are released and rebound to the
P-type and N-type semiconductors, respectively. In this
way, such PN water junction with the dynamic polarized
water-semiconductor interface generates continuous voltage
or current in the external circuit. The direct-current generator
based on the dynamic water-semiconductor junction with
polarized water as moving dielectric medium realizes open-
circuit voltage of up to 0.3V and short-circuit current of
0.64μA, with matched internal resistance with the traditional
electronic information devices based on the PN junction. We
further demonstrated an encapsulated portable power
generation device with simple structure and sustainable
direct-current electricity. Our approach reveals the quantum
polarization properties of water molecular in the dynamic
junction and provides a novel and promising way of convert-
ing low-frequency unorderedmechanical energy into sustain-
able direct-current electricity, especially the abundant water
droplet flow energy around the world, which is a potential
candidate for integrated and miniaturized generator.

2. Results and Discussion

The three-dimensional diagram of the dynamic
semiconductor-water-semiconductor structure generator is
shown in Figure 1(a), in which the water droplet is located
between a N-type silicon and a P-type silicon. Two polyvinyl

chloride (PVC) layers with a thickness of 1mm separate two
semiconductors, which forms a small channel for water
droplet. Liquid can move in this channel in a forward or
backword direction. The generated current is collected by
the Ti/Au electrodes deposited on unpolished silicon surfaces
in the external circuit. Those liquids whose molecular struc-
ture is asymmetric can be used in the dynamic water-
semiconductor junction generator. Here, deionized water is
preferred for its extreme abound and easy availability in
our daily life, such as rivers, lakes, oceans, and even our bod-
ies. In the dynamic PN water junction generator, every time a
water droplet flows through the channel, a current or voltage
signal is generated. As shown in Figure 1(b) and (c), three
peaks of voltage with maximum of 0.12V (current with
maximum of 0.46μA) results from the independent motion
process of water droplet with volume of 50μL at speed of
150mm/s.

The origin of this electricity generation is attributed to
the dynamic polarized water in the junction, which leads to
the rebound or reflecting effect of the induced polarized
charges. In this semiconductor-water-semiconductor struc-
ture, when water droplet contacts with two silicon wafers as
shown in Figure 1(d), the water molecules are polarized
instantaneously at the water-semiconductor interface driven
by the Fermi level difference between two silicon wafers, as
shown in Figure 1(e). As water droplet moves along the semi-
conductors, the dynamically polarized electrons and holes at
the interface are rebound to two semiconductors, respec-
tively. In this electricity generation process, the current out-
put particularly shows the characteristics of symmetrical
output, without being restricted by the moving direction, as
shown in Figure 1(f) and (g). The unique isotropy of the
dynamic silicon-water-silicon generator arises from the
intrinsic Fermi level difference of two semiconductors, lead-
ing to the directional water-semiconductor polarization,
which can be used to harvest those low-frequency unordered
water flow mechanical energy.

In this dynamic PN water junction generator, the simula-
tion schematic diagram of the polarization process is demon-
strated in Figure S1 according to the physical mechanism
above. The water molecules are first placed horizontally
between the P-type silicon and N-type silicon. Under the
Fermi level difference between two semiconductors, water
molecules form an ordered arrangement, whose hydrogen
atoms point to the N-type silicon and oxygen atoms point
to the P-type silicon. After reaching the dynamic stable
state, holes can be induced and accumulated in the
interface of P-type silicon, and electrons can be induced
and accumulated in the interface of N-type silicon,
respectively. With the movement of water droplet, these
interfacial carriers are released and generate directional
current output. The polarized water works as a moving
dielectric medium in this dynamic junction [64, 65], which
has a negligible damage to the semiconductor interface.

According to the aforementioned mechanism, the output
characteristic of generator can be determined by the dynamic
polarization degree of water molecules, which should be
related to these parameters of speed, direction, and volume.
As shown in Figure 2(a) and (b), with the increasing speed

2 Research



of the water (water volume of 50μL), the output voltage and
current positively increase and reach saturation values of
0.12V and 0.46μA, respectively, at the speed up to
150mm/s. The moving speed is measured with the system as
shown in Figure S2. The voltage and current curves are fitted
precisely with a function of Uoc = 0:12 − 0:41 × e−0:024v and
Isc = 0:46 − 0:53/ð1 + e0:042v−1:9Þ, respectively. The increase
in voltage and current output is caused by the changing

polarization degree of water at different moving speeds.
Whether it is moving to the left or right (the silicon wafer
moving speed is 150mm/s, and the water droplet volume is
50μL), the generator always generates a positive voltage of
0.12V from P-type silicon to N-type silicon, as shown in
Figure 2(c). Maintaining a constant wafer moving speed of
150mm/s, the output current increases positively with the
water droplet volume and reaches a maximum of 0.64μA at
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Figure 1: The structure schematic and carrier kinetics of the dynamic PN water junction generator. (a) The three-dimensional diagram of the
dynamic liquid-semiconductor junction structure generator, which consists of two semiconductors, Ti/Au electrodes, liquid, and PVC layer.
The curves of the (b) voltage generation and (c) current generation depends on time. Each peak of voltage and current stands for an
independent process of the water droplet movement. Schematic drawing showing the working mechanism and charge transport process of
the dynamic PN water junction generator under (d) contacted, (e) polarized, and (f) left and (g) right sliding states. The hole and electron
are represented in positive and negative sign, respectively. With the movement of water droplet, these interfacial holes and electrons are
released and generate directional current output, which shows the characteristics of isotropy in the moving direction and electricity.
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the volume of 150μL, as shown in Figure 2(d). The current
curve can be fitted precisely with an exponential function of
Isc = 0:66 − 0:66 × e−0:021V . The increase in the output
current is caused by the polarization of more water
molecules per unit time. However, the output voltage nearly
remains constant at 0:1175 ± 0:0125V with the increase of
water volume, as shown in Figure 2(e). We have explored
the contact angle of the water droplet on the PN junction.
As shown in Figure S3, the contact angle of the 50μL water
droplet with silicon is 35.9°, and the voltage output is
independent of the contact angle of water and silicon. This
constant voltage must be caused by the limitation of the
Fermi level difference between two semiconductors, which
will be explored later.

These system experiments confirm the output of the
dynamic water-semiconductor junction generator is positive
related to the degree of dynamic water polarization, which is
determined by its speed or volume and overcomes the limita-
tion of the moving direction of liquid, demonstrating the
proposed mechanism. To explore the stability of the device
against the environmental temperature and humidity, we
also have carried out experiments on the relationship
between the voltage of the dynamic PN water junction gener-
ator with the humidity and temperature of environment. As
shown in Figure S4, with the temperature increasing, the
voltage output of the dynamic PN water generator decreases,
which is caused by enhanced water polarization degree
under the higher temperature, but the voltage behaves
limited change in the humidity of 22%-54%, which indicates

that the humidity is ignorable for outputting electrical signal
in our dynamic PN water generator.

The energy band structure diagram of the static and
dynamic P-Si/water/N-Si structure is shown in Figure 3(a)
and (b). Water molecules at the water/semiconductor inter-
face are polarized as soon as the contact of water and semi-
conductor, under the Fermi level difference between the
water and semiconductors, as shown in Figure 3(a). And
the induced polarized charges make the energy band of the
water/silicon surface bend. Due to the boron or phosphorus
doping, the Fermi level of the P-type and N-type silicon is
near to the valence band and conduction band, respectively.
Simultaneously, the polarization also exists when the water
slides along the silicon. The polarized water works as a
moving dielectric medium in the dynamic junction, which
can largely protect the dynamic junction from sliding wear
of the interface. As shown in the band diagram of the
dynamic structure in Figure 3(b), the dynamic polarization
electrons and holes in the interface are rebound to N-type
and P-type semiconductors, respectively. During the
dynamic polarization process, the quasi-Fermi level of the
dynamic silicon-water-silicon junction is in a nonequilib-
rium state, which is different from the equilibrium Fermi
level of the static junction. The potential difference and
voltage output of the dynamic PN water generator are
highly correlated with the quasi-Fermi level difference of
the semiconductor electrodes.

So, the performance of dynamic silicon-water-silicon
generators with different Fermi level differences has been
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Figure 2: The output of the dynamic water-semiconductor junction generator. (a) The output voltage and (b) current depend on the speed of
silicon wafer moving, on the condition of water volume of 50 μL. (c) The curve of the voltage output when the silicon wafer moves to the left or
right at a speed of 150mm/s (water droplet volume is 50μL). The relationship between the water volume and the (d) output current, (e)
output voltage, when the silicon wafer moving speed is 150mm/s.
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measured. N-type silicon wafers with different resistivity of
0.001, 0.01, 0.5, 5, 50, 1000, and 10000Ω·cm are used, keep-
ing the resistivity of P-type silicon unchanged at
0.001Ω·cm in this experiment. The Fermi level of the N-
type silicon can be calculated with the formula below: [66].

EF−N ≈ Ei + kBT ln ND −NA

ni
, ð1Þ

σ = 1
ρ
≈ qnμn, ð2Þ

where Ei is the middle value of the band gap, kB is the
Boltzmann constant, T is the temperature, n is the electron
concentration, and p is the hole concentration. The ni is the
intrinsic carrier concentration of the semiconductor as large
as 1:5 × 1010 cm−3, μn is the electron mobility of the N-Si,
and σ and ρ are the conductivity and resistivity of the N-Si

we used, respectively. Therefore, the work function of the
N-type silicon with the different resistivity of 0.001, 0.01,
0.5, 5, 50, 1000, and 10000Ω·cm is 4.13, 4.17, 4.27, 4.32,
4.38, 4.46, and 4.52 eV, respectively. In the meantime, the
P-type silicon with the resistivity of 0.001Ω·cm is used as
the substrate, whose work function is 5.14 eV. So, the Fermi
level difference of the P-type silicon with different resistivity
is as high as 1.01, 0.97, 0.87, 0.82, 0.76, 0.68, and 0.62 eV here.
For the N-type silicon with the different resistivity, the output
voltage of the dynamic silicon-water-silicon generator is 0.30,
0.20, 0.14, 0.12, 0.10, 0.05, and 0.01V, respectively, under the
moving speed of 150mm/s and water volume of 50μL. It is
noteworthy that this voltage of devices with different Fermi
level differences is positive related to the corresponding
Fermi level differences, indicating that the Fermi level differ-
ence of semiconductors plays a key role in the voltage output
of the dynamic semiconductor-water-semiconductor junc-
tion generator, as shown in Figure 3(c). The detailed voltage
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output of the dynamic silicon-water-silicon generator with
different resistivity is shown in Figure S5. After inserting an
insulating layer of 10 nm HfO2, the output voltage is
enhanced to 0.17V, as shown in Figure S6, indicating the
barrier height of the junction interface is the key parameter
of the voltage output.

To prove the dynamic polarization of water molecules is
the origin of power generation in dynamic silicon-water-
silicon structure, different polar and nonpolar liquid are
further used to test the performance of the semiconductor-
liquid-semiconductor structure. As shown in Figure 3(d),
the polar liquid including water, ethylene glycol ((CH3OH)2),
and ethanol (C2H5OH) can generate voltage output of 0.12,
0.16, and 0.18V, respectively, with the moving speed of
150mm/s and liquid volume of 50μL. However, the nonpo-
lar liquid such as normal hexane (C6H14) cannot generate
any voltage output, verifying that the dynamic polarization
process of water is the key for the electricity output of the
dynamic semiconductor-water-semiconductor structure.

And the polarization process of liquid is related to its dielec-
tric constant. We assume that the Q is constant in the
dynamic semiconductor-liquid-semiconductor structure, so
the voltage can be calculated as below equation:

U =Q/C =Qd/ε0εrS, ð3Þ

Where Q is the quantity of electric charge, d is the
distance between two semiconductors, ε0 is the vacuum
permittivity, εr is the relative permittivity, and S is the area
of semiconductor. The relative permittivity of water,
(CH3OH)2, and C2H5OH is 78.3, 37.7, and 24.3, respectively.
As the voltage output is inversely proportional to the relative
permittivity of liquid, the dynamic semiconductor-C2H5OH-
semiconductor generator shows the best performance. So,
the liquid must be not fully polarized so the power generation
voltage is not high as expected, which requires for a system of
materials with larger Fermi levels. We also explore the
surface wettability of silicon with different liquid. As shown
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Figure 4: The electricity output and an application demo of the dynamic water-semiconductor junction generator. (a) Voltage and current
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in Figure S7, when the volume of the liquid is 50μL, the
contact angle of water, (CH3OH)2, C2H5OH, and C6H14 on
the Si substrate is 35.9°, 27.6°, 11.3°, and 8.8°, respectively,
indicating the surface wetting of the liquid also positive
related the electric output. We can further do some
hydrophilic treatment of the semiconductor substrate. In
consideration of the advantages of water droplet, such as
abundance and nonpolluting, water is still the most
potential in application.

Compared with the existing water droplet generator, this
dynamic PN water junction generator occupies the advan-
tage of sustainable direct-current generating without the
limitation of the moving direction. In order to verify the
potential application of such generator, the practical work
performance of the device under different load resistance
has been explored. As shown in Figure 4(a), the output of
current and voltage of device varies with the external load
resistance. With the increase of load resistance, the current
output decreases from 0.44μA to 0.08μA, and the voltage
output increases from 25.77mV to 112.12mV, respectively.
Then, the corresponding output of power can be calculated
by the product of work voltage and current, as shown in
Figure 4(b). According to the equivalent circuit of the device,
the maximum power of 22.9 nW has been achieved under the
external load resistance of around 390 kΩ, indicating the
internal resistance of the device is as high as 390 kΩ, which
is close to the static PN junction device. This low internal-
resistance property can largely reduce energy loss, indicating
its potential application in the circuit unit energy supply.

Furthermore, in order to reach the practical applications
requirement, a simple device demo of the semiconductor-
water-semiconductor sandwich structure has been realized.
A demo of this dynamic silicon-water-silicon generator
is shown in Figure 4(c), which consists of P-type
silicon, N-type silicon wafer, and water. Two silicon
wafers of 2-inch diameter are glued to the inner surface of a
circular plastic mold, and some water is encapsulated
between two semiconductors. With the shake of the plastic
mold, the water droplets slide freely between two semicon-
ductors and generate continuous direct-current voltage of
0.11V, as shown in Figure 4(d). This continuity and stability
voltage output with limited spikes indicates the potential
prospect of the dynamic PN water junction generator in the
field of wearable devices and the IoTs. In our further work,
the voltage output can be enhanced by designing some
microscale array structure or increasing the interfacial barrier
height by inserting other dielectric layer in this dynamic PN
water generator.

3. Conclusion

In this work, we have demonstrated a sustainable direct-
current generator base on the dynamic semiconductor-
liquid-semiconductor sandwich structure, which can harvest
the energy from the mechanical movement of water droplet.
The mechanism can be attributed to the dynamic polariza-
tion process of water as moving dielectric medium in the
dynamic PN water junction, under the Fermi level difference
of two semiconductors. During the movement of the water

droplet, the polarization balance is broken, and the induced
polarized charges are rebounded. Under the effect of the con-
tinuously dynamic polarized process, the induced polarized
electrons and holes are rebound to N-type and P-type semi-
conductors, respectively, forming sustainable direct-current
electricity. As a representative of the generator, a voltage as
high as 0.3V and current up to 0.64μA has been achieved
based on the silicon-water-silicon structure, with matched
internal resistance with the traditional PN junction-based
circuit units. As a proof of principle, an encapsulated porta-
ble power-generating device with continuous and stable
direct-current voltage as high as 0.11V has been realized,
providing a novel and promising way of harvesting widely
existed water droplet energy. This dynamic water-
semiconductor junction generator reveals the dynamic polar-
ization process in the water-semiconductor interface and
shows potential prospect in the field of wearable devices
and the IoTs.

4. Materials and Methods

4.1. Preparation of Silicon Wafers. Single polished N-type sil-
icon wafers with different resistivity are used in the experi-
ment, whose oxide layers are removed by being dipped into
10wt% HF for 5 minutes. Then water, acetone, and isopropyl
alcohol are used to clean up the surface before the electrode
fabrication. A layer of Ti with 10nm and a layer of Au with
50 nm are grown on the unpolished side of the silicon wafer
successively with a thermal evaporator, forming a natural
ohmic contact electrode with silicon after annealing in
350°C. The same method is applied to fabricate the ohmic
contact electrode of single polished P-type silicon wafer.

4.2. Physical Measurement Method. The speed of the semi-
conductor is explored in the electricity generating process.
In this experiment, moving water drop is recorded by a
high-speed camera from US Phantom called VEO 710 sys-
tem. Then, the speed is measured with an image processing
analysis software called Image-Pro Plus from American
MEDIA CYBERNETICS. Keithley 2010 multimeter is used
to measure the voltage and current of the generator with
the sampling rate of 25 s-1, which can be controlled by a
LabView-controlled data acquisition system.
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designed system for measuring the moving speed of dynamic
PN water junction generator. Figure S3. The contact angle of
the water droplet with silicon. Figure S4. The stability of the
device against the environmental temperature and humidity.
Figure S5. The detail effect of different N-type silicon resistiv-
ity on voltage output. Figure S6. Optimization by increasing
the interface barrier height. Figure S7. The contact angle of
water, (CH3OH)2, C2H5OH and C6H14 on the Si substrate,
indicating the surface wettability with different liquid.
(Supplementary Materials)

References

[1] D. M. Chapin, C. S. Fuller, and G. L. Pearson, “A new Siliconp‐
nJunction Photocell for converting solar radiation into electri-
cal power,” Journal of Applied Physics, vol. 25, no. 5, pp. 676-
677, 1954.

[2] Z. L. Wang and J. Song, “Piezoelectric Nanogenerators based
on zinc oxide nanowire arrays,” Science, vol. 312, no. 5771,
pp. 242–246, 2006.

[3] F.-R. Fan, Z.-Q. Tian, and Z. Lin Wang, “Flexible triboelectric
generator,” Nano Energy, vol. 1, no. 2, pp. 328–334, 2012.

[4] S. Lin, Y. Lu, J. Xu, S. Feng, and J. Li, “High performance gra-
phene/semiconductor van derWaals heterostructure optoelec-
tronic devices,” Nano Energy, vol. 40, pp. 122–148, 2017.

[5] S. Lin, L. Xu, A. Chi Wang, and Z. L. Wang, “Quantifying
electron-transfer in liquid-solid contact electrification and
the formation of electric double-layer,” Nature Communica-
tions, vol. 11, no. 1, p. 399, 2020.

[6] Z. Li, Q. Zheng, Z. L. Wang, and Z. Li, “Nanogenerator-based
self-powered sensors for wearable and implantable electron-
ics,” Research, vol. 2020, article 8710686, 25 pages, 2020.

[7] Y. Xuan, H. Chen, Y. Chen, H. Zheng, Y. Lu, and S. Lin, “Gra-
phene/semiconductor Heterostructure wireless energy har-
vester through hot Electron excitation,” Research, vol. 2020,
article 3850389, 8 pages, 2020.

[8] G. Chen, Y. Li, M. Bick, and J. Chen, “Smart textiles for elec-
tricity generation,” Chemical Reviews, vol. 120, no. 8,
pp. 3668–3720, 2020.

[9] J. Chen, Y. Huang, N. Zhang et al., “Micro-cable structured
textile for simultaneously harvesting solar and mechanical
energy,” Nature Energy, vol. 1, no. 10, article 16138, 2016.

[10] K. Meng, S. Zhao, Y. Zhou et al., “A wireless textile-based sen-
sor system for self-powered personalized health care,” Matter,
vol. 2, no. 4, pp. 896–907, 2020.

[11] N. Zhang, F. Huang, S. Zhao et al., “Photo-Rechargeable fab-
rics as sustainable and robust power sources for wearable bio-
electronics,” Matter, vol. 2, no. 5, pp. 1260–1269, 2020.

[12] C. Yan, Y. Gao, S. Zhao et al., “A linear-to-rotary hybrid nano-
generator for high-performance wearable biomechanical
energy harvesting,” Nano Energy, vol. 67, article 104235, 2020.

[13] L. Jin, X. Xiao, W. Deng et al., “Manipulating relative permit-
tivity for high-performance wearable triboelectric nanogenera-
tors,” Nano Letters, vol. 20, no. 9, pp. 6404–6411, 2020.

[14] Y. Zou, V. Raveendran, and J. Chen, “Wearable triboelectric
nanogenerators for biomechanical energy harvesting,” Nano
Energy, vol. 77, article 105303, 2020.

[15] Y. Zou, A. Libanori, J. Xu, A. Nashalian, and J. Chen, “Tribo-
electric Nanogenerator enabled smart shoes for wearable elec-
tricity generation,” Research, vol. 2020, article 7158953, 20
pages, 2020.

[16] B. Dong, Q. Shi, Y. Yang, F. Wen, Z. Zhang, and C. Lee, “Tech-
nology evolution from self-powered sensors to AIoT enabled
smart homes,” Nano Energy, vol. 79, article 105414, 2021.

[17] Q. Shi, B. Dong, T. He et al., “Progress in wearable electronic-
s/photonics—moving toward the era of artificial intelligence
and internet of things,” InfoMat, vol. 2, no. 6, pp. 1131–1162,
2020.

[18] L. Liu, Q. Shi, J. S. Ho, and C. Lee, “Study of thin film blue
energy harvester based on triboelectric nanogenerator and sea-
shore IoT applications,” Nano Energy, vol. 66, article 104167,
2019.

[19] H. Wang, H. Wu, D. Hasan, T. He, Q. Shi, and C. Lee, “Self-
powered dual-mode amenity sensor based on the water–air tri-
boelectric nanogenerator,” ACS Nano, vol. 11, no. 10,
pp. 10337–10346, 2017.

[20] Q. Shi, H. Wang, H. Wu, and C. Lee, “Self-powered triboelec-
tric nanogenerator buoy ball for applications ranging from
environment monitoring to water wave energy farm,” Nano
Energy, vol. 40, pp. 203–213, 2017.

[21] Q. Shi, H. Wang, T. Wang, and C. Lee, “Self-powered liquid
triboelectric microfluidic sensor for pressure sensing and fin-
ger motion monitoring applications,” Nano Energy, vol. 30,
pp. 450–459, 2016.

[22] M. Faraday, “On a peculiar class of acoustical figures; and on
certain forms assumed by groups of particles upon vibrating
elastic surfaces,” Philosophical Transactions of the Royal Soci-
ety of London, vol. 121, pp. 299–340, 1831.

[23] S. P. Beeby, R. N. Torah, M. J. Tudor et al., “A micro electro-
magnetic generator for vibration energy harvesting,” Journal
of Micromechanics and Microengineering, vol. 17, no. 7,
pp. 1257–1265, 2007.

8 Research

http://downloads.spj.sciencemag.org/research/2021/7505638.f1.docx


[24] P. Kral and M. Shapiro, “Nanotube electron drag in flowing
liquids,” Physical Review Letters, vol. 86, no. 1, pp. 131–134,
2001.

[25] S. Ghosh, A. K. Sood, and N. Kumar, “Carbon nanotube flow
sensors,” Science, vol. 299, no. 5609, pp. 1042–1044, 2003.

[26] S. Ghosh, A. Sood, S. Ramaswamy, and N. Kumar, “Flow-
induced voltage and current generation in carbon nanotubes,”
Physical Review B, vol. 70, no. 20, p. 205423, 2004.

[27] B. N. J. Persson, U. Tartaglino, E. Tosatti, and H. Ueba, “Elec-
tronic friction and liquid-flow-induced voltage in nanotubes,”
Physical Review B, vol. 69, no. 23, p. 235410, 2004.

[28] J. Yin, Z. Zhang, X. Li, J. Zhou, and W. Guo, “Harvesting
energy from water flow over Graphene?,” Nano Letters,
vol. 12, no. 3, pp. 1736–1741, 2012.

[29] J. Yin, X. Li, J. Yu, Z. Zhang, J. Zhou, andW. Guo, “Generating
electricity by moving a droplet of ionic liquid along graphene,”
Nature Nanotechnology, vol. 9, no. 5, pp. 378–383, 2014.

[30] H. K. Zhong, X. Q. Li, Z. Q. Wu et al., “Two dimensional gra-
phene nanogenerator by coulomb dragging: moving van der
Waals heterostructure,” Applied Physics Letters, vol. 106, p. 4,
2015.

[31] Q. Tang and P. Yang, “The era of water-enabled electricity
generation from graphene,” Journal of Materials Chemistry
A, vol. 4, no. 25, pp. 9730–9738, 2016.

[32] H. Zhong, Z. Wu, X. Li et al., “Graphene based two dimen-
sional hybrid nanogenerator for concurrently harvesting
energy from sunlight and water flow,” Carbon, vol. 105,
pp. 199–204, 2016.

[33] S. S. Kwak, S. Lin, J. H. Lee et al., “Triboelectrification-Induced
large electric power generation from a single moving droplet
on Graphene/Polytetrafluoroethylene,” ACS Nano, vol. 10,
no. 8, pp. 7297–7302, 2016.

[34] Z. H. Lin, G. Cheng, L. Lin, S. Lee, and Z. L. Wang, “Water-
Solid surface contact electrification and its use for harvesting
liquid-wave energy,” Angewandte Chemie International Edi-
tion, vol. 52, no. 48, pp. 12545–12549, 2013.

[35] Z. H. Lin, G. Cheng, S. Lee, K. C. Pradel, and Z. L. Wang,
“Harvesting water drop energy by a sequential contact-
electrification and electrostatic-induction process,” Advanced
Materials, vol. 26, no. 27, pp. 4690–4696, 2014.

[36] G. Zhu, Y. Su, P. Bai et al., “Harvesting water wave energy by
asymmetric screening of electrostatic charges on a nanostruc-
tured hydrophobic thin-film surface,” ACS Nano, vol. 8, no. 6,
pp. 6031–6037, 2014.

[37] Y. Wang, S. Gao, W. Xu, and Z. Wang, “Nanogenerators with
Superwetting surfaces for harvesting water/liquid energy,”
Advanced FunctionalMaterials, vol. 30, no. 26, p. 1908252, 2020.

[38] Z. Zhang, X. Li, J. Yin et al., “Emerging hydrovoltaic technol-
ogy,” Nature Nanotechnology, vol. 13, no. 12, pp. 1109–1119,
2018.

[39] G. Xue, Y. Xu, T. Ding et al., “Water-evaporation-induced
electricity with nanostructured carbon materials,” Nature
Nanotechnology, vol. 12, no. 4, pp. 317–321, 2017.

[40] X. Li, J. Tao, X. Wang, J. Zhu, C. Pan, and Z. L. Wang, “Net-
works of High Performance Triboelectric Nanogenerators
Based on Liquid-Solid Interface Contact Electrification for
Harvesting Low-Frequency Blue Energy,” Advanced Energy
Materials, vol. 8, no. 21, article 1800705, 2018.

[41] Y. Han, Z. Zhang, and L. Qu, “Power generation from
graphene-water interactions,” Flatchem, vol. 14, p. 100090,
2019.

[42] W. Xu, H. Zheng, Y. Liu et al., “A droplet-based electricity
generator with high instantaneous power density,” Nature,
vol. 578, no. 7795, pp. 392–396, 2020.

[43] Q. Yuan and Y.-P. Zhao, “Hydroelectric voltage generation
based on water-filled single-walled carbon nanotubes,” Journal
of the American Chemical Society, vol. 131, no. 18, pp. 6374–
6376, 2009.

[44] J. Guo, J.-T. Lu, Y. Feng et al., “Nuclear quantum effects
of hydrogen bonds probed by tip-enhanced inelastic elec-
tron tunneling,” Science, vol. 352, no. 6283, pp. 321–325,
2016.

[45] J. Guo, X. Z. Meng, J. Chen et al., “Real-space imaging of inter-
facial water with submolecular resolution,” Nature Materials,
vol. 13, no. 2, pp. 184–189, 2014.

[46] Z. Hao, T. Jiang, Y. Lu et al., “Co-harvesting light and mechan-
ical energy based on dynamic metal/Perovskite Schottky junc-
tion,” Matter, vol. 1, no. 3, pp. 639–649, 2019.

[47] S. S. Lin, Y. H. Lu, S. R. Feng, Z. Z. Hao, and Y. F. Yan, “AHigh
Current Density Direct-Current Generator Based on a Moving
van der Waals Schottky Diode,” Advanced Materials, vol. 31,
no. 7, article 1804398, 2019.

[48] S. Lin, R. Shen, T. Yao et al., “Surface States Enhanced
Dynamic Schottky Diode Generator with Extremely High
Power Density Over 1000 W.m-2,” Advanced Science, vol. 6,
no. 24, article 1901925, 2019.

[49] Y. Lu, S. Feng, R. Shen et al., “Tunable dynamic black phos-
phorus/insulator/Si Heterojunction direct-current generator
based on the hot Electron transport,” Research, vol. 2019, arti-
cle 5832382, 10 pages, 2019.

[50] Y. H. Lu, Z. Z. Hao, S. R. Feng, R. J. Shen, Y. F. Yan, and S. S.
Lin, “Direct-Current Generator Based on Dynamic PN Junc-
tions with the Designed Voltage Output,” iScience, vol. 22,
pp. 58–69, 2019.

[51] Y. Lu, Q. Gao, X. Yu et al., “Interfacial built-in electric field-driven
direct current generator based on dynamic silicon Homojunc-
tion,” Research, vol. 2020, article 5714754, 9 pages, 2020.

[52] H. Shao, J. Fang, H. Wang, L. Dai, and T. Lin, “Polymer-Metal
Schottky contact with direct-current outputs,” Advanced
Materials, vol. 28, no. 7, pp. 1461–1466, 2016.

[53] J. Liu, A. Goswami, K. Jiang et al., “Direct-current triboelec-
tricity generation by a sliding Schottky nanocontact on MoS2
multilayers,” Nature Nanotechnology, vol. 13, no. 2, pp. 112–
116, 2018.

[54] J. Liu, M. Miao, K. Jiang et al., “Sustained electron tunneling at
unbiased metal-insulator-semiconductor triboelectric con-
tacts,” Nano Energy, vol. 48, pp. 320–326, 2018.

[55] M. Kim, S. H. Kim,M. U. Park et al., “MoS2 triboelectric nano-
generators based on depletion layers,” Nano Energy, vol. 65,
p. 104079, 2019.

[56] X. Huang, L. Lin, and Q. Zheng, “Theoretical study of super-
lubric nanogenerators with superb performances,” Nano
Energy, vol. 70, p. 104494, 2020.

[57] M. Zheng, S. Lin, L. Xu, L. Zhu, and Z. L. Wang, “Scanning
probing of the Tribovoltaic effect at the sliding Interface of
two semiconductors,” Advanced Materials, vol. 32, no. 21,
p. 2000928, 2020.

[58] Z. Zhang, D. Jiang, J. Zhao et al., “Tribovoltaic effect on metal-
semiconductor Interface for direct-current low-impedance
Triboelectric Nanogenerators,” Advanced Energy Materials,
vol. 10, no. 9, p. 1903713, 2020.

9Research



[59] Z. Zhang, T. He, J. Zhao, G. Liu, Z. L. Wang, and C. Zhang,
“Tribo-thermoelectric and tribovoltaic coupling effect at
metal-semiconductor interface,” Materials Today Physics,
vol. 16, p. 100295, 2020.

[60] M. Wang, J. Duan, X. Yang, Y. Wang, Y. Duan, and Q. Tang,
“Interfacial electric field enhanced charge density for robust
triboelectric nanogenerators by tailoring metal/perovskite
Schottky junction,” Nano Energy, vol. 73, p. 104747, 2020.

[61] S. Ferrie, N. Darwish, J. J. Gooding, and S. Ciampi, “Harnes-
sing silicon facet-dependent conductivity to enhance the
direct-current produced by a sliding Schottky diode triboelec-
tric nanogenerator,” Nano Energy, vol. 78, p. 105210, 2020.

[62] Y. Lu, Y. Yan, X. Yu et al., “Direct-Current Generator Based on
Dynamic Water-Semiconductor Junction with Polarized
Water as Moving Dielectric Medium,” 2020, https://arxiv
.org/abs/2008.05433.

[63] Y. Yan, X. Zhou, S. Feng et al., “DC electricity generation from
dynamic polarized water-semiconductor interface,” 2020,
https://arxiv.org/abs/2007.04556.

[64] Y. Huang, H. Cheng, C. Yang et al., “Interface-mediated
hygroelectric generator with an output voltage approaching
1.5 volts,” Nature Communications, vol. 9, no. 1, p. 4166, 2018.

[65] L. Xiang, P. Zhang, C. Liu et al., “Conductance and configura-
tion of molecular gold-water-gold junctions under electric
fields,” Matter, vol. 3, no. 1, pp. 166–179, 2020.

[66] S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, John
wiley & sons, 2006.

10 Research

https://arxiv.org/abs/2008.05433
https://arxiv.org/abs/2008.05433
https://arxiv.org/abs/2007.04556

	Polarized Water Driven Dynamic PN Junction-Based Direct-Current Generator
	1. Introduction
	2. Results and Discussion
	3. Conclusion
	4. Materials and Methods
	4.1. Preparation of Silicon Wafers
	4.2. Physical Measurement Method

	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

