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Abstract
Silicon-based solar cell is by far the most established solar cell technology. The surface of a Si solar
cell is usually covered by a layer of transparent material to protect the device from environmental
damages/corrosions. Here, we replaced this protection layer by a transparent triboelectric
nanogeneartor (TENG), for simultaneously or individually harvesting solar and raindrop energy when
either or both of them are available in our living environment. The TENG is made of a specially
processed polytetrafluoroethylene (PTFE) film, an indium tin oxide (ITO) and a polyethylene
terephthalate (PET) layer. Under solar light irradiation (12 W/m2) in a rainy day, the fabricated
high-efficiency solar cell provides an open-circuit (Voc) of 0.43 V and short-circuit current density (Jsc)
of 4.2 A/m2. And the TENG designed for collection of raindrop energy gives an AC Voc of 30 V and Jsc
of 4.2 mA/m2 when impacted by water drops at a dripping rate of 0.116 ml/s. In rainy days, the
performance of solar cell decreased greatly, while TENG can be a good compensation as for green
energy harvesting. From these results, we can see that the hybrid cell formed by a solar cell and a
water-drop TENG have great potential for simultaneously/individually harvesting both solar energy
and raindrop electrostatic energy under different weather conditions, especially in raining season.
Published by Elsevier Ltd.
014.07.024
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Introduction

Energy crisis and environmental pollution have been the
main challenges for a sustainable development of the world
[1,2]. Harvesting energy from the natural environment such
as solar [3,4], wind [5], biomass energy [6], mechanical
vibration [7,8] and wasted heat [9,10], has attracted great
interest in academic research in the past decades. Silicon
based solar cells gradually become the most widely used
commercial technology for large scale harvesting of solar
energy because of its low cost and superior performance
[11]. However, low conversion efficiency is still the main
limiting factor for current technologies. A large portion of
energy loss during solar-cell operation is attributed to the
loss of incoming light by reflection [12]. To reduce the
reflection loss, surface texturing [13–15] such as fabrication
of various surface pyramid structures is often used to
enhance light trapping by multiplying the internal reflec-
tions [13]. On the other hand, the solar cell panels have to
be placed in ambient harsh environment with contamina-
tions, corrosions, and varying weather conditions. In sunny
days, solar cells can provide much electricity through
photovoltaic effects. But in rainy days/season and night,
the output of solar cells maybe largely suppressed or even
vanished.

Currently, triboelectric nanogenerator (TENG) based on
contact electrification and electrostatic induction effect has
been developed to convert various forms of mechanical
energy in the environment into electricity [16–21]. When
two material surfaces with opposite triboelectric polarities
are periodically contacted and separated, a periodic poten-
tial difference between the two electrodes on their backs
varies, which drives electrons to flow through the external
circuit and generate an AC electrical output [22]. Recently,
triboelectrification on the water/solid [23] and water/air [24]
interfaces are used to develop a new type of TENG, which
demonstrates promising applications for harvesting energy
from ocean wave, tide, and rain water in the environment
[25,26].

In practical applications, the surface of a solar cell is
usually covered by a layer of transparent material to protect
the device from environmental damages/corrosions. Since a
water-drop TENG can be fabricated using highly transparent
polymer materials, we could just replace the regular protec-
tion layer on solar panel using a specially designed and
processed transparent polymer layer, to achieve the dual
function of being a protection layer and a TENG. In this paper,
we demonstrated a hybrid energy cell that consists of a
specially designed micropyramidal Si solar cell and a water-
drop TENG for simultaneously/individually harvesting both
solar and raindrop electrostatic energy.

Experimental section

Fabrication of Si solar cell with micropyramids

The Si substrate used was a single-crystal, p-type float-zone
substrate with a thickness of 300 μm. The textured Si
surface with micropyramids was created by KOH etching.
The wafer was then cleaned to remove surface organic and
metallic contaminants, followed by POCl3 diffusion to form
the n+-emitter. A diffusion temperature of 1133 K was used
to obtain a 65 Ω/sq emitter. The wafer was then coated
with 80 nm SiN via a plasma-enhanced chemical vapor
deposition reactor. The SiN film serves as a passivation
and antireflection coating layer for the device. After that,
the screen-printed n+–p–p+ junction solar cell was fabri-
cated. An Al paste was screen-printed on the backside of
the Si substrate and dried at 473 K. Ag grids were then
screen-printed on top of the Si substrate, followed by
cofiring of both the Ag and Al contacts. An ITO top electrode
with 300 nm thickness was coated by PVD 75 RF sputter.

Fabrication of the superhydrophobic PTFE thin film

First, microstructures were fabricated by blasting an Al foil
with sand particles using compressed air. The sand-blasted
Al foil was further anodized in a 0.3 M oxalic acid solution to
obtain an anodic Al oxide (AAO) template with nanometer-
sized holes. An SEM image of the AAO template is shown in
Figure S2, where the average diameter of the holes in AAO
template is about 46 nm. Then after using a self-assembled
monolayer of a heptadecafluoro-1,1,2,2-tetrahydrodecyl
trichlorosilane (HDFS) to lower the surface energy of the
AAO template, PTFE solvent was poured into the AAO
template and a conventional vacuum process was applied
to remove the air remaining in the nanoholes. After curing
at the ambient temperature for one day, the solvent was
evaporated and a PTFE thin film was left with hierarchical
nanostructures. Finally, the PTFE thin film was peeled off
from the AAO template by using a transparent double-
sided tape.

Fabrication of hybrid cell

A commercial ITO film with thickness of 100 nm and PET thin
layer was used as the electrode for water-drop TENG, and
then a PTFE thin film was attached onto the ITO surface,
thus a water-drop TENG was fabricated. Then the fabri-
cated water-drop TENG was put onto the surface of Si-based
solar cell. Finally, some PDMS mixture with elastomer and
cross-linker (Sylgard 184, Dow corning) mixed in a 10:1 mass
ratio was used to seal all the electrodes of the device to
prevent it from water.

Measurement of hybrid cell

The solar cell efficiency was characterized under the light
illumination intensity of 1000 W/m2. The I–V curves of
Si-based solar cell before and after integrating the
water-drop TENG was measured by using a Keithley 4200
semiconductor characterization system. The spectra trans-
mittance of the TENG was measured by a UV–vis spectro-
photometer (V-630). In the electric output measurement of
the TENG, the water drops were sprayed by a shower which
was connected to a household faucet and the water dripping
rate was controlled by the knob of the shower. The current
meter (SR570 low noise current amplifier, Stanford Research
System) and voltage meter (6514 system electrometer,
Keithley) were used to measure the electric output of the
water-drop TENG.



293Silicon-based hybrid cell
Results and discussion

A schematic diagram of the fabricated hybrid energy cell is
shown in Figure 1a, which is a fully integrated device
constructed by a Si-based solar cell and a water-drop TENG.
The bottom part is a Si-based solar cell with micropyramids
composed of an Al film electrode, a p+ back surface field
layer, a p-type Si bulk layer, a n+ emitter layer, SiN film, Ag
grids, and an ITO film electrode [13]. A photograph of
the fabricated Si solar cell is shown in Figure S1. The
micropyramid surface morphology is designed to enhance
absorption and suppress reflectance of the incoming light.
This part can also be any kind of solar cell depending
on application. The top part is a single-electrode-based
water-drop TENG. The superhydrophobic PTFE thin film was
fabricated by using a homemade porous anodic Al oxide
(AAO) template, where the average diameter of the holes is
about 46 nm (Figure S2). Detailed fabrication process of the
Si solar cell, water-drop TENG and hybrid energy cell are
described in the Experimental section. Figure 1b shows a
scanning electron microscopy (SEM) image of the Si solar
cell surface, indicating that the surface is micropyramidal
with sizes from 1 to 10 μm. Figure 1c shows a SEM image of
the prepared PTFE film. It is clearly shown that the surface
of the PTFE film is composed of high-density nanorods. The
average length and diameter of the nanorods are around
365 nm and 46 nm, respectively. The high-density nanorod
structures will contain trapped air and reduce the actual
Figure 1 (a) Schematic diagram of the fabricated hybrid energy
surface with micro/nanostructured pyramids. Inset is a SEM image
image of the PTFE thin film with hierarchical nanostructures. Inset is
is superhydrophobic. (d) J–V curves of the Si solar cell covered w
intensity of 1000 W/m2.
contact area between the surface and water, contributing
to superhydrophobicity [27]. The inset in Figure 1c shows a
incident angle of 1691 of the fabricated PTFE film, confirm-
ing the surface is superhydrophobic (41501) [28].

The J–V curves in Figure 1d show the output performance
of the fabricated Si solar cell before and after integrating
with the water-drop TENG. Under the solar light irradiation
(1000 W/m2), the open-circuit voltage (Voc) and the short-
circuit current density (Jsc) of the Si solar cell are around
0.6 V and 350 A/m2, respectively. The corresponding energy
conversion efficiency is up to 16%, which is much higher
than the reported Si nanowire heterojunction solar cells
[11]. The spectra transmittance of the water-drop TENG is
shown in Figure S3, which clearly indicates that the water-
drop TENG is highly transparent and nearly has no light
absorption in the visible light region. After integrating
the water-drop TENG on the top, the conversion efficiency
of the solar cell under the same solar light irradiation
was found to have a little decrease from 16% to 14%.
Although this slight drop in efficiency is not favored, it is
an indispensable process in real applications because the
silicon surface has to be covered by a layer of transparent
thin film for protection purpose any way. Our design here is
simply replacing the cover layer by a transparent TENG
without affecting the performance of the original solar cell.
It is worth noting that the superhydrophobicity of PTFE thin
film will also enhance automatically the cleaning effect of
solar cell surface, which will clean some particles falling on
cell. (b) SEM image of the fabricated silicon-based solar cell
of the solar cell surface taken from a 201 tilted angle. (c) SEM
the incident angle of the PTFE thin film indicating that the film
ith and without water-drop TENG under the light illumination
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the surface and always provide a transparent protection
layer, maintaining the standard conversion efficiency of the
solar cell.

The working mechanism of the water-drop TENG is based
on a sequential process of contact-electrification and
electrostatic induction (Figure 2). For the purpose of
applying this technique in real life, we design such a
water-drop TENG to be operated in a single-electrode mode
[29]. As previous studies have pointed out, when a water
drop falls from the sky or flows through an insulating tube, it
will generate electrostatic charges due to the contact
electrification with air, tube, or drifting particles [30–32].
The charges on the water drop surface could be positive or
negative depending on the materials that the water drop
interacted with. For simplification, we randomly choose
several positively charged water drops to illustrate the
dynamic process of energy transformation. As the positively
charged water drops are reaching the PTFE film, a positive
electric potential is established between the ITO electrode
of PTFE film and the ground. In the short-circuit case, the
electric potential difference (EPD) will drive the electrons
transferring from the ground to the ITO electrode and thus
generate an instant positive current until the EPD is
decreased to zero. When the water drops leave the PTFE
film with their positive tribo-charges, a negative electric
potential is created between the ITO electrode and the
ground. As a consequence, the electrons will flow from the
Figure 2 Scheme of the working mechanism of water-drop TENG
mechanism is based on a sequential process of the contact electrifi
ITO electrode to the ground and generate an instant
negative current until the EPD becomes zero. Therefore,
the charge density on the water drop surface is a key factor
to determine the magnitude of the electric output. If the
water drops contact and leave the PTFE film periodically,
continuous electric output can be provided.

To measure the electric output of the water-drop TENG, a
shower nozzle is connected to a household faucet to spray
water drops to simulate raindrops. The distance between
the outlet of water drops and the TENG surface is 40 cm.
And the water dripping rate is controlled at 0.116 ml/s. The
typical output of Voc and Jsc curves of the water-drop TENG
are shown in Figure 3a and b, and their magnification curves
are shown in the insets. The Voc and Jsc values of the TENG
are around 30 V and 4.2 mA/m2, respectively. There is a
random fluctuation of the electric output of TENG in
Figure 3a and b. It is due to the fact that for plenty of
water drops which fall randomly on the PTFE film sur-
face, not all the drops can reach or leave the PTFE film
simultaneously. The positive Voc value of the TENG indicates
that the water drops flowing from the household faucet are
positively charged, which is in good accordance with our
previous report [24]. As the currently proposed working
mechanism indicates, the positive and negative current
peaks correspond to the processes of the contact and leave
of the positively charged water drops on the TENG surface
[25], respectively. From the inset of Figure 3b, we can
for water drop electrostatic energy harvesting. The working
cation and electrostatic induction.



Figure 3 (a) Output voltage and (b) output current density of water-drop TENG for water drop electrostatic energy harvesting.
(c and d) The dependences of (c) output voltage (blue), output current density (red) and (d) instantaneous power density (purple) on
the resistance of the external load.
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observe that the positive current peak is higher than the
negative current peak, revealing the removal process of the
water drops on TENG surface requires a longer time than
that of the contact process. This is due to the fact that the
water drops in air fall freely onto the surface while the
drops on the surface need slide to drip off, while sliding
takes a longer time than free falling. Under the same
experimental conditions, the output Jsc of water-drop TENG
decreased sharply when replacing the PTFE film with a
hydrophilic nylon film (Figure S4). This result shows that
superhydrophobic surface plays a significant role for the
prompt removal of the water drops on TENG surface and can
enhance the electric output of water-drop TENG.

For a comprehensively characterization of the demonstrated
water-drop TENG as a power source, the output voltage
and current density of the water-drop TENG at various load
resistances ranging from 10 Ω to 1 GΩ were measured. And the
corresponding output power density at each resistance was
calculated using P/A=IloadVload/A=JloadVload, where A is the
surface area of the water-drop TENG and Jload is the current
density generated from water TENG. As shown in Figure 3c, at
the range below 0.1 MΩ, both output voltage and current
density only have little variation from the short-circuit condi-
tion. Then, an increase of the resistance beyond 1 MΩ will lead
to the increase of the voltage and the decrease of the current
density. Therefore, the instantaneous output power density on
the load remains small when the resistance is below 0.1 MΩ and
reaches the maximum value of 170 mW/m2 at a resistance of
10 MΩ (Figure 3d).
We design such a hybrid energy cell aiming to apply it in
real practical application on the widely used roof solar
panels, so the influence of incident angle on the output
performance of water-drop TENG is highly worth investigat-
ing, where the incident angle θ is between water dripping
direction and TENG surface (inset of Figure 4a). Figure 4a
and b shows the measured Jsc and Voc of the water-drop
TENG at different incident angle ranging from 101 to 801,
respectively. The summarized relationships between Jsc, Voc
and the incident angle θ are shown in Figure 4c and d. When
the incident angle was set from 101 to 451, the measured
output Jsc and Voc changed from 1.7 mA/m2 and 5.7 V to
4.2 mA/m2 and 21.6 V, respectively. With the increase of
incident angle, Jsc and Voc first increase linearly until θ
reaches 301, then keep constant until θ reaches 601, and
then decrease linearly with the increase of θ. When θ is
small, the effective contact surface area between water
drops and TENG is small in the same experimental condi-
tions, thus the amount of water drops falling on TENG
surface in unit time is relatively small, which leads to small
output Jsc and Voc of TENG. On the other hand, with a large
incident angle such as 801, water drops that have fallen on
the TENG surface cannot flow away from the surface quickly
due to the nearly horizontal TENG surface, which will leave
a thin layer of water in some area of the surface and this
layer will screen the electrostatic induction effect between
the charged water drops and the ground to a certain extent.
So the output current and voltage decreased when θ was set
at more than 601. Due to the relatively large contact area



Figure 4 Influence of the incident angle on the output performance of water-drop TENG, where angle θ is between water dripping
direction and the surface of TENG. The measured (a) output current density and (b) output voltage under different θ from 101 to 801.
(c) The summarized relationship between the output current density and the incident angle θ. (d) The summarized relationship
between the output voltage and the incident angle θ.
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and largely tilted degree for the water drops to slide away
from the surface, the angle range of 30–601 is suitable for
good output performance of water-drop TENG. The experi-
mental results here reveal that water-drop TENG should be
fixed at a certain tilted angle to obtain good output
performance. On the other hand, previous studies have
shown that roof solar panels are always installed at a
certain tilted degree to capture much more incoming sun-
light, which is determined by the latitude of location
[33,34]. To obtain an optimal output of the designed hybrid
cell which is constituted by solar cell and water-drop TENG,
the requirements for tilted angle in both solar cell panel
and TENG is in good accordance, indicating that water-drop
TENG can be integrated with solar cell panels in real
industrial application in the near future.

To investigate the relationship between the output per-
formance of the water-drop TENG with rainfall precipitation,
water drops sprayed from a shower is used to simulate
the raindrops. Figure 5a shows the output current density
of the water-drop TENG generated under water impacting at



Figure 5 (a) The output current density of water-drop TENG generated by water drops at different dripping rates. The
dependences of (b) instantaneous output power density and (c) average output power density of TENG on water dripping rate.
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different dripping rate from 0.064 ml/s to 0.116 ml/s. With
the increase of water dripping rate, the magnitude of current
peaks decrease while the density of the current peaks
increase. Considering the real physical process of current
generation, when large amounts of water drops randomly fall
onto and slide away from TENG surface, there will be some
fluctuating compensation between the fall and removal of
the charged water drops. As a result, the current peaks
decrease while the peak density increase due to the increase
of frequency of contact and removal of water drops on TENG
surface. The instantaneous and average output power density
of the water-drop TENG under different water dripping rate
is calculated by P/A= I2R/A and P=A¼ R

I2Rdt=ΔtA, and their
corresponding curves are shown in Figure 5b and c, respec-
tively. It is clearly shown from Figure 5b and c that when
water dripping rate changed from 0.064 to 0.318 ml/s, the
instantaneous output power density decreased from 1200
to 52 mW/m2, while the average power density increased
from 5.4 to 16.34 mW/m2. These results are also due to
the increase of amount of water drops and the increase of
frequency of contact and removal of water drops on TENG
surface.

Figure 6a represents the output Voc of Si solar cell under a
room light irradiation (2 W/m2) and water-drop TENG under
water dripping at a rate of 0.116 ml/s. It is clearly shown
the water-drop TENG can provide a much higher output Voc
than the Si solar cell. When the fabricated Si solar cell and
the rectified TENG device are connected in series, the
hybrid cell can harvest both solar energy and rain-drop
energy and always provide an electric output in different
weather conditions. For practical application in charging a
commercial capacitor, the rectified outputs from water-
drop TENG and Si solar cell are connected in parallel (inset
of Figure 6b). Upon charging a 33 μF capacitor, the fabri-
cated solar cell under a light intensity of 1000 W/m2 was
first used and the capacitor can only be charged to 0.6 V but
cannot be further charged to higher voltage. Then the
rectified TENG under a water dripping rate of 0.116 ml/s
was used to charge the same capacitor, it took 530 s to
charge the capacitor to a voltage of 3.5 V and the corre-
sponding curves are shown in Figure 6b. This result implies
that the water-drop TENG can compensate the disadvan-
tages of solar cell in voltage output. The rectified output of
the water-drop TENG is also demonstrated to power 10
commercial green LEDs directly (Fig. 6c and d). Figure 6e
illustrates the dependences of the estimated output power
by a water-drop TENG, solar cell and hybrid cell on
their surface area under a normal room light irradiation of
2 W/m2 and a water dripping rate of 0.116 ml/s. Under such
room light, the fabricated solar cell can only provide
a Voc of 0.32 V, Jsc of 0.9 A/m2 and output power of
0.21 W/m2, thus we can see that the output performance
of solar cell decreased greatly compared with the output
(160 W/m2) under a full sun condition. It is worth noting



Figure 6 (a) Output voltage of the fabricated Si solar cell, hybrid cell, and water-drop TENG. (b) The measured voltage of a 33 μF
capacitor charged by the solar cell and water-drop TENG consequently. (c) The diagram of the rectifying circuit used by TENG to
charge LED bulbs or to charge a capacitor. (d) The photography of 10 commercial LED bulbs driven by water-drop TENG at a dripping
rate of 0.116 ml/s. (e) Dependences of estimated output power of water-drop TENG, solar cell and hybrid cell on their surface area
under normal room light irradiation (2 W/m2).
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here that a full sun condition is a realistic case because all
of the solar panels have to utilize normal sunlight at various
weather conditions. While the water-drop TENG under a
water dripping rate of 0.116 ml/s can provide an average
output power of 16.31 mW/m2. The theoretical calculation
results indicate that water-drop TENG can be a good power
source especially in rainy day and night. If the water-drop
TENG can be largely applied upon the surface of commercial
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roof solar panels, then without affecting the output perfor-
mance of solar cell, a water-drop TENG with surface area of
614 m2 under a dripping rate of 0.116 ml/s can light up a
commercial electricity-saving lamp at a standard horse-
power of 10 W. Generally speaking, a separate house in USA
often has a roof area more than 1000 m2. If the roof is
covered by integrated hybrid cell panels, then in theory, a
commercial lamp of 10 W can be easily lighted up by water
impacting in a heavy rainy night. This performance can be
largely improved by optimized design and choice of materi-
als. And more importantly, the generated electricity by the
water-drop TENG can work together with the solar cells and
can be stored in batteries for providing constant electricity
output. This result shows great potential of hybrid cell in
real industrial applications for green energy harvesting.
Conclusions

In summary, we have developed a novel hybrid energy cell
that consists of a specially processed Si-based solar cell and
a special water-drop TENG, which can be used to simulta-
neously/individually harvest both solar and raindrop elec-
trostatic energy. The bottom solar cell device was designed
by using a Si micropyramid n+–p–p+ junction, which can
provide an output voltage of 0.6 V and output current
density of 350 A/m2 under a light intensity of 1000 W/m2.
And the TENG designed for collection of raindrop energy
gives an Voc of 30 V and Jsc of 4.2 mA/m2 when impacted by
water drops at a dripping rate of 0.116 ml/s. The transpar-
ent TENG can not only be a protection layer of solar cell,
but also a very good complementary energy harvester. The
dependence of the output performance of water-drop TENG
on incident angles were studied, indicating that the TENG
can be applied in widely-used roof solar panels with tilted
degree. The relationship between the output power and
rainfall precipitation was also studied, showing that a
surface area of 614 m2 of hybrid cell can theoretically light
up a commercial lamp at a horsepower of 10 W only by rain
dripping. Although the output power is still low, such a
hybrid cell paves a new way to simultaneously/individually
harvest multimode energies such as solar and raindrop
electrostatic energy. As for harvesting green energy from
the natural environment, this prototype of hybrid cell has
great potential applications in commercial roof solar cell
panels in the near future.
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