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ABSTRACT: Solar cells, as promising devices for converting light into
electricity, have a dramatically reduced performance on rainy days. Here,
an energy harvesting structure that integrates a solar cell and a triboelectric
nanogenerator (TENG) device is built to realize power generation from
both sunlight and raindrops. A heterojunction silicon (Si) solar cell is
integrated with a TENG by a mutual electrode of a poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) ﬁlm. Regarding the solar cell, imprinted PEDOT:PSS is used to reduce light
reﬂection, which leads to an enhanced short-circuit current density. A
single-electrode-mode water-drop TENG on the solar cell is built by
combining imprinted polydimethylsiloxane (PDMS) as a triboelectric
material combined with a PEDOT:PSS layer as an electrode. The
increasing contact area between the imprinted PDMS and water drops
greatly improves the output of the TENG with a peak short-circuit current
of ∼33.0 nA and a peak open-circuit voltage of ∼2.14 V, respectively. The hybrid energy harvesting system integrated
electrode conﬁguration can combine the advantages of high current level of a solar cell and high voltage of a TENG device,
promising an eﬃcient approach to collect energy from the environment in diﬀerent weather conditions.
KEYWORDS: integrated device, silicon solar cell, triboelectric nanogenerator, energy harvesting, shared electrode conﬁguration
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both solar and raindrop energy. These devices achieve a
promising energy collection in rainy conditions. However, these
works merely put a pseudocapacitor or nanogenerator on a
solar cell, which is not a compact device. Two independent
energy harvesting units are separated by an insulating layer
(polyethylene terephthalate, glass, etc.), which requires an extra
conducting wire to connect the two devices for realizing
electricity output simultaneously. Although the hybrid energy
harvesting system is expected to combine the advantages of
high current level of a solar cell and high voltage of a TENG
device, unfortunately, the thick and complex layered TENG
with a large electric resistance as well as poor transparency
would dramatically deteriorate the output current level of a
solar cell. Therefore, it is indispensable to optimize the
integrated device structure to reduce the output loss of the

olar cells have become one of the most widespread
solutions in the crisis issues of the environment and
energy.1 However, the power generation from a solar cell
is aﬀected by various weather conditions; for example, rainy
weather deteriorates its performance. The intermittent and
unpredictable nature of solar energy is an inevitable challenge
for its expansion as a reliable power supply system. Scavenging
alternative energy from the environment with diﬀerent types of
energy harvesters, to compensate for the insuﬃcient part, is
urgent.2−4
Recently, triboelectric nanogenerators (TENGs) have been
widely demonstrated as energy collecting systems to harvest
mechanical energy into electricity power.5−8 It is possible to
integrate solar cells with TENGs to realize solar energy
harvesting during sunny days and raindrop energy in rainy
conditions. For example, a charge-enriched reduced graphene
oxide ﬁlm9 or a transparent poly(dimethylsiloxane) (PDMS)
layer10−12 is used to cover the surface of a solar cell to fabricate
a water-drop power system in order to generate electricity from
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solar cell without sacriﬁcing the TENG device performance. At
present, it is challenging to integrate a solar cell with a TENG
device due to the lack of an appropriate mutual joint
component.
In various solar cells, a silicon (Si)/organic hybrid solar cell
fabricated by the conductive polymer poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) deposited on a Si wafer has attracted wide interest
because of its potential high eﬃciency.13−18 So far, strategies of
an electron (hole) blocking layer,19 surface passivation,20 an
antireﬂection layer,21 modiﬁcation of PEDOT:PSS,22 and
texturing the Si nanostructure23 have been proposed to
increase the performance of Si/PEDOT:PSS solar cells, and a
power conversion eﬃciency (PCE) of more than 17% has been
achieved.24 Among these methods, textured Si, which mainly
includes nanocones,25 nanowires,26 nanopillars,27 nanotubes,28
nanoholes,29 pyramids,30 and composite nanostructures,31 is
crucial to enhance sunlight harvesting and then boost the shortcircuit current density (Jsc). However, textured Si displays a
large surface/volume ratio, which results in serious charge
recombination.32,33 Being similar to textured Si, the surface
structure of PDMS could further improve the output
performance of a TENG owing to the much larger contact
area between water and the triboelectric layer. However, PDMS
layer texturing could also encounter complicated fabrication
processes. How to specially design and process the textured
structure to achieve the high-eﬃciency dual function of being a
protection layer and a water-drop TENG still remains a
challenge.
In this work, we propose an energy harvesting system with a
digital video disk (DVD) pattern by integrating a heterojunction Si solar cell and a single-electrode-mode TENG, where
the PEDOT:PSS layer acts as a mutual component for both
devices. The Si/PEDOT:PSS heterojunction allows generating
power from solar energy; PEDOT:PSS/PDMS is conducted
the raindrop-driven TENG operating from water drops. Solar
cells with imprinted PEDOT:PSS achieve a PCE of 13.6%.
When an imprinted-PDMS template contacts the PEDOT:PSS
layer, an integrated TENG is constructed with a short-circuit
current (Isc) of ∼33.0 nA and an open-circuit voltage (VTENG
)
oc
of ∼2.14 V under the simulated raindrop condition. Finally, the
Si solar cell−TENG integrated systems achieve a synthetic
power output, which demonstrates a promising method for
enhancing energy harvesting in diﬀerent weather conditions.

Figure 1. Typical characterizations of an imprinted ﬁlm. (a)
Photograph of an imprinted-PDMS ﬁlm; (b) optical microscope
photograph of imprinted-PDMS ﬁlm; inset photograph is the
contact angle of water on an imprinted-PDMS ﬁlm; (c) SEM image
of imprinted-PEDOT:PSS on a Si substrate; inset is a photograph
of an imprinted-PEDOT:PSS layer on a Si substrate; (d) AFM
height image of an imprinted-PEDOT:PSS ﬁlm on a Si substrate.

pattern of the DVD has been successfully transferred onto the
PDMS ﬁlm, which generates the order of colors in a rainbow
due to the light interference in the patterned ﬁlm. The inset
image in Figure 1b shows the contact angle (∼118°) of water
on an imprinted-PDMS ﬁlm, indicating the hydrophobic
property of the ﬁlm. This is favorable for the water-drop
TENG device because the raindrop water would not stick to
the substrate. In addition, the stability of solar cells would
beneﬁt from the hydrophobic surface, since it could prevent
water from penetrating the Si. Figure S2 and Figure 1c are
optical microscope and scanning electron microscope (SEM)
images of the imprinted-PEDOT:PSS ﬁlm on a Si substrate,
respectively. Both images show that the surface of the
PEDOT:PSS layer changes into grating structures with a
period of width of ∼400 nm after the imprinting process. The
depth proﬁle of the structure is further investigated by atomic
force microscopy (AFM). As exhibited in Figure 1d of the AFM
height image and Figure S3 of the cross-sectional line proﬁle of
the AFM topography image, the PEDOT:PSS layer clearly
displays a well-organized pattern with a depth of ∼75 nm. The
ordered nanostructure for the imprinted-PEDOT:PSS layer on
Si results in the order of colors in a rainbow (inset in Figure
1c). In fact, imprinted PDMS and PEDOT:PSS not only
present a colorful visual eﬀect but also enhance the hybrid
device’s performance, which will be demonstrated in the
following discussion.
The structure of a Si/organic heterojunction solar cell based
on Ag grids/PEDOT:PSS/Si/Al is shown in Figure 2a.
PEDOT:PSS, with a high work function, is contacted with an
n-type Si wafer to form a heterojunction, where a strong
inversion layer is generated,16,35 as illustrated in the band
energy scheme of Figure 2b. As a result, a larger built-in
potential (Vbi) is generated. When the incident photons
transmitted by the PEDOT:PSS layer are absorbed by Si, the

RESULTS AND DISCUSSION
Excellent operability and ﬂexibility of PDMS and PEDOT:PSS
ﬁlms allow them to be convenient for imprinting through
template methods,34 as shown in Figure S1. A commercial
DVD is employed as the initial substrate (Figure S1a), and a
PDMS solution is coated onto the surface of the disk followed
by heating solidiﬁcation. Subsequently, the solidiﬁed PDMS
ﬁlm is peeled oﬀ to get the imprinted-PDMS template with
inverse disk structure (Figure S1b and c). To fabricate an
imprinted-PEDOT:PSS ﬁlm, the PDMS module is placed onto
the surface of the PEDOT:PSS layer with a mild short
annealing process (Figure S1d); then PDMS is lifted oﬀ and an
imprinted-PEDOT:PSS layer is acquired (Figure S1e). The
detailed process is demonstrated in the Experimental Methods
section.
A photograph of an imprinted-PDMS slice in Figure 1a
clearly shows a uniform ﬁlm quality. It is easy to transfer this
structure to another soft matrix. As shown in Figure 1b, the
B
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Figure 2. Solar cell structure and general performance of Si/PEDOT:PSS hybrid solar cells for harvesting solar energy. (a) Cartoon image of a
device structure of the solar cell. (b) Band energy diagram of the solar cells. Φb: Shockey barrier, Vbi: built-in potential, Ec: conductive band,
Ef: Fermi level, Ev: valence band. (c) J−V curves of the solar cells under illumination of simulated AM 1.5G (100 mW/cm2) solar spectra. (d)
J−V curves of the solar cells in the dark. (e) EQE curves of the solar cells. (f) Reﬂectance spectra of textured-Si/PEDOT:PSS, Si/planarPEDOT:PSS, and Si/imprinted-PEDOT:PSS.

PCE of 12.6% . The Jsc of the Si/imprinted-PEDOT:PSS device
is improved more than 12% compared to that of a device
without a textured structure, which is veriﬁed by the external
quantum eﬃciency (EQE) in Figure 2e. The improvement of
Jsc is mainly ascribed to the grating structures on the
PEDOT:PSS layer, which dramatically suppress the reﬂection
ratio. As demonstrated by the reﬂection spectra in Figure 2f, the
Si/imprinted-PEDOT:PSS sample displays a broad antireﬂection range, which is superimposed with its EQE spectrum.
Therefore, the Si/organic solar cell with an imprintedPEDOT:PSS layer could increase the light harvesting ratio
and subsequently enhance the Jsc level. Meanwhile, textured-Si/
PEDOT:PSS also exhibits a higher Jsc of 29.4 mA/cm2, since
textured Si could achieve better light trapping as well. However,
the solar cells based on the textured Si show a lower VPV
oc , which
is ascribed to increased surface charge recombination at the Si
surface due to an enlarged surface/volume ratio.
There is no obvious diﬀerence in the VPV
oc between Si/planarPEDOT:PSS and Si/imprinted-PEDOT:PSS devices, while
both of them are higher than that of the textured-Si/
PEDOT:PSS one (0.612 V). According to Figure 2d of J−V
curves in the dark, the devices based on a planar Si substrate
with or without an imprinted structure yield a parallel reverse
saturation current density (J0) level, which reveals their similar
PV
VPV
oc , since Voc is correlated with J0 according to the following
equation:36

photogenerated holes and electrons are swept toward the
respective electrodes driven by the Vbi. Furthermore, the higher
energy barrier (Φb) accompanied by the Vbi becomes an
obstacle to impede the reverse carrier ﬂow and then reduces the
possibility of carrier recombination. When the anode (Ag grids)
and cathode (Al) are connected with a load, the device would
be under operation conditions; that is, solar power is converted
into electric energy.
The current density−voltage (J−V) curves of solar cells
under illumination from a simulated solar spectrum are shown
in Figure 2c, and the detailed electrical output characteristics
are summarized in Table 1. A device based on a ﬂat
Table 1. Electrical Output Characteristics of Diﬀerent Solar
Cells
device structure
Si/planarPEDOT:PSS
textured-Si/
PEDOT:PSS
Si/imprintedPEDOT:PSS

VPV
oc
(V)

Jsc
(mA/cm2)

Jsc*
(mA/cm2)a

FF

PCE
(%)

0.625

25.8

26.7

0.746

12.0

0.612

29.4

30.2

0.702

12.6

0.628

29.1

28.9

0.745

13.6

Jsc*: short-circuit current density calculated by integrating EQE
curves with a standard AM 1.5G solar spectrum.
a

PEDOT:PSS layer on planar Si (Si/planar PEDOT:PSS)
exhibits an open-circuit voltage (VPV
oc ) of 0.625 V, a Jsc of 25.8
mA/cm2, a ﬁll factor (FF) of 0.746, and a PCE of 12.0%. A
device based on imprinted PEDOT:PSS on planar Si (Si/
imprint PEDOT:PSS) achieves a VPV
oc of 0.628, a Jsc of 29.1 mA/
cm2, an FF of 0.745, and a PCE of 13.6%. To further identify
the feasibility of an imprinted-PEDOT:PSS layer, a solar cell of
a ﬂat PEDOT:PSS layer combined with textured Si (Figure S4)
is also fabricated (textured-Si/PEDOT:PSS), which exhibits a
2
VPV
oc of 0.612 V, a Jsc of 29.4 mA/cm , an FF of 0.702, and a

PV
Voc
=

⎞
KT ⎛ Jsc
ln⎜⎜ + 1⎟⎟
q ⎝ J0
⎠

where K is the Boltzmann constant, T is temperature, and q is
electron charge. However, the device on the textured Si exhibits
an inferior diode property that is ascribed to increased carrier
recombination due to the large Si surface/volume ratio.32
Hence, the textured-Si/PEDOT:PSS yields a lower VPV
oc . In
addition, because the carrier recombination could reduce the Jsc,
C
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Figure 3. TENG device structure and general performance of the TENG for harvesting mechanical energy from water drops. (a) Schematic
and Isc outputs of a TENG with or without surface
illustration of a typical TENG structure. (b) Working mechanism of TENG. (c) VTENG
oc
imprint. (d) Schematic illustration of angle α between the water dripping direction and the device and the angle β between the water dripping
and Isc outputs of a TENG under diﬀerent α. (f) VTENG
and Isc outputs of a TENG under
direction and the imprinted structure. (e) VTENG
oc
oc
diﬀerent β.

maintain electrical neutrality until the charge is saturated in the
contact area (Figure S6, iii). As the water drop leaves, the
electrons would be transferred from PEDOT:PSS to the
ground due to the negative electric potential diﬀerence between
PEDOT:PSS and the ground (Figure S6, iv) until reaching
equilibrium (Figure S6, v). In the following generation process,
when subsequent water contacts PDMS, the counterion of the
water drop would be attracted by the negative charges on
PDMS, which can remain on the surface for a long time (Figure
3b, ii). Meanwhile, the electrons would ﬂow from the ground to
PEDOT:PSS due to the positive electric potential diﬀerence.
Furthermore, the electric double layer would form during the
contact and wetting process (Figure 3b, iii).40 When the water
drop leaves the surface of PDMS, the negative electric potential
would drive electrons ﬂowing from PEDOT:PSS to the ground,
and a new equilibrium would be achieved (Figure 3b, v). With
the continuous water drops contacting with the surface of
PDMS, a continuous and periodic power output of TENG
could be obtained. Both electrical output characteristics from
the TENG of PDMS ﬁlms with or without imprinting are
measured. As Figure 3c shows, the VTENG
output of the TENG
oc
with imprinted PDMS (2.14 V) is about 4 times higher than
that of the TENG with planar-PDMS (0.53 V). The shortcircuit current (Isc) output of the water-drop TENG with
imprinted PDMS (33.0 nA) is about 3 times higher than that of
the planar PDMS based one (9.5 nA). Hence, the TENG with
imprinted PDMS displays superior electric output over the
TENG with planar PDMS, which is due to a larger surface area
enhancing the output performance.
In order to evaluate the reliability of the raindrops TENG, it
is worth investigating the eﬀects of the angle (α) between the
water dripping direction and the device surface and the angle
(β) between the water dripping direction and the imprinted
structure (Figure 3d). Figure 3e shows the measured Isc and the
VTENG
of the TENG at diﬀerent angles α ranging from 15° to
oc

the device based on the textured Si with a lower reﬂection ratio
does not promise a higher Jsc compared with the device based
on Si/imprinted-PEDOT:PSS. Eﬀective minority carrier lifetime (τeff) mapping measurements for diﬀerent Si substrates are
conducted to evaluate the surface recombination velocity, as
shown in Figure S5. The τeff of textured Si, textured-Si/
PEDOT:PSS, planar Si, planar-Si/PEDOT:PSS, and planar-Si/
imprinted-PEDOT:PSS are 10, 24, 37, 62, and 60 μs,
respectively. The textured-Si sample displays the lowest τeff of
∼10 μs because of its large surface/volume ratio. When
PEDOT:PSS is deposited on a textured-Si surface, the τeff could
be improved to ∼24 μs, which is ascribed to a surface
passivation eﬀect from the PEDOT:PSS layer.15,33 However,
both samples based on textured Si (without or with
PEDOT:PSS) display shorter τeff than the planar-Si sample.
Moreover, planar-Si/PEDOT:PSS with or without imprinting
displays similar τeff; in other words, the imprinted-PEDOT:PSS
does not introduce any trap sites on the Si surface. The higher
τeff is favorable for higher VPV
oc and Jsc. Consequently, the
imprinted-PEDOT:PSS layer as an antireﬂection layer (instead
of textured Si) not only enhances light harvesting, which
increases the Jsc, but also does not result in any undesirable
surface recombination velocity, thus reducing VPV
oc .
To collect the raindrop energy on a rainy day, a TENG is
integrated on a heterojunction Si solar cell. A schematic
illustration of a raindrop-driven TENG is shown in Figure 3a,
which is constructed by an imprinted PDMS as a triboelectric
layer and a PEDOT:PSS layer as an electrode. Figure 3b and
Figure S6 show the generation process of triboelectric charges
based on a single-electrode mode when the TENG harvests the
mechanical energy from raindrops that are simulated by water
drops.37−39 When the ﬁrst water drop contacts the surface of
imprinted PDMS (Figure S6, i), the PDMS would be negatively
charged due to the triboelectric eﬀect (Figure S6, ii).
Meanwhile, the water drop would be positively charged to
D

DOI: 10.1021/acsnano.8b00416
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano

Figure 4. Demonstration of the integrated hybrid power system as an energy harvester. (a) Schematic illustration of an integrated device. (b)
Photograph of an as-fabricated integrated power system including a TENG and Si solar cell. (c) Variation of the PCE of the solar cells after
integrating with a TENG compared with the original one. (d) Circuit diagram of the integrated device. (e) Rectiﬁed current output of the
TENG. (f) V−t curves of a capacitor charged by a power system.

output of the TENG after rectiﬁcation is ∼24.2 nA (Figure 4e).
The current of the TENG is prevented from going through the
solar cell by using a diode. When only the S2 is switched on, as
shown in the blue-shaded area of Figure 4f, the voltage of the
capacitor could be increased sharply from 0 to 0.6 V in 4 s
charged by one solar cell, which is enlarged in Figure S9.
However, the voltage of the capacitor would remain at 0.6 V,
and the low output limits its reliability and practicability.
Therefore, the TENG with a high voltage output could
compensate the limitation of the solar cell. When only the S1 is
switched on, in the orange-shaded area of Figure 4f, the voltage
of the capacitor is near-linearly increased from 0.6 V to 0.9 V
while it is charged continuously for about 165 s. Before each
charging process, both ends of capacitor are connected to
restore the initial state. After ﬁve recycling charging processes,
the integrating system displays good stability and repeatability.
Considering the real applications, the power generation in
many raindrops has also been demonstrated, as displayed in
Figure S10. The water dropping rate was set at 13 mL s−1, and
the distance between the TENG and the water shower was set
as 40 cm. The incident angle between the water dripping
direction and the TENG substrate was set at 45°. The Voc, the
Isc, and the Qtr of the water-drop TENG reach ∼3.27 V, ∼0.49
μA, and ∼1.05 nC in the simulated rainy weather, respectively.
The maximum average power density can be calculated as 1.74
mW/m2. Thus, the integrated solar cell and TENG system can
harvest both solar and raindrop energy.

75°. There is a slight rise in Isc and VTENG
from about 16.0 nA
oc
and 0.90 V at 15° to about 19.7 nA and 0.96 V at 45°,
respectively. This is ascribed to the enlarged eﬀective contact
surface between water drops and the surface of the TENG with
the increase of angle α. The Isc and the VTENG
of TENG decline
oc
substantially when the angle α reaches 75°, bottoming out at
about 11.0 nA and 0.75 V, respectively, because part of the
water cannot ﬂow away immediately and stays on the surface,
which screens the electrostatic induction eﬀect. The average
power was also investigated, as shown in Figure S7, which
indicates the same trend of increasing ﬁrst and then decreasing
with the increase of the water dropping angle (α). When the
angle β is set from 0° to 90° (Figure 3f), the Isc and the VTENG
oc
of the TENG increase slowly from 16.2 nA and 0.64 V to 19.5
nA and 0.88 V, respectively, since the TENG could work well
under various angles β, and the larger contact area with the
increased angle β leads to an improved output performance.
Thus, the imprinted-PDMS TENG has good performance and
utility for harvesting the mechanical energy of raindrops.
The aforementioned experiments prove the success of an
integrated system of Si/PEDOT:PSS/PDMS. In order to
harvest complementary energy from sunlight and raindrops, a
hybrid power system is designed, as shown in Figure 4a and b
with its schematic structure and its photograph, respectively.
When the PDMS ﬁlm adheres to a solar cell, the change values
of PCE of the solar cell are shown in Figure 4c. The result,
among 10 device samples, shows that the diﬀerences for PCE
with and without PDMS are in the range of ∼±3%. Therefore,
the solar cells still could improve their performance upon
integrating with TENG. The reason is mainly owing to the
outstanding transmittance of ∼95% (Figure S8) of PDMS ﬁlms.
The equivalent circuit of the integrated device is illustrated in
Figure 4d. The generated current of the TENG is transferred
from alternating current (ac) to direct current (dc) by a bridge
rectiﬁer for charging one commercial capacitor, and the current

CONCLUSION
In conclusion, we have demonstrated an integration device of a
solar cell and a TENG through sharing a mutual function
electrode of the PEDOT:PSS layer to overcome the output loss
of the solar cell, where a simple and key design with an
imprinting method is used to improve the output eﬃciency.
Imprinted-PEDOT:PSS deposited on Si exhibits a low
E
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reﬂection ratio that enhances light harvesting without sacriﬁcing
VPV
oc which achieves a higher PCE of 13.6% compared with the
textured-Si structure. An imprinted-PDMS ﬁlm was simply
fabricated on PEDOT:PSS to form a TENG that collects
raindrops’ power with higher outputs of ∼33.0 nA (Isc) and
). Finally, an integrated system successfully
∼2.14 V (VTENG
oc
converts both solar and water-drop energy into electrical power
complementarily, which combines the advantage of high
current output level of the solar cell and the high voltage
output level of the TENG. Our studies demonstrate a new
concept in utilization of energy during various weather
conditions.
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EXPERIMENTIAL METHODS
PDMS Template Fabrication. PDMS (Dow Corning, Sylgard
184) was prepared by mixing the two materials with a ratio of 10:1 (w/
w) and then casted onto the surface of a DVD followed by heating at
60 °C for 3 h to solidify it. Afterward, the PDMS ﬁlm was lifted oﬀ
carefully to get the imprinted-PDMS template with DVD structure.
Textured-Si Substrate Fabrication. A cleaned, polished n-type
Si wafer (300 μm, 0.05−0.1 Ω/sq) was immersed into aqueous etching
solution (hydroﬂuoric acid (HF) of 4.8 M and silver nitride of 0.02 M)
for 5 min. Then, the etched Si sample was cleaned by deionized water
followed by dipping into a nitric acid solution and HF solution in
sequence. Finally, the Si substrate was immersed into a tetramethylammonium hydroxide (Sigma-Aldrich) aqueous solution (1% w/w)
and further cleaned by deionized water.
Solar Cell and TENG Fabrication. A PEDOT:PSS (PH 1000,
Clevios) solution was mixed with dimethyl sulfoxide (DMSO, SigmaAldrich) and Triton (Sigma-Aldrich) of 5 and 1 wt %, respectively. For
PEDOT:PSS with imprinted solar cells, the PEDOT:PSS solution was
spin-coated onto a planar Si surface at 3000 rpm for 15−20 s; then the
textured PDMS was placed onto the surface of the PEDOT:PSS layer
followed by annealing at 125 °C for 1 min with a humidity lower than
30% . Finally, PDMS was peeled oﬀ and the PEDOT:PSS layer was
annealed at 125 °C for 20 min. For PEDOT:PSS without imprinting,
the PEDOT:PSS solution was spin-coated on a planar (or textured) Si
substrate at 3000 rpm for 1 min and annealed at 125 °C for 20 min.
Then a 200-nm-thick Al layer (Ag grids) was thermally evaporated as a
cathode (anode) for the solar cells. For the solar cell/TENG hybrid
device fabrication, the imprinted-PDMS ﬁlm with a planar side was
placed onto the imprinted-PEDOT:PSS/Si solar cells. Finally, the
whole device was heated at 60 °C for 5 min. All the experiments of the
TENG test were conducted under the same dripping height of 5 cm,
each water drop having a volume of 20 μL and dripping frequency of 1
Hz.
Characterization. The morphology, transmittance, and hydrophobic properties of imprinted-PDMS were characterized by a
ﬂuorescence optical microscope (Leica DM4000M), a UV−vis
spectrophotometer (PerkinElmer Lambda750), and a contact angle
measurement facility (DataPhysics OCA), respectively. The structure
and morphology of the imprinted-PEDOT:PSS layer were investigated
by an AFM (Veeco Multimode V) and an SEM (Zeiss Spura55). The
textured-Si surface was measured by an SEM (Zeiss Spura55). The
minority carrier lifetimes of the samples were tested by a microwave
detected photoconductivity MDPmap (Freiberg Instrument GmbH).
The reﬂection spectra were measured by an integrating sphere
(PerkinElmer Lambda750). The J−V properties of the solar cells were
tested by a simulated solar spectrum from a Newport 91160 solar
simulator (AM 1.5G, 100 mW/cm2). The EQE data were measured by
a Newport monochromator and a Keithley source meter (model
4200). A programmable electrometer (Keithley model 6514) was
adopted to test the open-circuit voltage and short-circuit current of the
TENG.
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