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ABSTRACT: Vertically-grown ZnO nanorod arrays (NRAs) on indium tin oxide (ITO)-coated polyethylene terephthalate
(PET), as a top electrode of nanogenerators, were investigated for the antireflective property as well as an efficient contact
surface in bare polydimethysiloxane (PDMS)-based triboelectric nanogenerators. Compared to conventional ITO-coated PET
(ie, ITO/PET), the ZnO NRAs considerably suppressed the reflectance from 20 to 9.7% at wavelengths of 300—1100 nm,
creating a highly transparent top electrode, as demonstrated by theoretical analysis. Also, the interval time between the peaks of
generated output voltage under external pushing forces was significantly decreased from 1.84 to 0.19 s because the reduced
contact area of the PDMS by discrete surfaces of the ZnO NRAs on ITO/PET causes a rapid sequence for triboelectric charge
generation process including rubbing and separating. Therefore, the use of this top electrode enabled to operate the transparent
PDMS-based triboelectric nanogenerator at high frequency of external pushing force. Under different external forces of 0.3—10

kef, the output voltage and current were also characterized.
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1. INTRODUCTION

In recent years, nanogenerators including piezotronics, piezo-
electrics and triboelectrics have been considered as a promising
alternative for energy harvesting and renewable resources in
green nanotechnology.l_3 Owing to flexible, durable, and light
weight properties, in advances, they can be available for the
mobile, portable and wearable electronic devices supported by
self-power generation.*”® Among the various kinds of nano-
generators, the triboelectric nanogenerator has attracted much
attention because of its high energy conversion efhiciency,
scalability, and simplicity for fabrication.”® Accordingly,
triboelectric nanogenerators based on polymer materials, such
as polydimethysiloxane (PDMS) and Kapton, have been
developed for an enhancement of output power and conversion
efficiency by using micro- or nano-patterned surfaces.”'’
Positive and negative charges are distributed according to the
triboelectric tendency when both the surfaces contact and rub
against each other by external mechanic force, and the flow of
electric charges is created by separating and neutralization
processes.u‘12 Thus, the surface morphology and interface
between the polymer material and electrode are very important
for the triboelectric charge generation.
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However, there still remain some difficulties including the
needs of a soft imprint technique for its fabrication. To fabricate
such samples, the master molds with inverted patterns should
be prepared by lithography and etching processes. Additionally,
the patterned PDMS should be carefully separated from the
master molds under limited sizes. If bare PDMS is directly
utilized for triboelectric nanogenerators, it would provide
essential advantages in manufacturing the nanogenerators and
be a promising solution for cost-effective mass production. For
instance, the large scale of bare PDMS is readily fabricated by
simply preparing and curing the mixture of PDMS. This bare
PDMS intends to be laminated on various electrically-
conductive materials including ITO/PET, Al, and Cu foils
owing to van der Waals forces, thus leading to a self-contacted
PDMS with flexible electrode. However, such attachment
causes drawbacks in the operation of triboelectric nano-
generators with conventional top electrode. Once the top
electrode is contacted and rubbed with bare PDMS under
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Figure 1. (a) Schematic diagram of the PDMS-based triboelectric nanogenerator with vertically-aligned ZnO NRAs on ITO/PET as a top electrode,
(b) contour plot of calculated transmittances for different heights of ZnO nanorods and corresponding 3D modeling of ZnO NRAs, (c)
photographical image of the two PDMS-based triboelectric nanogenerators with (left) and without (right) vertically-aligned ZnO NRAs, and (d)

oblique-view FE-SEM image of the ZnO NRAs on ITO/PET.

external compression, it is difficult to be rapidly separated and
to repeat the next cycle.

On the other hand, the fabrication technology for growing
vertically-aligned ZnO nanorod arrays (NRAs) on various
substrates, such as semiconductors, glasses, plastics and
celluloses, by a facile chemical synthesis has been progressed
for olptoelectronic, photovoltaic, and piezoelectric applica-
tions.>™"> Particularly, vertically-aligned ZnO NRAs on the
transparent conductive oxide substrate such as aluminum
doped ZnO or indium tin oxide (ITO) can be used as a highly
transparent electrode for S};eciﬁc devices due to their
antireflective characteristics.'®" Indeed, based on the effective
medium theory, an antireflection structure is formed from the
fact that the ZnO NRAs offered a graded effective refractive
index profile for incident light with longer wavelength than
their size.'® In addition, discrete surfaces of ZnO NRAs would
be desirable for triboelectric nanogenerators which require an
efficient contact and interface to the surface of triboelectric
polymer materials.

In this work, we fabricated transparent and triboelectric
nanogenerators based on PDMS using vertically-aligned ZnO
NRAs synthesized on the ITO-coated polyethylene tereph-
thalate (PET) flexible substrate by an electrochemical
deposition (ED) method as a top electrode. To evaluate the
transparency of the prepared samples, the transmittance spectra
were measured experimentally and analyzed theoretically. The
effects of ZnO NRAs on the triboelectric charge generation
property were also investigated under different external pushing
forces and frequencies.

2. EXPERIMENTAL DETAILS

2.1. Fabrication of Samples. To obtain the vertically-aligned
ZnO NRAs on ITO-coated PET (i.e, ITO/PET) substrate, the ED
method was utilized by using a simple two-electrode system. Here, the
platinum mesh and working sample act as an anode and cathode,
repectively.'” Prior to the synthesis of ZnO NRAs, the 2 X 2.5 cm? of
ITO (200 nm)/PET (137 um) substrate was cut and cleaned with
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acetone, methanol, and de-ionized (DI) water under ultrasonication.
The ITO/PET (surface resistivity 60 Q/sq) was purchased from
Sigma-Aldrich Corporation. Then, the ZnO seed layer of 15 nm was
deposited by performing the radio-frequency (RF) magnetron
sputtering with a ZnO target of 99.999% purity. The deposition was
carried out in an argon gas environment at 6 mTorr of process
pressure and 100 W of RF power. Meanwhile, growth solution was
prepared by mixing 10 mM zinc nitrate hexahydrate (Zn(NO;),:
6H,0) and 10 mM hexamethylenetetramine (HMT, (CH,),N,) in
900 mL of DI water, and the temperature was maintained at ~78 °C.
When the ZnO seed-coated ITO/PET was dipped into the growth
solution, the external cathodic voltage of —2 V was applied between
the two electrodes. During the ED process, the growth solution was
kept to homogeneous mixture by stirring. After 1 h, the sample was
carefully pulled out and rinsed by flowing DI water. On the other side,
PDMS was prepared as a triboelectric material. After the base and
curing agent of the PDMS was stirred vigorously with a weight ratio of
S:1, the mixture was degassed in a vacuum chamber. Then, it was
poured into a flat Petri dish until the thickness became 1.5 mm and
cured in oven at 75 °C for 1 h. To fabricate triboelectric
nanogenerators, the 2 X 2 cm of PDMS was laminated on the ITO/
PET substrate.

2.2. Characterization and Measurement of Samples. The
morphology and crystallinity of ZnO NRAs on ITO/PET were
observed by employing a field-emission scanning electron microscope
(FE-SEM; LEO SUPRA 55, Carl Zeiss), a transmission electron
microscope (TEM; JEM 200CX, JEOL), and an X-ray diffraction
(XRD; Mac Science, M18XHF-SRA). For optical transmittance
measurements, an UV-vis-NIR spectrophotometer (Cary 5000,
Varian) was used. For theoretical analysis, a rigorous coupled-wave
analysis (RCWA) simulation was carried out using a commercial
software (DiffractMOD 3.1, Rsoft Design Group). In order to measure
output voltage and current characteristics of triboelectric nano-
generators by applying external mechanical forces, a programmable
multimeter/picoammeter (Keithley 2000/6487) and an indicator
(BONGSHIN, Inc.) were used. The external pushing of 0.3-10 kgf
was applied to the top surface of triboelectric nanogenerators by gently
touching the load cell with human fingers so that the selected range of
pushing force was adjusted using an indicator for monitoring.*® For
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Figure 2. (a) Measured transmittance and reflectance spectra of the ITO/PET, the ZnO seed-coated ITO/PET, and the ZnO NRAs on ITO/PET,
(b) HRTEM image of ZnO nanorod and (c) 26 scan XRD patterns of the ZnO NRAs on ITO/PET. The insets of a and c show the photographic
image of the bare ITO/PET and the ZnO NRAs on ITO/PET, and the SAED pattern, respectively.

the synchronization with specific frequency of pushing, the
metronome was utilized during the operation.

3. RESULTS AND DISCUSSION

Figure la shows the schematic diagram of the PDMS-based
triboelectric nanogenerator with vertically-aligned ZnO NRAs
on ITO/PET as a top electrode. The fabricated triboelectric
nanogenerators consisted of top and bottom electrodes. The
vertically-aligned ZnO NRAs were formed on the top ITO/
PET and the PDMS was laminated on the bottom ITO/PET.
For generating electric charges by pushing and separating
processes, the electrodes were set apart from each other by
inserting the spacer and the conductive wires were contacted, as
shown in Figure la. In order to estimate the transparency
properties of vertically-aligned ZnO NRAs on ITO/PET, the
transmittance was calculated via the RCWA simulation which
could accurately predict the transmittance of nanostructures by
solving the Maxwell’s equation with spatial harmonics.*" After
the diffracted electromagnetic waves are determined by
satisfying the boundary conditions at the interface of specific
region, the optical transmission efficiency can be obtained from
the transmitted diffraction elements. Figure 1b shows the
contour plot of calculated transmittances as a function of the
height of ZnO nanorods and the corresponding three-
dimensional (3D) modeling of ZnO NRAs. The thicknesses
of ITO/PET were approximately 200 nm/127 um and the
ZnO nanorods were aligned with widths of ~45 nm and
heights of ~360 nm from the FE-SEM images. The ITO/PET
without ZnO NRAs (ie., the height of ZnO nanorods is zero)
exhibited low transmittances of <81% over a wavelength range
of 430-750 nm. For the ZnO seed-coated ITO/PET, the
transmittance was slightly increased as compared to bare ITO/
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PET. This would be caused by the fact that the deposited ZnO
thin film (15 nm) decreases the difference of refractive index
between air and the ITO, which reduces the Fresnel reflections.
As the height of ZnO nanorods was increased, the trans-
mittance was gradually increased. Indeed, this increase of
transmittance is due to the effective refractive index (n.;) of
ZnO NRAs which relaxes the difference of refractive index
between air and the ITO/PET substrate, thus leading to an
antireflection property.'” Based on the effective medium theory,
the nyg can be obtained by nyg = [fz,0n%h0 + £;n2>]%% where
ngz,o/n, and f;.o/f; are the refractive index and volume
fraction of ZnO/air, respectively. When the height of ZnO
nanorods was increased, somewhat fluctuations of trans-
mittance were caused by a fact that the ZnO NRAs serve as
an interference layer with an effectively graded refractive index
profile. For heights above 350 nm, high transmittances of >85%
were observed over a wide range of wavelengths. As can be seen
in Figure 1lc, the photographical images of the two PDMS-
based triboelectric nanogenerators with (left) and without
(right) vertically-aligned ZnO NRAs confirmed that the top
electrode of ZnO NRAs on ITO/PET made the triboelectric
nanogenerator more transparent. To obtain the FE-SEM
images, the grown ZnO NRAs on ITO/PET substrate were
strongly folded for several times and then the part of cracks was
zoomed in, as shown in Figure 1d. At an external applied
voltage of -2 V for 1 h, the size and height of ZnO nanorods
were approximately 30-80 nm and 340-400 nm, respectively.
Figure 2a shows the measured transmittance and reflectance
spectra of the ITO/PET, the ZnO seed-coated ITO/PET, and
the ZnO NRAs on ITO/PET. As compared with the bare ITO/
PET, the seed-coated ITO/PET also exhibited a slightly
increased transmittance spectrum. For the ZnO NRAs on ITO/
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PET, it is clearly observed that the transmittance was
considerably increased at wavelengths of 400-1100 nm. In the
wavelength range of 600—1100 nm, high transmittances of
>90% were achieved. As previously explained, the high
transparency was mainly due to the antireflection property of
vertically-aligned ZnO NRAs, which was also confirmed by
measured reflectance spectra. When compared with the ITO/
PET and the ZnO NRA on ITO/PET, the ZnO NRAs largely
reduced the reflectance in the overall range of wavelengths.
Especially, the reflectance was decreased from 21.3 to 8.1% at
the wavelength of 600 nm. As shown in the inset of Figure 2a, it
can be observed that the ZnO NRAs on ITO/PET are flexible
with a high transparent property. Under 375 nm of wavelength,
the reflectance was dramatically reduced and it reached to zero
with further decreasing the wavelength. This is closely related
with a direct bandgap of ZnO (4 ~ 375 nm). Thus, most of
photons were absorbed when the energy of incident light was
larger than the bandgap energy of the ZnO. From the XRD
patterns of ZnO NRAs on ITO/PET, as shown in Figure 2b,
the dominant XRD peak of ZnO (002) appeared at 34.44°. The
two broad XRD peaks of PET were also observed at 46.83 and
53.74°. The strong and sharp XRD peak of ZnO (002)
indicated that the ZnO nanorod was perpendicularly grown on
the seed layer and well crystallized along the c-axis of the
hexagonal wurzite structure. In the inset of Figure 2b, the
selected area electron diffraction (SAED) pattern of a ZnO
nanorod was clearly observed, confirming the single-crystal
wurtzite structure. Figure 2¢ shows the high-resolution TEM
(HRTEM) image for the selected area of a ZnO nanorod
(highlighted by a red circle in the TEM image). From the
HRTEM observation, the lattice fringe with a d-spacing of 0.52
nm was in good agreement with the lattice constant (001)
plane of ZnO structure.

Figure 3a represents the pushing test procedure of samples:
(i) monitoring the external pushing force, (ii) pushing and (iii)
separating between the top and bottom electrodes (i.e., the
ZnO NRAs on ITO/PET and the PDMS-laminated ITO/
PET). By using a load cell, the different pushing forces from 0.3
to 10 kgf were applied and estimated on the nanogenerator.
Figure 3b,c shows the measured output voltages of the PDMS-
based triboelectric nanogenerators using the ITO/PET top
electrode without and with vertically-aligned ZnO NRAs under
the external pushing force of 0.3 kgf and the frequency of 0.25
Hz. Here, the top electrode was connected to a ground (ie.,
earth) for consistent measurement. Two voltage curves
displayed the repeated positive and negative peaks at the
moments of pushing and separating, respectively. This
directionality of the peaks was related to the triboelectric
tendency and electric charge flowing, as is discussed in detail in
Figure 4. To estimate the switching speed of triboelectric
nanogenerators by applying the external pushing force, the
internal time was defined as a consuming time between the
positive and next negative peaks. For the top electrode without
ZnO NRAs, the long interval time was measured to be 1.84 s.
In fact, the PDMS tends to be adhesive to various solid surfaces
owing to their van der Waals forces.”> When the top electrode
was contacted to the surface of PDMS, it was laminated
spontaneously and then prolonged adhesion. In contrast, the
use of ZnO NRAs significantly reduced the internal time to
0.19 s, which enables us to operate the nanogenerator at the
higher frequency of external pushing. This short interval time
was caused by the discrete surface and rigidness of ZnO NRA:s.
After the PDMS was compressed and deformed by ZnO NRAs,
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Figure 3. (a) Photographic images for (i) monitoring the external
pushing force on the PDMS-based triboelectric nanogenerator, (ii)
pushing and (iii) separating between the top and bottom electrodes
(i.e., the ZnO NRAs on ITO/PET and the PDMS-laminated ITO/
PET), and measured output voltages of the PDMS-based triboelectric
nanogenerators using the ITO/PET top electrode (b) without and (c)
with vertically-aligned ZnO NRAs under the external pushing force of
0.3 kgf and the frequency of 0.25 Hz.

it was recovered with minimizing the contact area between both
surfaces, as shown in the inset of Figure 3aiii.

Figure 4a shows the schematic diagram for operating
mechanism of the PDMS-based triboelectric nanogenerator
with vertically-aligned ZnO NRAs on ITO/PET as a top
electrode. Here, the calculated strain distribution from the
simulation is also shown. It could be assumed that the
measured output voltage/current is attributed mainly to the
triboelectric charge generation because the piezoelectric
charges would be rarely generated when the ZnO NRAs are
bent and contacted to bare PDMS. For the ZnO NRAs on
ITO/PET with gold (Au)-coated PET as a typical piezoelectric
nanogenerator,”> we observed the relatively very low charge
generation with average output current of ~3.6 nA. For this, the
strain distribution of the PDMS-based triboelectric nano-
generator and ZnO NRAs was theoretically calculated using a
commercial software (COMSOL 3.2, stress—strain application
mode) for investigating the contact property under compres-
sion. In the practical numerical calculation, the size and height
of ZnO nanorods were determined to 50 and 360 nm,
respectively, from the FE-SEM images. Considering the density
and elastic constant of each material, the Navier’s equation (i.e.,
—V-6 = F. o, stress tensor; F, volume force) was solved by
utilizing the finite element method. Herein, the 0.3 kgf/ cm? was
assumed as a pushing force. When the ZnO NRAs are
compressed and contacted with PDMS, the mechanical energy
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Figure 4. (a) Schematic diagram for operating mechanism and strain
distribution of the PDMS-based triboelectric nanogenerator using the
top electrode with vertically-aligned ZnO NRAs from the simulation,
(b) measured output current of the corresponding sample, and (c) FE-
SEM image of the top electrode of ZnO NRs after repetitive
mechanical experiments.

is transformed from the nanorods to the surface of PDMS and a
deformation occurs. The ZnO NRAs were dominantly stressed
in normal direction and they strictly pressed the surface of
PDMS. While the PDMS was released after pushing, the
contact surface was partially distributed at the top of ZnO
nanorods. Therefore, it could be expected that the ZnO NRAs
provide an efficient separation from the PDMS. According to
the triboelectric tendency,11 as shown in Figure 4a, the negative
and positive charges were distributed at the PDMS and top
electrode, respectively, after rubbing and contacting against
each other. As a result, the electric field was induced between
both regions, which creates a flow of electric charges. During
the releasing and tending toward an electrical equilibrium, the
electrons flow continuously from the top electrode to the
bottom electrode. Then, the direction was reversed after the
separation because the electric charges were moved for
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neutralization. As shown in the measured output current of
the corresponding sample of Figure 4b, the positive/negative
peaks were repeated at pushing/separating points, which well
agreed with the current flow, as depicted in the schematic
diagram. Under 0.3 kgf/0.25 Hz of pushing force/frequency,
the averaged output current was obtained as 58.7 nA. To clarify
the adhesion property of ZnO NRAs on the ITO/PET, the FE-
SEM images of the surface of ZnO NRAs of the tested samples
for repetitive mechanical experiments are shown in Figure 4c.
Somewhat broken ZnO nanorods were sparsely detached on
the surface, which was obtained from the top electrode of ZnO
NRAs during the pushing test. From the magnified view of the
FE-SEM image in the inset, it is evident that the grown ZnO
nanorods are durable to sustain the adhesion and alignment on
the ITO/PET. After repetition of mechanical compression with
pushing forces of 1.2—10 kgf, most of ZnO NRAs remained
intact.

Figure S shows the (a) pushing frequency and (b) external
pushing force dependent output (i) voltage and (ii) current
characteristics of the PDMS-based triboelectric nanogenerator
with vertically-aligned ZnO NRAs on ITO/PET. To investigate
the effect of pushing frequency, it was varied from 0.5 to 4 Hz
under the external force of 0.3 kgf. It is evident that the output
voltage and current were gradually increased as the pushing
frequency was increased. At each frequency, the averaged
voltage/current values were obtained as 2.13 V/67.3 nA (0.5
Hz), 2.43 V/73.6 nA (1 Hz), 2.74 V/86.1 nA (2 Hz), and 3.62
V/112.7 nA (4 Hz). This performance improvement is
attributed to the accumulated residual charges were accumu-
lated by an imperfection of neutralization due to rapid external
pushing cycles, resulting in the increase of triboelectric
potential** In Figure Sb, the output voltage and current
could be also increased with increasing the external pushing
force. Under 1 Hz of pushing frequency, the averaged voltage/
current was increased from 3.31 V/83.4 nA to 5.34 V/181.4 nA.
This can be explained by the fact that more friction and
deformation of PDMS under higher external mechanical force
increases the amount of generated triboelectric charges. As
compared to previous reports on the efficient fabrication
method of triboelectric nanogenerators,24 these results are
comparable and encouraging in the research of PDMS-based
triboelectric nanogenerators. To examine a reliability of the
sample, the output voltage and current were measured under
external pushing forces with repetitions of 1200 times, as shown
in Figure 5c. Under 3.5—4 kgf of pushing force and 0.25 Hz of
frequency, the PDMS-based triboelectric nanogenerators with
ZnO NRAs exhibited regular output voltage and current
characteristics for numerous mechanical pushing operations. As
the operation time was increased to 3000 s, the peak values of
output voltage and current could be still retained, which
supported that the top electrode of ZnO NRAs was
maintainable to generate triboelectric charges for long-term
operation.

4. CONCLUSIONS

In summary, the vertically-aligned ZnO NRAs were synthesized
on ITO/PET via the ED method and used for the top electrode
of the PDMS-based triboelectric nanogenerators. The synthe-
sized ZnO NRAs exhibited a good antireflection property and
discrete surface morphology, which makes the triboelectric
nanogenerator more favorable for higher transparency and
faster operation. The top electrode with vertically-aligned ZnO
NRAs on ITO/PET had high transmittances of >85% over a

dx.doi.org/10.1021/am5018072 | ACS Appl. Mater. Interfaces 2014, 6, 6631—-6637
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Figure 5. Measured output (i) voltage and (i) current of the PDMS-based triboelectric nanogenerator with vertically-aligned ZnO NRAs on ITO/
PET under different (a) external pushing frequencies (0.5—4 Hz) and (b) pushing forces (1.2—10 kgf). For testing the reliability, panel c also shows
the measured output voltage and current of the same sample for 1200 repetitions of external pushing.

wide range of wavelengths and a short interval time of 0.19 s
was obtained. Under high pushing frequency and force, the
improved output voltage/current of 3.62 V/112.7 nA (4 Hz
under 0.3 kgf) and 5.34 V/181.4 nA (1 Hz under 8—10 kgf)
were achieved. These results suggest that the incorporation of
vertically-aligned ZnO NRAs into the PDMS-based tribo-
electric nanogenerators can enhance their transparency and
performance for various energy harvesting applications.
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