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ABSTRACT We have demonstrated sound-wave-driven nanogenerators using
both laterally bonded single wires and vertically aligned nanowire arrays for
energy harvesting in the frequency range of 35-1000 Hz. The electricity produced
by the single wire generator (SWG) is linearly proportional to the input acoustic
energy, while the frequency does not affect the performance of the SWG in this
study. By infiltrating CdS/CdTe quantum dots among vertical nanowires, we have
fabricated a hybrid cell that simultaneously harvests both soundand solar energies.
This demonstrates a possible approach for effectively harvesting available energies
in our living environment with and without the presence of light.

SECTION Energy Conversion and Storage

I n addition to solar energy, enormous mechanical vibra-
tional energy exists in our living environmentwith a large
variation in amplitude and frequency, such as wind, sonic

wave, hydraulic, and even noises. Harvesting this type of
“random” energy can be a practical solution to power small
mobile electronics for the future sensor network.1,2 Great
efforts have been made to efficiently convert solar, mechan-
ical, and chemical energies into electricity,3-5 but most of
the technologies demonstrated are designed to harvest only
one type of energy. As a future direction in energy research,
simultaneous harvesting of multitype energy by a single
device was first demonstrated for solar and mechanical
energy6 as well as chemical and mechanical energy,7 which
are referred to as hybrid energy cells.

Acoustic waves, such as various sound noises from any
living activities, car traffic, and the construction industry, are
one of the most common mechanical vibrations in our
surroundings. As for indoor mobile electronics, other types
of energies are of equal or even more importance than solar
energy. It is important to develop technologies that simulta-
neously harvest multitype energies and use whatever is
available. The previously demonstrated hybrid cell (HC) uti-
lizes an ultrasonic wave with a fixed frequency of ∼41 kHz
and irregular biomotion at∼10 Hz or below.6-10 Considering
that, our living environment has abundant mechanical vibra-
tions with various frequencies ranging from a few to thou-
sands of Hz. A systematic study of the nanogenerator (NG) in
various acoustic frequencies is needed for practical applica-
tions of the NG.

In this Letter, we first present the nanogenerators fabri-
cated using both laterally bonded single wires and vertically
aligned nanowire arrays for harvesting sound energy in the
frequency range of 35-1000 Hz. The electricity produced by
the single wire generator (SWG) is linearly proportional to the
input acoustic energy, while the frequency does not affect the
performance of the SWG in this study. Then, by infiltrating

CdS/CdTe quantum dots11 among vertical nanowires, we
fabricated a “composite” type of HC that harvests both sound
and solar energies in a complete single-volume layer rather
than a stacked layer structure as we first demonstrated,6

which is a promising approach for potential driving of por-
table electronics. This research is expected to inspire new
research effort for developing the HC.

Lateral Single Wire Generator for Harvesting Sound Energy.
Traditional piezoelectric generator is based on a two-layer
bender (or bimorph)-mounted cantilever beam, which pro-
duces the maximum power when the driving frequency
matches the resonance frequency of the cantilever.12 In
practice, a low-resonance-frequency resonator tends to have
a large size/mass, which is too stiff to be driven by relatively
weak sonic wave, while a small-size resonator has a high
resonance frequency that is beyond the sonicwave frequency
range, although it can be driven by small mechanical agita-
tion. The cantilever-based piezoelectric generator is not the
most effective choice for harvesting random sonic wave
energy with a large variation in amplitude and frequency.

Recently, piezoelectric ZnO nanowires (NWs) have been
shown to be effective for harvesting small-magnitudemecha-
nical energy.5,6,13-15 The SWG is based on a single piezo-
electric ZnO wire with its two ends bonded to a flexible
polymer substrate, as reported previously.9 The ZnO wire is
stretched or compressed when the substrate is bent upward
anddownward underexternal excitation. The thickness of the
substrate is much larger than the diameter of the ZnO NW.
Consequently, the ZnONWexperiences solely tensile strain or
solely compressive strain, depending on the bending direc-
tion of the substrate. The strain within the piezoelectric NW
thereafter produces a piezoelectric field along the length of
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the NW. The free charge carriers in the external circuit are
driven to flow by the piezoelectric potential difference across
two ends of the stressed NW, while the Schottky contact at
the interface can gate and regulate the current flow during
the energy conversion process.7,9-10 The mechanic-electric
energy conversion of the NG relies on the transient current
flow driven by the piezoelectric potential produced by the
dynamic strain.

A sound transducer was employed to generate acoustic
vibration at a desired frequency. An alumina rod was firmly
attached to the soundwave generatorat one end, and its other
endwas placed directly on the top of the substrate onwhich a
SWG was mounted, as shown in Figure 1a. The sound wave
generated by the transducer was directly transmitted to the
SWG. A high-sensitivity accelerometer (Wilcoxon Research,
Model 736) was used to characterize the sound transducer
andmeasure themagnitude of the vibration. The vibration of
the end surface of the alumina rod was measured with the
accelerometer. Figure 1b presents the impact velocity of the
beam derived from the accelerometer when the transducer
is excited at a frequency of 100 Hz. The measurement of
the accelerometer has a sinusoidal shape at a frequency of
100 Hz, which agrees well with the sinusoidal exciting signal
input to the acoustic transducer. The measurement of the
accelerometer indicates a harmonic vibration from the sur-
face. The impact velocity is about 0.78mm/sec at a frequency
of 100Hz, and the acoustic power is proportional to the square
of the impact velocity.

Figure 1c and d present the open-circuit voltage and short-
circuit current of the SWG driven by the acoustic vibration at
100Hz. Figure 1c shows that the voltage output from the SWG

reaches about ∼4 mVand the current reaches about ∼8 pA.
The fluctuation of the signal at the early stage of the vibration
was mainly caused by the instability of the transducer as well
as the fluctuation of the substrate. The signal became very
stable in a 1 s or less. Both the voltage and the current output
from the SWG showed sinusoidal shapes, which is consistent
to the harmonic vibration of the rod surface. In addition to
the 100 Hz, different frequencies from 35 to 1000 Hz were
systematically tested, and a similar result was also observed.

The sound transducer used in this experiment cannot
remain at a fixed power output at a different excitation
frequency. However, the power of the acoustic vibration is
proportional to the impact velocity as induced by the
transducer on the alumina rod, which can be derived from
the accelerometer measurement. The measured NG output
voltage divided by the impact velocity of the rod can be
helpful to understand the performance of the NG at different
frequencies, as illustrated in Figure 2a. The voltage output
fluctuates much greater at lower frequency (<200 Hz) than
that at high frequency (>200 Hz). This is mainly due to the
fluctuation of the transducer at low frequency. Overall,
the voltage output is relatively uniform over the entire
frequency range under investigation. In other words, the
voltage output does not significantly depend on the fre-
quency of the acoustic vibration.

The relationship between the voltage output of the SWG
and the impact velocity of the acoustic vibration at the end of
the alumina rod is shown in Figure 2b. The relationship
between the current output and the impact velocity of acous-
tic vibration is shown in Figure 2c. Although each data point
corresponds to themeasurement at different frequencies, the

Figure 1. (a) Schematic diagram showing the experimental setup for driving a SWG using a sonic wave. (b) Impact velocity at the tip of the
alumina rod at 100 Hz, showing the harmonic mechanical input to the nanogenerator. (c, d) Open-circuit voltage and the short-circuit
current output from the SWG when it is triggered by a sound wave at 100 Hz. The inset is an enlarged plot of the output signal.
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linear relationship is clearly revealed. The electric energy
output is estimated as Pelectric = V 3 I, and the acoustic power
at the end surface of alumina rod is estimated to be Pacoustic=
Z 3 v

2
3A, where V, I, Z, v, and A are the voltage output, current

output, acoustic impedance (40.6 � 106 kg/(s 3m
2) for

alumina), impact velocity, and lateral cross section area of
the ZnO wire, respectively. The ZnO wire is ∼800 nm in
diameter and ∼100 μm in length. The acoustic power trans-
ferred to the ZnO wire is significantly decreased due to the
damping effect of the substrate and the reflection and absorp-
tion at the interface. However, the plot of Pelectric versus
Pacoustic in Figure 2d can still qualitatively reveal the perfor-
mance of the SWG. The acoustic power varies over several
orders of magnitude at different frequencies. The linear
relationship between the NG output electric power and the
acoustic power is clearly demonstrated in Figure 2d. Conse-
quently, the energy conversion can be realized over a wide
range of frequencies and a wide range of stimuli magnitudes.

Hybrid Cell for Concurrent Harvesting of Sound and Solar
Energies. The next step for us is to demonstrate that a HC
simultaneously harvests sound and solar energies. For the
sound-driven NG to be used as the basic structure of the HC,
we used aligned nanowires because they are easy to inte-
gratedwith the structure of the solar cell (SC). OurHC is based
on a structure of vertical NWarray integrated NG (VING) with
the infiltration of QDs among the NW forest. The vertically
aligned NWs are responsible for the harvesting of sound
energy, and the CdS (n-type)/CdTe (p-type) nanoparticles
are responsible for harvesting solar energy. The vertically

aligned NWs were grown by a solution-based approach at
low temperature.16 The nanoparticles were infiltrated by the
spin-casting method.11 Both scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images
(see also Figure S2 in Supporting Information (SI)) clearly
show the “composite” structure of the NWs and the QDs
(Figure 3a and b). By the spin-casting method, we could
obtain a relatively uniform QD layer, leaving the top end of
ZnO NWs for the electric contact afterward (Figure 3b). To
fabricate the bottom Au electrode, the RF sputtering method
was implemented with the shadow mask technique (see the
details in Experimental Methods in SI). Since our HC was
composed of a pn-heterojunction of QDs and vertical NW
arrays in contact with different metals such as ITO (top
electrode) and Au (the bottom electrode), the I-V curve was
found to be asymmetric, with the lowest resistance of
∼0.1 MΩ, as shown in Figure 3c.

We first investigated acoustic-driven output from the VING.
By applying a sound wave, a periodic force produced a short-
circuit current or an open-circuit voltage. Figure 3d presents
the short-circuit current and open-circuit voltage of the VING
driven by the acoustic vibration at a frequency of 50 Hz. It
shows that the current output was from ∼22 to 45 nA and
the corresponding generated voltagewas∼1.5-6.0mV. VING
also followed the frequency of 50 Hz (insets of Figure 3d),
which is the same as those of the applied acoustic wave. The
linear superposition of both the current and voltage was
conducted to rule out any artificial signal output and to
examine large-scale integration for a practical application.17,18

Figure 2. (a)Ratio of the SWG open-circuit voltage and the appliedmechanical impact velocity as a function of the driving frequency. (b, c)
Voltage and current output from the SWG which is driven by acoustic vibration at different impact velocity. (d) Electric power output from
the SWG which is driven by acoustic vibration with different acoustic power.
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Since our hybrid devices with an average area of ∼0.25 cm2

can vibrate in the same phase under identical acoustic waves
with areas of ∼10 cm2, we could observe the integrated

current and voltage using two relatively small devices with
areas of ∼0.5 cm2 in parallel and serial connections, respec-
tively. In the case of voltage superposition, the voltage output

Figure 3. (a) Scanning electron microscopy image of the as-grown vertical ZnO NWarray on a PETsubstrate with an ITO conductive layer.
(b) Scanning electronmicroscope image of ZnONWs after infiltratingwith CdS/CdTe quantumdots. The clustering of the nanowires is likely
due to the surface tension in spin coating. (c) I-V characteristic of a hybrid device using ZnOnanowires and CdS/CdTeQDs, whose structure
is shown in the inset. (d) Open-circuit voltage (bottom) and the short-circuit current (top) output from the VING when the acoustic wave is
applied to the generator at a frequencyof∼50Hz. Insets show the details of generatedwave shapes in current and voltage output. Itmatches
well with acoustic vibration of the transducer. (e) Linear superposition test of open-circuit voltages in serial connection of two HCs. Cell 1
(green curve) and Cell 2 (red curve) show the peak-to-peak voltage outputs of∼3 and∼7mV, respectively. In serial connection of Cell 1 and
Cell 2, the peak-to-peak voltage output reaches∼10 mV. (f) Linear superposition test of short-circuit currents in parallel connection of two
HCs. Cell 1 (green curve) and Cell 2 (red curve) show the peak-to-peak current outputs of ∼25 nA and ∼48 nA, respectively. In parallel
connection of Cell 1 and Cell 2, the peak-to-peak current output reaches ∼69 nA.
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of each HC was measured individually under the same condi-
tions; thereafter, each cell was connected in serial and tested
again. Figure 3e shows the voltage outputs from our HC in
individual and serial connection. Cell 1 and Cell 2 showed
peak-to-peak NG output voltages V of ∼3 and ∼7 mV in the
open circuit, respectively (Figure 3e, green and red curve).
After the two generators were connected in serial, the peak-to-
peak output voltage added up to an average of ∼10 mV
(Figure 3e, black curve). Also, by connecting two individual
cells in parallel, the output current exhibits a sum of the two
cells (Figure 3f). A single sound generator of Cell 1 showed
peak-to-peak NG output current I of ∼25 nA in a short circuit,
and the sound generator of Cell 2 gave a peak-to-peak current
Iof∼48nAunder the sameacousticwave.After twogenerators
were connected in parallel, the peak-to-peak output current
added up to an average of∼69 nA (Figure 3f, black curve). On
the basis of superposition of the voltage and current signal
outputs using two devices, our device can generate resonant
signal outputs capable of being added up as long as the
acoustic source is large enough to excite any of those devices
in a synchronized manner.

We also tested the concurrent-energy-harvesting perfor-
mance ofour compositeHCunder theboth acousticwave and
simulated solar illumination. The schematic diagram of our
hybrid device is shown in Figure 4a, depicting different
incoming energy sources. Acoustic waves are applied to HC
in the direction from the bottom Au electrode, while the light
source illuminates the embedded pn-heterojunction based on
CdS/CdTe QDs through the transparent PET layer (300 μm)
with conductive ITO electrode (50 nm). All components that
we need can be packaged in a single volume for efficient use
of space.

For simplicity, we can assume that the HC has two indivi-
dual generators in parallel, as shown in the band diagram in
Figure 4b. SC and VING correspond to upper and lower
diagrams, respectively. In the case of SC, it is supposed to
generate direct current (DC) flow.Under sunlight illumination,
the light passes through transparent upper structures of our
HCaswell as theCdS layerplacedunderneath (Figure4aandb).
CdS QDs are known to be a transparent window against
the sunlight with a wavelength around ∼550 nm because
of its wide band gap of ∼2.4-4 eV depending on its dimen-
sion. Considering its size of∼8 nmused here (Figure S2 in SI),
it can be more transparent due to quantum confinement
effects.19,20 On the other hand, CdTe QDs have a narrower
band gap of ∼1.45 eV21 and have served as the light absorp-
tion layer.22 The absorbed photons generate electrons and
holes in the conduction and valence bands of CdTe QDs,
respectively. Due to the established built-in potential at the
interface of the CdTe/CdS pn-junction, electrons and holes are
forced to be separated completely and accumulated in CdS
and CdTeQDs, respectively. Adifference in Fermi levels at the
two electrodes will drive the accumulated electrons in CdS
QDs to flow toward the top ITO electrode, while accumulated
holes in CdTe flow toward the bottomAu electrode. Therefore,
a DC output is created under constant solar illumination.

In case of VING, however, it generates alternating current
(AC) output in synch with an external acoustic waveform, as
we observed in Figure 3d. Assume that the ZnO NW is under

the compressive strain (Figure 4b, red arrow and line). In this
case, NWs have an elevated piezopotential near the bottom
Au electrode. An elevated inner potential of NWs drives
electron flow toward the external load from the bottom Au
electrode, with consideration of the presence of a Schottky
barrier at the interface.23 When the NWs are under tensile
strain (Figure 4b, blue arrow and line), the polarity of the
piezopotential is reversed, which drives electron flow toward
the external load from the top ITO electrode.

As a proof of concept, Figure 4c shows the measured
current signal with our HC.When the acoustic wave is applied
through the bottom Au electrode, we can obtain AC output
with a peak-to-peak current of∼24 nA and voltage of∼1 mV
(see also Figure S3 in SI) scavenged by VING in the HC. AC
output can be understood by our explanation previously
presented in the band diagram of VING (Figure 4b, lower
band diagram). The output power density of VING can be
calculated fromtheACpower (P=Vrms

2/RLoad) divided by the
area of the device. First, the output power of VING is directly
obtained from the measured voltage drop in an external load
with a resistance of ∼0.1 MΩ (see Figure S4 in SI). The
measured voltage drop reaches ∼0.5 mV, representing the
AC output power density of ∼5 pW/cm2. To measure the
output signal of the SC in the HC structure (see Experimental
Methods in SI), we utilized a solar simulator with an air mass
1.5 global (AM 1.5 G). When simulated light illuminated our
HC, DC output was observed, as we explained the detailed
procedure previously (Figure 4b, upper band diagram).
According to the I-V curve under solar simulation (inset in
Figure 4c), the short-circuit current ISC and the open-circuit
voltage VOC were found to be ∼57 nA and ∼6 mV, respec-
tively. The DC power density from our SC exhibited∼97 pW/
cm2, with a fill factor of ∼0.29. We also measured the signal
from VING under solar illumination to test its UV response,
which can affect the output power of the SC in our hybrid
device. It was found to be smaller signals compared to signals
from SC (see Figure S5 and S6 in SI). Note that the perfor-
mance of theVINGand SChere are not optimum.However, as
a proof of our concept, we could obtain the superimposed
signal output by applying an acoustic wave concurrently with
a sunlight illumination (Figure 4c, yellow area). Concurrent
output of SC (DC) and VING (AC) showed the sum-up of the
two individual output signals. It indicates that two generators
can work individually or simultaneously for harvesting one or
two types of energy.

The superimposed AC and DC output signals from the HC
can be separated. In this experiment, one capacitor was
added right in front of the preamplifier, which allowed AC to
pass through it, while the DC output was stored in it. First, the
observation of the single AC signal from VING was tested in a
capacitor-connected circuit. Four HCs were connected in
parallel and showed an AC output of∼100 nA under acoustic
vibration (Figure 4d). The AC signal passed the capacitor and
showed almost the same amplitude as that before passing the
capacitor (∼3300 μF) (see also Figure S7 in SI). To test the
separation of AC and DC outputs, we applied the simulated
sunlight together with acoustic vibration to the HC. When
simulated sunlight illuminated the device, the generated DC
charges started to be accumulated in the capacitor (7-17 s in
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Figure 4. (a) Schematic diagram depicting a hybrid device with two different incoming energy sources. Simulated sunlight illumination and
acoustic vibration are delivered through the top PET/ITO layer and the bottom Au electrode, respectively. (b) The energy band diagram of the
hybrid device shows electron flows under sunlight illumination and acoustic vibration. Upper and lower schemes correspond to SC and VING,
respectively. (c) Short-circuit current output signal of the HC. Acoustic wave applied to the HC before/during/after solar illumination. Inset shows
the I-V characteristic of a hybrid device under sunlight illumination. (d) Short-circuit current output signal of theHC after connecting a capacitor
right in front of the preamplifier. A capacitor used here for demonstrating the separation of AC and DC output from the HC for their individual
applications. From0 to7 s, the acousticwavewason; over 7-17s, it generatedDCbyHCandwas stored in thecapacitor; over 17-22.5 s, it filtered
theACoutputwhen the solar partwas acting; from22.5 to 32.5 s, the solar lightwas turnedoff resulting in thedischarge curve of the capacitor for
the stored DC charges; over 32.5-40 s, there was continuous AC output by the acoustic wave when the solar light was off.
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Figure 4d, first blue area). While the DC power was charging
the capacitor, we could obtain clean AC output from VING by
the filtering of the capacitor (17-22.5 s in Figure 4d). The
separated cleanAC signal couldbe utilized as an energy source
topower small electronics, as reportedpreviously.18 By turning
off the simulated sunlight, we observed the discharging curve
of the capacitor (22.5-32.5 s in Figure 4d, second blue area).
Significantly, this simple demonstration implies that the AC
and DC signals from our hybrid cell can be stored individually
after their generation by the HC for different applications.

It is important to note that the efficiency of the SCpart here
is not optimum, but our purpose is to demonstrate an
approach for integrating SC and NG into a single device. Our
goal is to explore the possible approaches that can achieve
HCs. Therefore, in the near future, one can build a more
sustainable energy-harvesting system that can harvest energy
even in the absence of light.

In summary, we have demonstrated a systematic study of
energy conversion using the SWGdriven by acoustic vibration
in the frequency rangeof 35 to 1000Hz,which is the common
sound noise in human life. The electricity produced by the
SWG is linearly proportional to the input acoustic energy,
while the frequency does not affect the performance of the
SWG in this study. By infiltrating CdS/CdTe quantum dots
among vertical nanowires, we have fabricated a hybrid cell
that harvests both sound and solar energies. Since our solar
sound generator utilizes the two most common types of
energy in our surroundings, it can be a promising approach
for driving portable electronics. Furthermore, our composite
strategy of NWs andQDswill give an insight into the design of
a hybrid device for future applications.

SUPPORTING INFORMATION AVAILABLE Materials for
supporting the conclusions and discussions presented in the main
text, including the experimental methods, characterization of QDs,
voltage, current, and power output, and response of VING and QDs
under solar simulation. This material is available free of charge via
the Internet at http://pubs.acs.org.
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