
Hierarchical ZnO Nanorods on Si Micropillar Arrays for Performance
Enhancement of Piezoelectric Nanogenerators
Md Roqibul Hasan,†,§ Seong-Ho Baek,‡,§ Kwang Su Seong,† Jae Hyun Kim,*,‡ and Il-Kyu Park*,†

†Department of Electronic Engineering, Yeungnam University, Gyeongbuk 712-749, South Korea
‡Energy Research Division, Daegu Gyeongbuk Institute of Science & Technology, Daegu 711-873, South Korea

*S Supporting Information

ABSTRACT: Enhanced output power from a ZnO nanorod
(NR)-based piezoelectric nanogenerator (PNG) is demonstra-
ted by forming a heterojunction with Si micropillar (MP) array.
The length of the SiMP array, which was fabricated by
electrochemical etching, was increased systematically from 5 to
20 μm by controlling the etching time. Our structural and
optical investigations showed that the ZnO NRs were grown
hierarchically on the SiMPs, and their crystalline quality was
similar regardless of the length of the underlying SiMPs. The
peak output voltage from the ZnO NR-based PNG was greatly
increased by ∼5.7 times, from 0.7 to 4.0 V, as the length of the SiMP arrays increased from 0 (flat substrate) to 20 μm. The
enhancement mechanism was explained based on the series connection of the ZnO NRs regarded as a single source of
piezoelectric potential by creating a heterojunction onto the SiMP arrays.
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1. INTRODUCTION

Recently, wireless sensor networks that integrate multifunc-
tional nanodevices for sensing, controlling, actuating, respond-
ing, and communicating by themselves have received much
attention for application to the Internet.1−3 However, such a
sensor network would be impractical if each device needed to
be powered by conventional battery technologies.1−3 There-
fore, new sustainable self-powering sources that can scavenge
energy from the environment are being examined.4 Harvesting
abundantly available wasted ambient mechanical energy (e.g.,
from human activity, machinery vibration, noise or sound
waves, air flow, and water flow) has been a long-standing dream
and is being widely investigated for use in sustainable and self-
powering systems.5−7 After the demonstration of the concept
for the piezoelectric nanogenerator (PNG),8 the theory, the
fabrication technologies, and feasible applications for the PNGs
have been widely investigated and developed to enhance the
output power of PNGs.9−13 Among the materials for PNG
applications, ZnO has been the most widely used. This is
because ZnO-based nanostructures can be easily fabricated on
various materials, and its naturally asymmetric hexagonal
wurtzite structure and its polar crystal surfaces give rise to
superior piezoelectric properties.8,12,14 In future applications,
such as wireless sensor networks, the energy-harvesting devices
should be integrated into Si-based technology for better
compatibility with complementary metal oxide semiconductor
(CMOS) technology. Using Si as a substrate for PNGs has
many advantages including low cost, large area fabrication, and
controllable doping, which enables them to be used as a
conductive electrode and allows easier hybridization with other

technologies, such as batteries and photovoltaics. In addition, a
heterojunction of the n-ZnO/p-type materials is expected to be
beneficial by reducing the free charge screening effects while
preserving piezo charges.15−17 However, even though many
studies have investigated fabricating PNGs on flexible organic,
textile, and other insulating substrates,5−13 few investigations
have reported the fabrication and performance enhancement of
heterostructured PNGs on Si substrates.18−20 Therefore,
hybridizing these ZnO nanostructures and p-Si would be a
synergetic way to enhance piezoelectric properties as well as
realize a self-powering system. In this study, we report the
fabrication and performance enhancement of heterostructured
PNGs by combining ZnO nanorods (NRs) grown on length-
controlled Si micropillar (SiMP) arrays using solution
processes. Taking advantage of the ZnO NRs/SiMP hetero-
junction, excellent piezoelectric performances were obtained
with increasing SiMP length and ZnO NR density.

2. EXPERIMENTAL DETAILS
2.1. Fabrication of Samples. The fabrication process for

heterostructured ZnO NR PNGs on SiMP arrays is illustrated in
Figure 1. SiMP arrays were prepared on boron-doped p-Si (100)
wafers with a resistivity of 1 Ω cm by combining photolithography and
electrochemical etching methods.21 SiMP arrays with a length ranging
from 5 to 20 μm were prepared on p-Si within a circular area with a
diameter of 2.5 cm. A 5 nm thick ZnO thin film was deposited on the
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SiMP arrays as a seed layer using the atomic layer deposition (ALD)
technique. The ALD method provides a conformal coating of ZnO
deposits, even on complicated structures, because of a long mean free
path, and fewer gas-phase reactions of the sources in the deposition
system.22 Under our optimal deposition conditions, the growth rate of
the ZnO films was 1.5 to 1.6 angstroms/cycle at a substrate
temperature of 200 °C. ZnO NRs were grown on the ZnO seed
layer-grown SiMP arrays using the low-temperature hydrothermal
method.23 ZnO NRs were grown by placing the ZnO seed layer-
deposited SiMP arrays into a mixed solution of 60 mM zinc nitrate
hexahydrate (Zn(NO3)2·6H2O) and 60 mM hexamethylenetetramine
((CH2)6N4) in deionized (DI) water at 90 °C for 2 h. After the
reaction, the samples were cleaned in flowing DI water for 10 min to
completely remove the residues from the samples, which can induce an
electrical shortage during operation of the PNG. ZnO NRs were also
prepared on flat p-Si substrate as a reference using the same process.
After growing the ZnO NRs, a 10 μm thick polydimethylsiloxane
(PDMS) layer was deposited on the SiMP arrays with ZnO NRs using
the spin-coating method. PDMS prepolymer (Sylgard-184, Dow
Corning, Midland, MI) was prepared by thoroughly mixing the PDMS
curing agent with the PDMS base monomer at a weight ratio of 10:1.
PDMS prepolymer was then spin-coated at 2000 rpm for 30 s on the
ZnO NR layer-grown SiMP arrays and subsequently annealed at 70 °C
for 30 min for curing. During the annealing process the samples were
evacuated in a vacuum chamber to remove bubbles from the PDMS
and to enhance the adhesion between the ZnO NRs and PDMS layers.
A Ti/Au (5/100 nm) layer was then deposited to create top and
bottom electrodes using a sputtering method.
2.2. Characterization and Measurement of Samples. The

structural properties of ZnO NRs were investigated by field emission
scanning electron microscopy (FE-SEM). The optical properties of the
ZnO NRs were examined by photoluminescence (PL) spectroscopy,
which were measured using a 24 mW power 325 nm continuous He−
Cd laser as an excitation source and a photodiode system for detection
at room temperature. The PL measurement was carried out for the
ZnO NRs grown on the planar Si and SiMP arrays. The current−
voltage (I−V) characteristics of the ZnO NRs/p-Si heterojunctions
were measured using a semiconductor parameter analyzer (HP-4155).
An external mechanical force was applied to the PNG device by a
strain system consisting of a cylinder with a diameter of 0.5 cm, which
repeatedly hit the PNG surface, to apply a mechanical compressive
force of 0.5 kgf to the PNGs.24 If the amount of applied mechanical
force is constant, the generated output voltage would be decreased
with increasing the diameter of the straining rod because the output
voltage is inversely proportional to the area of the PNG applying the

strain. We varied the applied input frequency over a range from 1.5 to
7.5 Hz to observe the output performance of the ZnO NR/SiMP
heterojunction PNGs with respect to the applied frequency. Under
periodically applied compressive stress, the output voltage of the
PNGs was characterized by an oscilloscope. A higher sampling rate
oscilloscope was used to record the output voltage from the device to
determine the high-frequency strain rate. All measurements were
performed in a faraday cage to avoid external noises from
environment.

3. RESULTS AND DISCUSSION

Figure 2a,b shows cross-sectional scanning electron microscope
(SEM) images of the SiMP arrays fabricated by etching for 5
and 10 min, respectively. As the etching time increases, the

Figure 1. Schematic of processing steps for fabrication of ZnO NR-PNG on SiMP.

Figure 2. Cross-sectional SEM images for SiMPs fabricated using (a) 5
and (b) 10 min of electrochemical etching. (c) Length of SiMPs and
number of ZnO NRs vs electrochemical etching time for SiMPs.
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shape of the SiMP changes, while the density of the SiMP
arrays remains constant at 2.5 × 103 MPs/cm2 because the
photomask pattern was same. The length of the SiMPs was
increased linearly from 5 to 20 μm, and the diameter of
individual SiMP was linearly changed from 1.2 to 1.02 μm with
increasing the electrochemical etching time from 5 to 30 min as
shown in Figure 2c. We prepared SiMP arrays with lengths of 5,
10, 12.5, 15, 17.5, and 20 μm by controlling the etching rate
and time. It was difficult to fabricate the SiMPs longer than 20
μm using electrochemical etching (see Figure S1 in Supporting
Information for more details) and to coat the reliable and
uniform PDMS layer. SiMP arrays were formed on a circular
area of the Si substrate with a diameter of 2.5 cm for all
samples. The ZnO NRs were grown only in this area by
selectively forming the ZnO seed layers. As the length of the
SiMP was increased, the effective surface area for growth of the
ZnO NRs increased, which also resulted in an increase in the
number of ZnO NRs.
Figure 3a,b shows cross-sectional and top view images of the

ZnO NRs grown on the 10 μm length SiMP arrays,

respectively. ZnO NRs of uniform shape were successfully
grown, even on the long SiMP arrays. The ZnO NRs were well-
aligned vertically and were perpendicular to the Si surfaces. The
ZnO NRs showed faceted six-sided surfaces and a hexagonal
top facet, as shown in the inset of Figure 3a. This indicates that
the ZnO NRs are wurtzite-structured single crystals grown
along the [0001] direction.23 The inset of Figure 3c shows a
plane-view image of the ZnO NRs on a flat Si substrate. The
diameter and areal density of the ZnO NRs are estimated to be
105 nm and 1.8 × 1011 NRs/cm2, respectively. We estimated
the number of ZnO NRs on the circular area with a diameter of
2.5 cm in the Si substrate by considering the SiMP to be a
cylindrical shape. The diameters and lengths of the SiMPs
measured from the SEM images. The density of the SiMP was
assumed to be the same for all samples because the same mask
pattern was used during the photolithography process for
fabrication of the SiMP. The areal density of the ZnO NRs was
assumed to be 1.8 × 1011 NRs/cm2, which was measured on the
flat Si substrate. As shown in Figure 2c, the number of ZnO
NRs within the circular area increased greatly from 8.84 × 1011

NRs for a flat Si to 1.43 × 1013 NRs for a SiMP with a length of
20 μm. Figure 3c,d shows the cross-sectional images of the full
structure of PNG. The figures indicate that the PDMS
penetrated into the gaps between the SiMPs and made contact
with the ZnO NRs. In our device structure, the PDMS plays a
critical role in uniformly distributing the applied mechanical
stress to the ZnO NRs and in transferring the generated electric
field from the ZnO NRs to the outer electrode. In addition, as
an insulating material, PDMS prevents an undesirable piezo-
electric screening effect by blocking the generation of free
electrons between the metal and dielectric interface.25,26 The
PDMS insulating layer also serves not only as a protection layer
that prevents electrical shorts created by residues produced
during the hydrothermal growth of ZnO NRs but also as a gate
that prevents the direct flow of electrons through the external
electrode by creating a Schottky barrier.27 PDMS also improves
the effective contact area with the NRs by decreasing contact
resistance and makes the combination of the Holmes and
Sharvin resistance equation valid in the nanoscale.28−30 Finally,
the PDMS layer acts as a stress diffuser that dispenses the
applied force axially.19

Figure 4 shows the PL spectra of the ZnO NRs grown on the
SiMPs with different lengths that were measured at room

temperature. The PL spectra show a sharp peak at 375 nm and
relatively weak and broader visible emission bands. The peak at
375 nm is assigned to the band-edge emission of ZnO NRs.
The broad visible emission bands are the deep levels. In the
solution growth of ZnO nanostructures, broad deep-level
emission generally prevails over free exciton-related emis-
sion.31,32 Deep-level emission peaks are normally originated
from defects such as zinc interstitials, oxygen vacancies, and
their complexes in the ZnO crystal.31−33 Therefore, the PL
peak intensity ratio between the band-edge to deep-level
emission implies relative amounts of crystalline defects and
defect-induced free charge carriers.25−27 The inset of Figure 4
shows the band-edge to deep-level emission ratio for each
sample. The ratio shows almost similar values between 0.2 and
0.3 for the ZnO NRs on flat Si and SiMP substrates,
respectively, regardless of the length of the SiMPs. This result
indicates that the crystalline quality of the individual ZnO NRs

Figure 3. (a) Cross-sectional and (b) top view images of ZnO NRs
grown on SiMP arrays with a length of 10 μm. (c, d) Cross-sectional
SEM images of PNG device structure, which confirms that PDMS
penetrates into the SiMP arrays. (inset a, c) The ZnO NR-grown
SiMP and flat Si substrate, respectively.

Figure 4. PL spectra measured at room temperature for ZnO NRs
grown on SiMP with different lengths. (inset) The band-edge emission
to deep-level emission ratio vs the length of the SiMPs.
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is not strongly affected by the surface morphology of the
underlying substrate. In charge-generating PNG devices, the
charge carriers generated by these point defects are
detrimentally affected by screening the generated piezoelectric
potential and by carrying the charges through the external
load.34,35 This indicates that the crystalline quality of the ZnO
NRs on SiMP arrays of different lengths is almost similar for all
samples that will be used for PNG applications.
Figure 5a shows the I−V behaviors of the ZnO NRs/p-Si

heterojunction, which were measured under dark conditions at

room temperature. Two heterostructured ZnO NR/planar p-Si
and ZnO NR/p-SiMP array configurations were prepared by
using Ag (100 nm) and Al (100 nm) metal layers for the ZnO
NR and p-Si electrodes, respectively. The I−V results clearly
show rectifying behaviors for both samples. However, the ZnO
NR/p-SiMP structure showed larger leakage current compared
to the ZnO NR/planar p-Si structure. This would be attributed
mainly from the larger defect or trap centers at the interface of
ZnO NR/p-SiMP (see Figure S2 in Supporting Information for
more details). An ideal band diagram for the ZnO NR/p-SiMP
heterojunction is illustrated in Figure 5b. Here, the ZnO NR
was regarded as an n-type semiconductor because of free charge
carriers induced by various point defects as discussed in the PL
results. The conduction band (ΔEc) and valence band offsets
(ΔEv) are 0.3 and 2.55 eV, respectively. Because of the larger
ΔEv than ΔEc, the energetic barrier for electrons is much lower
than that for holes. As shown in Figure 5c, when a stress is
applied to the ZnO NR side, positive piezoelectric potential is
generated at the ZnO NR/SiMP interface. The positive piezo

charges at the interface make a trench in the depletion region
due to the local piezo-potential. Also, this piezo potential tends
to raise the local band and introduce a slope to the band
structure (red line). The presence of a carrier-free zone can
significantly enhance the piezoelectric effect, because the
piezocharges will be mostly preserved without being screened
by local residual-free carriers.
Figure 6a−d shows the output voltage measured from the

ZnO NR-based PNGs on flat Si-substrate and SiMP arrays with

lengths of 10, 15, and 20 μm, with a strain frequency of 2.2 Hz.
The peak voltages from the PNGs on SiMPs were significantly
enhanced compared to the 0.7 V obtained from the PNG on a
flat Si substrate. All the PNGs showed negative and positive
peaks when pushed and released because of charging and
discharging, respectively. When a piezoelectric ZnO NR is
subjected to an external mechanical force perpendicular to the
top surface, a piezoelectric potential is generated along the NRs
due to the relative displacement of cations with respect to
anions under uniaxial strain. As the strain is applied, a negative
piezoelectric potential is generated at the top of the ZnO NRs,
which generate the negative potential at the top electrode
across the PDMS insulating polymer layer, resulting in a
negative pulse. As the strain is released, the piezoelectric
potential immediately vanishes, and the carriers accumulated at
the top Au electrode flow back through the external circuit to
the bottom Au electrode. This causes a positive pulse and
returns the system to its original state, as shown in Figure 6a−
d. The ZnO NR/SiMP-based PNG device produces alternating
current (AC) output signals. This is due to the existence of the
PDMS, which acts as a stress diffuser and transfers the stress
perpendicularly to the individual ZnO NRs in the PNGs. ZnO-
based PNGs generate AC power when the force is

Figure 5. (a) I−V characteristics of ZnO NRs/p-SiMP hetero-
junctions. (b) Band diagram of ZnO NRs/p-SiMP heterojunction
without external force and (c) with compressive stress (red line).

Figure 6. (a−d) Output voltage measured from ZnO NRs on flat Si-
substrate and SiMP arrays with a length of 10, 15, and 20 μm with a
strain frequency of 2.2 Hz. Polarity-dependent output voltage for (e)
forward and (f) reverse connection, which were measured from the
PNG on SiMP arrays with a length of 20 μm, respectively.
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perpendicular to the vertically grown ZnO NRs.36 A switching
polarity test of the PNG devices was conducted for forward and
reverse connections to confirm that the measured signals are
originated from the piezoelectric unit rather than from the
measurement system. As shown in Figure 6e,f, the sequence of
positive and negative output voltage pulses corresponds to the
forward and reverse connections. This indicates that the output
signals are generated by the PNG itself.
Figure 7a shows the results for peak voltage values versus the

applied strain frequency for the ZnO NR/SiMP PNGs for
different lengths of SiMPs. As the frequency of the applied
stress increased from 1.5 to 7.5 Hz, the output voltage from all
the PNG devices increased gradually. As the length of the
SiMPs increased, the peak voltage increased to 4 V for the 20
μm SiMP. The increase of the output voltage with increased
applied strain frequency has been attributed to the accumulated
residual charges. These charges are accumulated by an
imperfection of neutralization due to rapid external mechanical
stress cycles, resulting in an increase in the piezoelectric
potential.30 Therefore, a larger generated piezoelectric potential
causes more carriers to accumulate, and to be released and
neutralized. This increases the output voltage by increasing the
applied strain frequency for PNGs on longer SiMPs. Figure 7b
shows the peak voltage from the PNG versus the length of
SiMPs with a frequency of 2.2 and 7.5 Hz, that is, the number
of ZnO NRs. Note that the gap between the output voltages for
low and high strain rate with increasing the SiMP length. In our
ZnO NR/SiMP PNG structures, the output voltage is linearly
enhanced with increasing SiMP length at low strain frequency.

However, the increase of output voltage is gradually reduced for
the longer SiMP structures at high strain frequency. We suggest
that the slow increase of the output voltages at high strain rate
is due to the increased charge trap states in the longer SiMPs.
When the electrical charges transport through the longer SiMP
PNG structures under high frequency strain, they can be mostly
captured at the trap states resulting in the reduction of output
voltages compared to low frequency. As shown in Figure 7a, the
gradual increase of the output voltage with increasing strain
frequency for longer SiMP (>12.5 μm) supports our
suggestion. Even though we experienced the tradeoff between
the increase of output voltage and SiMP length, the output
voltage is mostly enhanced by increasing the number of ZnO
NRs grown on long SiMP. When a compressive stress is
applied to the ZnO NRs/SiMP PNG surface, piezoelectric
potentials are generated from each ZnO NR, as shown in
Figure 7c. A single ZnO NR can be regarded as a single
nanogenerator. The maximum piezoelectric potential generated
from the surface of a single ZnO NR under external mechanical
forces can be expressed as Vmax ≈ ±27(D/L)3 ym, where D and
L denote the diameter and length of the ZnO NR, respectively,
and ym is the lateral displacement of the tip of the ZnO NR.37,38

This equation implies that the piezoelectric potential generated
from each ZnO NR would be the same and directly
proportional to the maximum deflection at the tip if the aspect
ratio of the ZnO NR is uniform. In our structure, each ZnO
NR, as a single nanogenerator, is electrically connected in series
on the SiMPs as shown in Figure 7c. Therefore, as the length of
the SiMP increases, the number of series-connected nano-

Figure 7. (a) Output voltage of the PNGs prepared on SiMP with different lengths vs applied strain frequency. (b) Output voltage of PNGs
depending on the number of ZnO NRs and length of the SiMPs with frequency of 2.2 and 7.5 Hz. (c) Schematic of device structure and simplified
equivalent circuit showing working principle of the PNGs.
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generators increases continually and finally results in an
increase of the output voltage.33 Considering the number of
ZnO NRs, the output voltage from a single ZnO NR on the 20
μm SiMP is estimated to be 2.7 × 10−13 V, and this value is 2.9
times smaller as compared to the output voltage of 7.9 × 10−13

V for the PNG on a flat Si. The decrease in the output voltage
from a single ZnO NR on the longer SiMPs is attributed to the
larger charge trap state in the ZnO NR/p-SiMP heterojunctions
and inefficient delivery of the mechanical strain through the
deep SiMP. This would lead to lower built-in potential in the
depletion region while increasing the piezo-charge screening
effect. Nevertheless, the output voltage from the whole PNG
was enhanced by introducing a SiMP array with longer length
due to the greatly increased ZnO NR density. This suggested
structure can be a promising approach to enhance the output
power of PNGs for driving the Si-based microelectronics.

4. CONCLUSIONS
In summary, we demonstrated the enhancement of output
voltage from ZnO-based PNGs by making heterojunctions on
SiMP arrays of different lengths. The lengths of the SiMP
arrays, which were fabricated by electrochemical etching, were
increased systematically by controlling the etching time. The
structural and optical investigations showed that the ZnO NRs
were grown hierarchically on SiMPs, and their crystalline
quality was similar regardless of the length of the SiMPs. As the
length of the SiMPs increased, the number of ZnO NRs acting
as a single nanogenerator increased, and the output voltage
increased. This enhancement of the output voltage is mainly
attributed to an increase in the number of series-connected
ZnO NR-based nanogenerator by increasing the length of the
SiMPs. These results indicate that we can control the amount
of voltage generated from the PNG to power small-scale
electronic devices that run with different voltages. Especially,
the ZnO NR/SiMP heterojunction can be regarded as a
promising piezoelectric device, providing high potential for Si-
based electronic devices, and self-powered high performance
PNGs.
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