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Abstract
Zinc oxide (ZnO) nanowires fabricated via wet chemical synthesis on flexible polymer substrates are
inherently unstable against mechanical bending stress because of their high density and weak adhesion
to the substrate. We introduce a novel method for controlling the density of such ZnO nanowire arrays
using a three-dimensional corrugated metal substrate. These metal substrates, featuring extruded and
recessed patterns fabricated via nanoimprint lithography, were employed as cathodes during the
electrochemical deposition of ZnO nanowire arrays. The ZnO nanowire arrays synthesized on the
patterned metal thin film exhibited smaller diameters and lower densities compared to those on non-
patterned metal films. This reduction in density can be attributed to aligned nucleation and limited
growth on the patterned metal surface. Crucially, ZnO nanowires synthesized on patterned metal
substrates displayed remarkable mechanical robustness against external forces, a direct consequence of
their reduced density. In contrast, nanowires synthesized on non-patterned metal substrates were broken
under mechanical bending. Detailed morphological analyses performed after mechanical bending tests
confirm that ZnO nanowires synthesized on nanoimprinted metal electrodes exhibited enhanced
mechanical characteristics compared to those on non-patterned metal electrodes. These findings clearly
demonstrate the promise of utilizing density-controlled ZnO nanowires in piezoelectric devices.

Supplementary material for this article is available online

Keywords: zinc oxide nanowire, nucleation, selective electrodeposition, nanoimprinted pattern,
piezoelectricity

1. Introduction

Various synthesis methods have been developed for ZnO
nanowire arrays, each tailored to achieve specific characteristics

in the resulting nanowire structures. Dry-based methods, such
as chemical vapor deposition [1, 2], physical vapor deposition
[3], and thermal evaporation [4] have been used for fabricating
highly crystalline ZnO nanowire arrays. ZnO nanowire arrays
synthesized using the dry-based method exhibit high sensitivity
to chemicals and stable chemical-reactive functions owing to
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the high crystallinity of the nanostructures [3–6]. For example,
the highly crystalline ZnO nanowire arrays fabricated by using
the dry-based method exhibit favorable piezoelectric properties
because of their high aspect ratio and crystallinity [7–9].
However, drawbacks of these dry-based methods include the
requirement for a vacuum system and high synthesis tempera-
tures (typically in the range of 900 °C–1050 °C). These condi-
tions are not ideal for fabricating ZnO nanowires on flexible
substrates and controlling their densities. Moreover, the mor-
phological control of ZnO nanowires through dry-based meth-
ods heavily relies on the properties of the bilayer acting as the
seed layer.

The wet-based methods, on the other hand, have gained
significant attention due to their lower synthesis temperatures
and vacuum-free processes. The morphology control through
wet-based methods, such as hydrothermal [10–12], and
electrochemical methods [13–15], has been investigated by
adjusting the concentration and temperature of the ZnO pre-
cursor because these deposition conditions affect the number
of nucleation sites and the preferred growth orientation of the
ZnO nanowires. Importantly, the temperatures required for
wet-based synthesis (typically in the range of 70 °C–95 °C)
are suitable for flexible polymer substrates.

Nonetheless, existing density-controlled synthesis meth-
ods for ZnO nanowires based on wet chemical synthesis are
limited because densely packed ZnO nanowires are produced
owing to their continuous nucleation growth on the surface of
two-dimensional substrates and consecutive growth at the
nucleation sites. A dense ZnO nanowire array structure is
difficult to use in mechanical-electrical transducers because
high-density nanowires can be destroyed by external load. To
prevent mechanical failure of ZnO nanowires, density-con-
trolled wet-based synthesis of ZnO nanowire arrays on flex-
ible polymer substrates has been explored by patterning the
seed layer or marking layer using a photolithography method
[16–18].

In addition to these challenges, embedding ZnO nano-
wires within a polymer matrix, such as polydimethylsiloxane
(PDMS), polyvinylidene fluoride (PVDF), and SU-8 epoxy-
based photoresist, has been employed to prevent mechanical
failure of ZnO nanowire devices [17, 19–21]. In the case of
using a polymer matrix for embedding ZnO nanowires, the
physical attachment characteristics at the polymer matrix-the
ZnO nanowire interface should be considered as well as the
physical attachment characteristics at the polymer matrix-
electrode interface.

Since the synthesis of the crystalline ZnO nanowire on
the electrode of the flexible device without mechanical fail-
ures is limited, the transfer method of ZnO nanowires by
using carrier substrate has been used for placing the ZnO
nanowire on the electrode of the flexible device [22–24].

In a previous study, a metal-nanoimprinted poly(methyl
methacrylate) (PMMA) substrate was investigated to enhance
the interfacial adhesion between the metal thin film and
polymer substrate [25]. Herein, we propose a density-con-
trolled ZnO nanowire electrochemical synthesis method that
uses the aforementioned metal-nanoimprinted PMMA sub-
strate [25], to prevent mechanical failure of dense ZnO

nanowires, particularly in mechanical transducers. The den-
sity and geometrics of ZnO nanowires fabricated on metal-
nanoimprinted PMMA substrate were investigated and com-
pared to ZnO nanowires fabricated on metal-plane PMMA
substrate. A flexible device containing ZnO nanowires array
was fabricated by our proposed density-controlled ZnO
nanowire synthesis method and its mechanical and piezo-
electric properties were evaluated.

2. Experimental

2.1. Fabrication of metal thin films on nanoimprinted polymer
substrates

A commercial PMMA film (SKYSUN Corp. Republic of
Korea) was thermally imprinted with a nanoimprinting mold
featuring various periodic line array patterns (e.g. 200 nm line
width and 400 nm pitch or 100 nm line width and 200 nm
pitch) under a pressure of 30 bar at 150 °C for 5 min. To
observe the vertical scanning electron microscope (SEM)
image of the final structure, a nanoimprint structure was fab-
ricated on the silicon (Si) wafer surface. To evaluate the surface
of the final structure, and investigate its flexible mechanical
properties and piezoelectric characteristics, the nanoimprinted
structure was directly fabricated on the surface of the
nanoimprinted PMMA substrate. Subsequently, a gold (Au)/
titanium (Ti) dual-layer thin film (with either 100 nm/10 nm or
50 nm/5 nm thickness for the Au/Ti layers) was deposited on
the nanoimprinted PMMA substrate via thermal evaporation.
Different evaporation angles (θ= 0° and 60°) were used for the
fabrication of two kinds of geometrical metal patterns [26],
Au0electrode and Au60electrode, respectively (More details in
supplementary information). All metal patterns were created by
non-oblique angle deposition (θ = 0°) unless otherwise noted.

2.2. Synthesis of vertical ZnO nanowires on metal deposited
nanoimprinted polymer substrates

ZnO nanowires were electrodeposited on the surface of the
Au/Ti film, acting as the working electrode in the electro-
deposition system. The electrolyte consisted of 1M sodium
nitrate (NaNO3) and 1mM zinc nitrate (Zn(NO3)2) in ultrapure
water. A three-electrode cell configuration was employed, with
a nanoimprinted metal film as the working electrode, a platinum
(Pt)-coated Ti plate as the counter electrode, and a silver/silver
chloride saturated with potassium chloride (Ag/AgCl (saturated
KCl)) electrode as the reference electrode. The electrodeposi-
tion was conducted at 80 °C under a stirring rate of 400 rpm,
applying a constant potential of −1.0V for 2 h using a poten-
tiostat/galvanostat (601D, CH Instruments, Inc., USA). After
electrodeposition, the sample was rinsed with ultrapure water
and dried at 80 °C for 1 h to remove the organic residues.

2.3. Characterization of morphologies and compositions of
ZnO nanowires

Surface morphologies were analyzed using a SEM (XL30SFEG,
Philips Corporation, Netherlands) and a transmission electron
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microscope (TEM, JEM-ARM200F, JEOL) equipped with a
focused ion beam system (FIB, Helios NanoLab, FEI, USA).
Composition mapping was conducted using energy dispersive
x-ray spectroscopy (EDS). Crystallographic structures were
determined by x-ray diffraction (XRD, Rigaku D/max-2500,
Japan) with Cu Kα radiation (λ = 1.5405Å) at 40 kV and
300mA.

2.4. Fabrication and electrical characterization of piezoelectric
nanogenerator

For the top electrode, Ti (20 nm thickness) and Au (200 nm
thickness) dual-layer thin films were deposited on top of the
ZnO nanowires coated Au/Ti-nanoimprinted PMMA sub-
strate using thermal evaporation. Silver epoxy was used to
establish the electrical connection between the electrode and
the electrical wire. The piezoelectricity was measured using
an electrical measuring instrument (601D, CH Instruments,
Inc., USA) within a Faraday cage.

3. Results and discussion

3.1. Mechanism of ZnO nanowire growth on the line-patterned
metal film

We describe two conceptual growth processes of ZnO
nanowire array structures, each corresponding to a ZnO
nanowire array deposition mechanism on the plane metal film
and periodic metal film, respectively (see figure 1 for visual
representation). At the outset of electrodeposition, nuclei of
ZnO nanostructures formed on the metal film’s surface due to

the selective growth of ZnO nanostructures on the conductive
electrode, which acted as the cathode during electrodeposition
[27]. On the plane metal film, nuclei of ZnO nanostructures
appeared randomly, while on the line-patterned metal film,
nuclei exhibited an aligned pattern (see figures 1(b) and (f).

Subsequently, the majority of ZnO nanorods grew ver-
tically, at an angle of 90° with respect to the electrode, while
some nanorods exhibited oblique growth patterns, deviating
from the 90° orientation because of their preferred crystalline
orientation (see figures 1(c) and (g)) [28].

The diameter, shape, and density of the synthesized ZnO
nanowires varied depending on the geometry of the cathode
as ZnO nanorods grew into ZnO nanowires. On the plane
metal film, ZnO nanorods grew predominantly vertically
(depicted in white) while some exhibited non-vertical growth
directions (depicted in sky blue and green) (see figure 1(c))
Almost all ZnO nanorods synthesized on the plane metal film
grew into nanowires with attached ends because of their
differing growth directions (see figure 1(d)).

In contrast, aligned ZnO nanorods generated on the line-
patterned metal film primarily grew into vertical nanowires
with loosely attached ends (see figures 1(g) and (h). On the
line-patterned metal film, ZnO nanorods grew vertically
(depicted in white), while some deviated from the vertical
orientation on the extruded and recessed metal lines (depicted
in orange and red, respectively) (see figure 1(g)). Notably,
ZnO nanowires grown on the extruded line-patterned metal
film exhibited vertical growth without attached ends. The
growth of ZnO nanowires in a non-vertical direction of the
recessed line-patterned metal film was impeded by the walls
of the extruded polymer pattern. This differential growth of

Figure 1. Schematic representation of the ZnO nanowire growth processes on different substrates: (a) deposition of a metal film on a planar
polymer substrate, (b) formation of ZnO nuclei, (c) growth of ZnO nanorods, and (d) formation of ZnO nanowire arrays on the planar metal-
polymer substrate. (e) Deposition of a metal film on a nanoimprinted polymer substrate, (f) formation of ZnO nuclei, (g) growth of ZnO
nanorods, and (h) formation of ZnO nanowire arrays on the nanoimprinted metal-polymer substrate.
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ZnO nanowires on the line-patterned metal film prevented
attachment and, consequently, limited the increase in diameter
and density of the ZnO nanowire array structures (see
figures 1(g) and (h)).

3.2. Morphologies and compositions

Figures 2(a) and (b) show the surface morphologies of the Au
(50 nm)/Ti (5 nm) dual-layer thin film deposited on the
nanoimprinted PMMA substrate. The nanoimprinted PMMA
substrate exhibits periodic line arrays of rectangular wave
patterns with a width of 194 nm, pitch of 408 nm, and height
of 113 nm (inset of figure 2(b)). After depositing the Au/Ti
dual-layer thin film on a nanoimprinted PMMA substrate via
thermal evaporation, the Au/Ti thin films covered the
extruded and recessed surfaces of the nanoimprinted PMMA
substrate, while leaving the side walls bare because of the
directionality of the thermal evaporation process [29].
Figures 2(c) and (d) show the results of the intermediate stage
of the ZnO nanowire electrodeposition process on the metal-
nanoimprinted polymer substrate. The aligned ZnO nanowire
array structure was electrochemically deposited in a relatively
short time, approximately 30 min, confirming the selective
nucleation and growth of ZnO nanowires on the Au/Ti films
deposited on the nanoimprinted PMMA substrate. This
selective electrochemical deposition of aligned ZnO nano-
wires with preferred orientations [28] induces the growth of
longer ZnO nanowires with preferred orientations.

High-resolution (HR) cross-sectional TEM images were
taken of samples with an identical electrodeposition time
(∼30 min) to characterize the distinctive growth process of
the ZnO nanowires on the nanoimprinted-structured cathode.
ZnO nanowires were prepared on the metal patterns/
nanoimprinted polymer/Si substrate to facilitate subsequent
analysis and filled with a commercial black-colored

permanent marker (Namepen, Monami Co., Republic of
Korea) to prevent mechanical failure of the ZnO nanowires
during the FIB milling process for sample preparation [30].
Because the ZnO nanowires synthesized on the metal-
nanoimprinted PMMA substrate with a width of 200 nm of
line pattern experienced horizontal collapse during the FIB
milling process, the nanoimprinted polymer-coated Si sub-
strate fabricated by nanoimprint stamp with a width of
100 nm, pitch of 200 nm, and height of 100 nm was utilized
for synthesizing and observing the of nanowires in these
confined spaces. Clear TEM images of the differential growth
of ZnO nanowires synthesized on the patterned substrate with
a 100 nm line width are presented in figures 3(a)–(c). As
shown in the cross-sectional images, ZnO nanowires are
vertically and obliquely grown on the extruded metal patterns,
while vertical ZnO nanowires and ZnO nanodot-shaped
nanostructures are synthesized on the recessed metal patterns.
The infrequent formation of ZnO nanodot-shaped nanos-
tructures on the recessed metal patterns results from the pre-
sence of surrounding extruded polymer patterns. The oblique
growth characteristics with a preferred orientation of elec-
trochemically synthesized ZnO nanostructures [13, 14, 28],
hindered the growth of nanowires in these confined spaces.
Conversely, ZnO nuclei synthesized on the extruded metal
patterns grew into nanorods/nanowires because of the rela-
tively wider spacing compared to the recessed metal patterns.
Figure S3 compares the morphologies of the ZnO nanowires
electrodeposited for 2 h at the boundary between the plane
metal film and metal patterns. ZnO nanowires deposited on
metal patterns exhibit smaller diameters and densities than
planar ones because of restricted growth on the recessed
pattern, while those deposited on plane metal electrodes show
attached ends and higher density. Therefore, the density of
ZnO nanowires electrochemically synthesized on metal-
nanoimprinted polymer substrates can be controllable because
of selective nucleation and the differential growth on the
extruded and recessed metal patterns on nanoimprinted
polymer substrates.

Figure 4(a) represents a high-angle annular dark field
image of electrodeposited ZnO nanowires on the metal-
nanoimprinted polymer-coated Si substrate and shows nano-
wires and nanodots on the extruded and recessed patterns,
respectively. EDS maps of the same sample are shown in
figures 4(b)–(e). The combination of zinc (Zn), gold (Au), and
oxygen (O) exhibits vertical ZnO nanowires and ZnO nano-
dots on the extruded and recessed Au films, respectively
(figure 4(b)). Each Au film fabricated on the extruded and
recessed polymer patterns was separated (figure 4(d)). Zn was
detected on the surface of the Au metal electrode (figure 4(c)).
Clear ZnO crystals on the Au electrodes were observed on the
same sample via XRD peak analysis. Crystalline ZnO nano-
wires were selectively synthesized on metal patterns through
electrodeposition (figure S4(b)). Because HR TEM mea-
surement on the surface of the ZnO nanowire was limited by
carbon contamination from the polymer substrate (compare
figures S5(a)–(c) and (d)–(e)), XRD analysis was conducted
to confirm the growth direction of ZnO nanowires deposited
on the plane metal film and metal-nanoimprinted polymer.

Figure 2. Surface SEM images of (a) and (b) Au(200 nm)/Ti(20 nm)
dual-layer film deposited on the nanoimprinted PMMA substrate,
with an inset showing a cross-sectional view in (b). (c) And (d)
surface SEM images of ZnO nanowires electrodeposited for 30 min
on the Au/Ti dual-layer film deposited on the nanoimprinted PMMA
substrate.
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The ZnO nanowire grown on the Au/Ti/nanoimprinted
PMMA substrate shows a high intensity of (002) peak. This
(002) peak matches the wutzite ZnO structure [31]. The
growth direction of a ZnO nanowire is [0001], which is the c-
axis of the wurtzite ZnO crystal. Moreover, the ZnO nano-
wires with a major peak (002) which is related to the orien-
tation of the ZnO nanowires along this c-axis are arranged
perpendicular to the substrate [32].

In contrast, the ZnO nanowires grown on a plane metal
substrate show a lower (002) peak while representing the
highest (103) peak. ZnO nanowires with a major peak (103) are
oriented obliquely rather than perpendicular to the substrate
[32]. As a result, ZnO nanowires grown on an Au/Ti/
nanoimprinted PMMA substrate are almost oriented perpend-
icular to the substrate, while ZnO nanowires grown on a plane
metal substrate are oriented obliquely to the substrate.

Figure 3. (a)–(c) Cross-sectional TEM images, and (d) high-resolution TEM image at the bottom, (e) middle, and (f) top of ZnO nanowire
deposited on the Au/Ti dual-layer thin film/nanoimprinted polymer/Si substrate.

Figure 4. Cross-sectional analysis of the ZnO nanowire on the Au/Ti dual-layer thin film/nanoimprinted polymer/Si substrate using
HAADF mode and EDS mapping: (a) HAADF mode image and elemental mapping results for (b) the combined elements, (c) Zn, (d) Au, and
(e) O.
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Xu et al investigated the growth of aligned ZnO nano-
wire arrays by using an open circle patterned (∼ 100 nm)
substrate[16]. In their study, ZnO nanowires were grown on
circular patterns during hydrothermal processes, and verti-
cally aligned ZnO nanowires were synthesized because of
faster growth in the vertical direction than in the lateral
direction. The relatively strong XRD peak of ZnO (002) of
their study indicates an almost perfect vertical alignment of
the ZnO nanowires. As shown in the SEM and TEM results of
our study, the ZnO nanowire arrays were more predominantly
electrodeposited on the extruded metal patterns than on the
recessed metal pattern. Because the width of the extruded
metal pattern is 100 or 200 nm, the nuclei of ZnO nanos-
tructures on the surface of the extruded metal patterns were
formed as a seed layer with limited space at the initial elec-
trodeposition step. Single or several ZnO nanowires were
grown from the ZnO seed layer which was deposited within a
given width of the metal pattern. The nuclei of the ZnO
nanowires on the surface of the recessed metal patterns were
formed as a seed layer with limited space at the initial elec-
trodeposition step because the width of the recessed metal
pattern was also 100 or 200 nm. The ZnO nuclei on the
surface of the recessed metal patterns grew shorter nanowires
than the ZnO nucleus on the surface of the extruded metal
patterns because of the prevention of growth by the side of the
walls. This predominantly ZnO nanowire growth on the
extruded metal patterns rather than on the recessed metal
pattern results in vertical alignment of the ZnO nanowires.
The strongest ZnO (002) peak on this sample also indicates
the vertical alignment of the ZnO nanowires [16]. Therefore,
differences in the nucleus spaces of ZnO nanowires at the
initial stage of electrochemical synthesis resulted from the
predominant growth on extruded metal patterns than on
recessed metal patterns, and faster growth in the vertical
direction than in the lateral direction resulted in vertically
aligned ZnO nanowires than planar ones.

Figure 5 illustrates the surface and vertical images of the
electrodeposited ZnO nanowires with various geometries of
metal film. Figure 5(a) shows electrodeposited ZnO nano-
wires on the Au/Ti film deposited planar Si wafer, and
figures 5(b)–(d) show the electrodeposited ZnO nanowires on
different geometries of Au/Ti film deposited on the
nanoimprinted substrates. Nanoimprinted mother mold with a
line pitch of 200 nm (figures 5(b)–(c)) and 400 nm
(figure 5(d)) were utilized to fabricate nanoimprinted poly-
mers. One metal pattern has a specific shape depending on the
angle (60°) of the oblique deposition (figure 5(b)), other metal
patterns were formed without oblique deposition (figures 5(a),
(c), and (d)). Each diameter and density (number of ZnO
nanowires per unit area) of ZnO nanowires depend on the
geometry of the metal pattern, as summarized in table 1.

First, the ZnO nanowires electrodeposited on the planar
metal film (figure 5(a)) were denser (density= 1.34× 106 cm−2)
and thicker (average diameter = 68.97 nm (±14.41 nm))
than those synthesized on the metal patterns (average
diameter = 50.69 nm (±11.63 nm), 53.27 nm (±8.63 nm), and
61.42 nm (±9.53 nm), and density = 7.6 × 10 cm−2, 9.3 ×
105 cm−2, and 3.7 × 105 cm−2 for ZnO nanowires deposited on

each metal patterns (figures 5(b)–(d)). Second, the density and
diameter of the electrodeposited ZnO nanowire could be
decreased by reducing the electrochemical cathode’s area.
Figures 5(b) and (c) show ZnO nanowires electrodeposited on
metal electrodes with different shapes. Each metal electrode has a
specific shape depending on the angle of the oblique deposition.
With an oblique angle of 60°, the metal electrode was only
formed on the extruded polymer pattern (figure 5(b), hereafter
Au60electrode), while with an oblique angle of 0°, the metal
electrode was fabricated on both the extruded and recessed pat-
terns (figure 5(c), hereafter Au0electrode). After electrodeposition
of ZnO nanowires under the same conditions, the ZnO nanowires
electrodeposited on the Au60electrode showed a smaller dia-
meter and lower density than the ZnO nanowires electro-
deposited on the Au0electrode. Third, the density of the ZnO
nanowires decreased with an increase in the width of the recessed
metal patterns. The density of the ZnO nanowires synthesized on
the metal patterns with a width of 200 nm and a pitch of 400 nm
(figure 5(d), hereafter Au0electrode2) was lower than that of the
ZnO nanowires synthesized on the Au0electrode. The growth of
the ZnO nucleus on the recessed metal patterns was considerably

Figure 5. SEM images showing the surface and cross-section of
electrodeposited ZnO nanowires on different substrates: (a.1)(a.2)
Au/Ti dual-layer film deposited Si substrate, (b.1)(b.2) Au60elec-
trode, (c.1)(c.2) Au0electrode, and (d.1)(d.2) Au0electrode2 (scale
bar in the inset = 200 nm).
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limited because of the limited area of the metal pattern and dis-
turbance by the wall of the extruded polymer patterns, resulting
in a decrease in the number of ZnO nanowires.

The density and diameter of the electrochemically syn-
thesized ZnO nanowire array structure could be controlled by
changing the geometries of the metal patterns owing to the
characteristics of selective ZnO nanowire deposition on the
metal cathode in the electrodeposition system. Reduced
density of ZnO nanowires by using this metal-nanoimprinted
PMMA substrate is expected to prevent the mechanical fail-
ure of adjacent ZnO nanowires under mechanical bending.
The piezoelectric and mechanical characteristics of ZnO
nanowires deposited on metal-nanoimprinted PMMA films
were evaluated under mechanical bending.

3.3. Piezoelectric and mechanical characteristics

The experimental setup of the vertical ZnO nanowires for the
piezoelectric nanogenerators is shown in figure 6(a). The
piezoelectricity of the fabricated piezoelectric nanogenerator
was analyzed through a mechanical bending test (ρ = 1 cm,
working area = 0.75 cm2). The ZnO nanowires were con-
nected in parallel with the top (Au/Ti dual-layer thin film)
and bottom electrodes (Au/Ti dual-layer thin film deposited
on 400 nm pitch line patterned nanoimprinted PMMA film),
resulting in Schottky contact (figure 6(b)). The open-circuit
voltage (Voc) and short-circuit current (Isc) of the prepared
piezoelectric nanogenerator were measured under a strain of
0.015 and a strain rate of 2.5% s−1. The observed peak
voltage and current reached 1.03 V and 280 nA (figures 6(c)

Table 1. Average diameter, length, and density of ZnO nanowires electrodeposited on the (a) Au/Ti dual-layer film deposited Si substrate,
(b) Au60electrode, (c) Au0electrode, and (d) Au0electrode2.

(a) Plane Au/Ti
Si-substrate (b) Au60electrode (c) Au0electrode (d) Au0electrode2

Average diameter 68.97 nm (±14.41 nm) 50.69 nm (±11.63 nm) 53.27 nm (±8.63 nm) 61.42 nm (±9.53 nm)
Average length 0.77 μm (±114.97 nm) 1.07 μm (±108.81 nm) 1.17 μm (±108.48 nm) 1.06 μm (±89.78 nm)
Number of ZnO nanowires/area
(Density)

1.34 × 10
6

cm
−2

7.6 × 10
5

cm−2 9.3 × 10
5

cm−2 3.7 × 10
5

cm−2

Figure 6. (a) Experimental set up for the cyclic bending test, (b) measured IV curve, (c) Isc, and (d) Voc of ZnO nanowires electrodeposited on
Au(200 nm)/Ti(20 nm)/400 nm pitch line patterned nanoimprinted PMMA film.
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and (d)), respectively. These values are slightly higher than
previous flexible ZnO nanowire devices fabricated by
hydrothermal synthesis [18, 33], because a higher strain
(ε = 0.015) was induced than previous study (ε ∼ 0.0019)
[33]. In addition, the ZnO nanowire device fabricated in this
study exhibits superior performance compared to a previous
device that incorporated a hybrid structure of ZnO nanowires
and a polymer to prevent mechanical breakage [21]. Addi-
tionally, it displays comparable or even superior piezoelectric
characteristics when compared to ZnO nanowire devices
synthesized using a dry method [9]. Assuming that all the
integrated ZnO nanowires contribute to the output, the current
generated by a single ZnO nanowire is ∼1.01 pA. The actual
generated current from a single nanowire would be larger than
that value because the strain is concentrated in the middle of
the device. Wang et al reported that a piezoelectric field effect
transistor device with a single ZnO nanowire which was
fabricated by the evaporation method exhibits ∼40 nA [34].
Because the high crystalline and aspect ratio of ZnO nanowire
was synthesized at high temperatures by using dry-based
synthesis, ZnO nanowires synthesized using dry-based
methods exhibit higher piezoelectric current than those syn-
thesized using wet-based methods. However, wet-based
methods have the advantage of fabricating piezoelectric ele-
ments such as vertically integrated ZnO nanowires simply by
electrodeposition on a flexible substrate at low temperatures.
In the field of energy harvesting, vertically integrated nano-
generators (VING) are recognized for their efficacy in

capturing compressive and bending mechanical energy [35].
The optimal transduction of mechanical deformation to
piezoelectric gating on graphene (Gr) is achieved through the
vertical alignment of [0001] direction-oriented ZnO nano-
wires, leading to remarkable sensitivity [36]. Notably, the
ZnO nanowire arrays on the nanoimprinted metal substrate
employed in this study exhibit a more pronounced vertical
orientation compared to those on the plane metal substrate.
Moreover, the controllable diameter and packing density of
ZnO nanowires contribute to reducing the likelihood of
mechanical breakage. In addition, ZnO nanowires can be
synthesized on metal-nanoimprinted polymer in a wet che-
mical system and piezoelectricity can be achieved without
peel-off of the bottom electrode owing to the chemical and
mechanical robustness of the metal-nanoimprinted films
under high moisture and mechanical bending [25].

We analyzed the adhesion characteristics of the Au/Ti/
nanoimprinted PMMA film, which was the bottom electrode of
the fabricated piezoelectric devices (figure 7(b.1)), and com-
pared these characteristics with those of the piezoelectric
devices formed on the Au/Ti/plane PMMA film (figure 7(a.1)).
After the electrodeposition of ZnO nanowires, the Au/Ti film
was delaminated from the plane PMMA substrate, while the
Au/Ti film was not delaminated from the nanoimprinted
PMMA film (compare figures 7(a.1) and (b.1)). The Au/Ti/
nanoimprinted PMMA film has better chemical adhesion
characteristics as a cathode in the electrolyte than the Au/Ti/
plane PMMA film. After 1000 cycles of mechanical bending

Figure 7. Optical microscope images of (a.1) as-electrodeposited ZnO nanowires on the Au/Ti/plane PMMA film, (a.2) after the bending
test, and (a.3) SEM images. Optical microscope images of (b.1) as-electrodeposited ZnO nanowire on the Au/Ti/nanoimprinted PMMA
film, (b.2) after the bending test, and (b.3) SEM images. Optical microscope images of (c.1) as-deposited top electrode on electrodeposited
ZnO NW/Au/Ti/nanoimprinted PMMA film, (c.2) after the bending test, and (c.3) SEM images.
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with a radius of curvature of ρ = 1 cm, the Au/Ti dual-layer
thin films on the plane PMMA substrate exhibited a number of
cracks (length≈ 197.09± 54.18 μm) and delaminated from the
plane PMMA substrate, while the Au/Ti/nanoimprinted
PMMA film had electrodeposited ZnO nanowires with smaller
microcracks (length ≈ 29.74 ± 10.67μm) and well attached on
the nanoimprinted PMMA substrate (compare figures 7(a.2)
and (b.2)). Uniform ZnO nanowire films were observed with a
non-shiny color on the surface of the Au/Ti film. However,
protruded shiny metal film parts were observed along with the
cracks in the middle of the sample. ZnO nanowires accumulated
along with these cracks (figures 7(b.2) and (b.3)). This pile-up
phenomenon was observed in the middle of the flexible poly-
mer film. This occurs as a result of stress concentrated in the
middle of the flexible polymer because of the low bending
rigidity of the thin PMMA substrate. After the top electrode was
fabricated on ZnO nanowire film which was deposited on the
Au/Ti/nanoimprinted PMMA film, similar crack propagation
and pile-up phenomena were observed in the middle of the
sample (compare 7b and 7c). The Au/Ti/nanoimprinted
PMMA film exhibited better mechanical characteristics against
bending than the Au/Ti/plane PMMA film. Therefore, vertical
ZnO nanowires synthesized by using this nanoimprinted metal
film without delamination under wet synthesis conditions are
density-controllable and exhibit piezoelectricity during cyclic
bending with a rare mechanical fracture.

4. Conclusions

In summary, we have developed a novel method for controlling
the diameter and density of wet-chemically synthesized ZnO
nanowire arrays using a nanoimprinted pattern metal substrate.
A well-aligned vertical ZnO nanowire array structure was
obtained by depositing the ZnO nanowire array structure
directly on the periodic patterned metal film as the cathode in
the electrochemical system. The initial growth of the ZnO
nanodot-shaped nucleus played a crucial role in determining
the density and diameter of the ZnO nanowire, and this process
was highly dependent on the geometries of the cathode.

On the nanoimprinted metal pattern, the ZnO nucleus
was generated along the surface of the extruded line pattern,
while on the plane metal film, the ZnO nucleus was randomly
generated. The advantage of controlling ZnO nanowire dia-
meter and density derives from their selective growth on the
extruded metal pattern and restricted growth on the recessed
metal pattern. Furthermore, this controllable ZnO nanowire
synthesis can be effectively carried out on the nanoimprinted
metal electrode, due to its appropriate chemical adhesion
characteristics in wet conditions.

In conclusion, the ZnO nanowires fabricated on the
nanoimprinted metal film exhibited stable piezoelectricity with
mechanical durability under cyclic bending. These results
indicate the potential for manufacturing more mechanically
robust flexible devices, given the use of density-controlled ZnO
nanowires with high mechanical characteristics.
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