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R
enewable energy plays a crucial role
in the sustainable development of
human civilization.1�3 In nanotech-

nology, it is a key challenge to �nd a power
source that can drive the nanodevices with-
out adding much volume. Mechanical en-
ergy, such as body movement, vibration of
acoustic waves, light wind, hydraulic en-
ergy, and heart beating, has been proposed
as a potential energy source for powering
small electronic components, including im-
plantable biosensors, microelectromecha-
nical systems, nanorobots, and even
portable personal electronics.4 As for these
applications, great progress has been made
in developing piezoelectric nanogenerators
(NGs) based on ZnO nanowires (NWs)/
nanotubes,5�9 CdS NWs,10 ZnS NWs,11 PZT
nano�bers/ribbons,12,13 BaTiO3,14 polyviny-
lidene �uoride,15 InN NWs,16 AlGaN nano-
cones,17 and GaN nanorods.17�19

Among these piezoelectric materials,
ZnO is one of the most promising materials
due to the following three key advantages.
First, ZnO is biocompatible, degradable, and
nontoxic.20 Second, ZnO is easy to synthe-
size and is low-cost. Third, ZnO nano-
structures are also recognized as the potential
material for optoelectronic/sensor nano-
devices, such as light emitting diodes,21,22

photodetectors,23�27 and gas/chemical
sensors.27,28 Therefore, ZnO nanostructures
as the NG materials can be bene�cial to the
integration of various ZnO-based self-
power nanodevices.

The current study has been mainly fo-
cused on vertically aligned ZnO NW arrays.
In this paper, we study the e�ect of NW
orientation on the NG output experimentally
and theoretically. A combined method of
modi�ed oblique-angle deposition (OAD)

and hydrothermal growth was utilized to
obtain the oblique-aligned ZnO NW arrays
(NWAs). Due to the reduction of the in-plane
symmetry in the NWAs, the output of the NG
depends on the direction along which the tip
of the atomic force microscope (AFM) scans.
The anisotropic electricity generation was
statistically demonstrated and analyzed on
the oblique-aligned ZnO NWAs with four
di�erent scanning directions. Furthermore,
the ZnO NWAs also show excellent NG per-
formance due to the highly conductive Al-
doped ZnO (AZO) bu�er layer as the bottom
electric contact. Our study provides the gui-
dance for optimizing the output of NGs.

RESULTS AND DISCUSSION

The oblique-aligned ZnO NWAs were
synthesized by combining the oblique-
angle sputtering in the reductive atmosphere
and the hydrothermal growth. The detailed
growth method is given in Experimental
Section. Figure 1a shows the cross-sectional
scanning electron microscopy (SEM) image
of the oblique-aligned ZnO NWAs. The dia-
meter and the length of the NWs are
�50 nm and �1 �m, respectively. The tilted
angles of the NWs are around 20� relative to
substrate normal. The OAD leads to the
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ABSTRACT We studied the dependence of the output of the piezoelectric nanogenerator (NG) on
the inclining orientation of the ZnO nanowire arrays (NWAs). The oblique-aligned NWAs were grown
by combing a modi�ed oblique-angle sputtering technique for preparing the seed layer and
hydrothermal growth. The piezoelectric output of the NWAs was studied by scanning the tip of an
atomic force microscope along four di�erent directions in reference to the inclining direction of the
NWs. The statistical outputs were analyzed in reference to the theoretically calculated piezopotential
distribution in the NWs. Our study provides in-depth understanding about the performance of NGs.

KEYWORDS: ZnO . nanowire . atomic force microscope . nanogenerator

A
RTIC

LE



CHENET AL. VOL. XXX’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

B

formation of a bent columnar ZnO seed layer (at the
top of the AZO bu�er layer) inclined from the substrate
normal in the opposite direction to the incident vapor
beam owing to surface-di�usion-enhanced self-sha-
dowing e�ect.29 The oblique-aligned ZnO NWAs were
uniformly synthesized on the bent columnar ZnO seed
layers using a solution method, as shown in Figure 1b.
The seeded layer is oriented with its bent c-axis along
the opposite direction of sputtering and the NWs
grown along the c-axis of ZnO, resulting in the forma-
tion of the declined arrays.29 A high-resolution trans-
mission electron microscopy (HRTEM) image indicates
that the NWs are single crystalline, as shown in
Figure 1c. The measured interplanar distance of
0.26 nm corresponds to the ZnO(0002) planes, showing
that the NWs grow preferentially along the c-axis direc-
tion (i.e., [0001]).

The piezoelectric responses of the oblique-aligned
ZnO NWAs were examined using AFM in contact mode
with four di�erent scanning directions of a Pt-coated Si
tip, as shown in Figure 2a. Figure 2b exhibits the three-
dimensional (3D) distribution of output potential gen-
erated by the ZnO NWAs with a scanning area of 10 �m
� 10 �m, and the color code represents the magnitude
of the output potential. The AFM tip scans across the
sample to laterally bend the ZnO NWAs, and the output
electrical signals are consecutively monitored and re-
corded across an external load (RL = 500 M�). According
to Kirchho�'s voltage law, it has been noticed that the
measured voltage signals are always much lower than
the calculated ones, which is likely due to signi�cant
contact resistance between Ag pastes and thin �lms at
the bottom of the NWs, resistance of the bottom thin
�lm, contact resistance between the Pt tip and the NWs,
limited conductivity, and small capacitance of the

NWs.3,17,30,31 To increase the measured voltage signals
in the oblique-aligned ZnO NWAs, the highly conduc-
tive Al-doped ZnO (AZO) bu�er layer (resistiviy, F = 1.29
� 10�4 �cm determined by four-point probe
measurements) was utilized as the bottom electric
contact instead of the intrinsic ZnO layer (F � 0.55
�cm).5,6 The internal resistance of our oblique-aligned
ZnO NWAs based the NG is around 25 M�. The
detailed growth of the AZO bu�er layer can be seen
in the Experimental Section. Furthermore, as shown in
Figure 2b, negative sharp output voltage peaks result
from the piezoelectric potential-driven transient �ow
of electrons across the load as the tip consecutively
scanned across the NWAs. Some output signals could
reach several hundred negative millivolts, which is
much higher than those received (around �6 to �35 mV)
for the ZnO NWAs with the intrinsic ZnO layer as a
bottom electric contact.5,32 Moreover, the average
output voltages (around �130 to �160 mV), as shown
in Figure 3, are also higher than these of high-output
NGs based on the InN and GaN NWAs,16,19 which
ascribes to the highly conductive AZO bu�er layer as
the bottom electric contact.

Due to the reduction of the in-plane symmetry in the
NWAs, the anisotropic electricity generation is ex-
pected on the oblique-aligned ZnO NWAs with di�er-
ent scanning directions of the AFM tip. To distinguish
the anisotropy of electricity generation based on the

Figure 2. Piezoelectric power generation using the n-type
oblique-aligned ZnO NWAs. (a) Schematic of the AFM
measurement system with four di�erent scanning direc-
tions of the AFM tip [f (þx), f (�x), f (þy), and f (�y)], and
schematic of the oblique-aligned ZnO NWAs. Coordinate
system is used to de�ne the direction of lateral force applied
from the AFM tip. (Note that the de�ned polarity of the
output voltage signal is VL.) (b) Three-dimensional plot of
the output voltage (along �x-axis direction) at an external
load (RL = 500 M�) recorded when the AFM tip is scanned
across the NWAs with an area of 10 �m � 10 �m.

Figure 1. (a) Cross-sectional and (b) top-view SEM image of
the oblique-aligned ZnO NWAs. (c) HRTEM image of a ZnO
NW.
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