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enewable energy plays a crucial role
Rin the sustainable development of

human civilization.' 3 In nanotech-
nology, it is a key challenge to find 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.* As for these
applications, great progress has been made
in developing piezoelectric nanogenerators
(NGs) based on ZnO nanowires (NWs)/
nanotubes,® ® CdS NWs,'® ZnS NWs,'! PZT
nanofibers/ribbons,'*'® BaTiOs," polyviny-
lidene fluoride,” InN NWs,'® AlGaN nano-
cones,'” and GaN nanorods.'”'?

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.2’ 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,?'?2
photodetectors,”® 2’ and gas/chemical
sensors.””?8 Therefore, ZnO nanostructures
as the NG materials can be beneficial 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 effect of NW
orientation on the NG output experimentally
and theoretically. A combined method of
modified oblique-angle deposition (OAD)
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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 (N\WAs). The oblique-aligned NWAs were grown

by combing a modified 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 different 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.
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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
different scanning directions. Furthermore,
the ZnO NWAs also show excellent NG per-
formance due to the highly conductive Al-
doped ZnO (AZO) buffer 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 um, respectively. The tilted
angles of the NWs are around 20° relative to
substrate normal. The OAD leads to the
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Figure 1. (a) Cross-sectional and (b) top-view SEM image of
the oblique-aligned ZnO NWAs. (c) HRTEM image of a ZnO
NW.

formation of a bent columnar ZnO seed layer (at the
top of the AZO buffer layer) inclined from the substrate
normal in the opposite direction to the incident vapor
beam owing to surface-diffusion-enhanced self-sha-
dowing effect.?® 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.® 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 Zn0O(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 different 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 um
% 10 um, 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 (R, = 500 MQ). According
to Kirchhoff'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 significant
contact resistance between Ag pastes and thin films at
the bottom of the NWs, resistance of the bottom thin
film, contact resistance between the Pt tip and the NWs,
limited conductivity, and small capacitance of the
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22/ «— Oblique-aligned ZnO NWAs
“€— Conductive AZO layer

Figure 2. Piezoelectric power generation using the n-type
oblique-aligned ZnO NWAs. (a) Schematic of the AFM
measurement system with four different scanning direc-
tions of the AFM tip [f (4+x), f (—x), f (+y), and f (—y)], and
schematic of the oblique-aligned ZnO NWAs. Coordinate
system is used to define the direction of lateral force applied
from the AFM tip. (Note that the defined polarity of the
output voltage signal is V|.) (b) Three-dimensional plot of
the output voltage (along —x-axis direction) at an external
load (R, = 500 MQ2) recorded when the AFM tip is scanned
across the NWAs with an area of 10 um x 10 um.

NWs 3173031 T increase the measured voltage signals
in the oblique-aligned ZnO NWAs, the highly conduc-
tive Al-doped ZnO (AZO) buffer layer (resistiviy, p = 1.29
x 10°* Qcm determined by four-point probe
measurements) was utilized as the bottom electric
contact instead of the intrinsic ZnO layer (p ~ 0.55
Qcm).>® The internal resistance of our oblique-aligned
ZnO NWAs based the NG is around 25 MQ. The
detailed growth of the AZO buffer 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 flow
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.>*> 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,'®'® which
ascribes to the highly conductive AZO buffer 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 differ-
ent scanning directions of the AFM tip. To distinguish
the anisotropy of electricity generation based on the
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Figure 3. Statistical distribution of the piezoelectric output measured from the oblique-aligned ZnO NWAs with the AFM tip
scanning along (a) —x-axis direction (the amount of statistical peaks = 44 830), (b) +x-axis direction (the amount of statistical
peaks = 44 533), (c) -+y-axis direction (the amount of statistical peaks = 34 525), and (d) —y-axis direction (the amount of

statistical peaks = 36 333).

oblique-aligned ZnO NWAs, we plotted the statistical
distribution of the measured piezoelectric output with
the AFM tip scanning along £x-axis and ty-axis direc-
tions, as shown in Figure 3. The amount of statistical
peaks for each scanning direction is larger than 34 000
peaks, which were measured at the different areas of
10 um x 10 um. Because the areas used for each
measurement are different, density, morphology, tilted
angle, and aspect ratio of oblique-aligned ZnO NWAs are
varied slightly. Therefore, the measured piezoelectric
output with each tip scanning exhibits statistical distri-
butions: about 55—60% of output voltages are within
the range from —2 to —100 mV; about 20—30% of
output voltages are within the range from —100 to
—200 mV, and some output voltages could reach several
hundred negative millivolts. Moreover, one can see that
the average piezoelectric voltages along +x-axis direc-
tions are almost identical (around —160 mV) (Figure 3a,
b) and are higher than those along +y-axis direction
(around —130 mV in Figure 3c) and —y-axis direction
(around —150 mV in Figure 3d). The output difference
between +y-axis and —y-axis directions could be up to
around 20 mV, which is comparable to the piezoelectric
output of the previous ZnO NGs.>*? Accordingly, sig-
nificant anisotropy of electricity generation was demon-
strated on the oblique-aligned ZnO NWA:s.
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To understand the mechanism of the anisotropic
electricity generation based on the oblique-aligned
ZnO NWAs, the piezopotential distribution in a bent
inclined ZnO NW was calculated under a lateral force (f)
with different directions. Although the magnitude of
the piezopotential is significantly related to the carrier
concentration and their distribution,>'** a semiquan-
titative understanding can be achieved by numerical
calculation without considering the carrier concentra-
tion. For simplicity, we assume that an oblique NW is
fixed at one end (bottom side) and the other end is
pushed by a point force analogous to the scanning
action of an AFM tip, as shown in Figure 4a. Note that
for applied force f, the effective force for bending the
NW along +x-axis directions is f (Figure 4b) while the
effective force along +y-axis directions is f-cos 6
(Figure 4c,d). For the applied lateral force f along
+y-axis directions, as we neglect the slip between an
AFM tip and the NW, the partial forces f-sin 6 along
+c-axis directions apply on the inclined NW, as shown
in Figure 4c¢,d. Furthermore, the Lippman theory was
utilized to calculate the piezopotential distribution in a
bent ZnO NW.?" The material constants used in the
calculation includ the following: anisotropic elastic con-
stants of ZnO: C;; = 207 GPa, C;, = 117.7 GPa, G453 =
106.1 GPa, C33 = 209.5 GPa, C44 = 44.8 GPa, Cs5 = 44.6
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Figure 4. (a) Coordinate system is used to define the direction of lateral force applied from the AFM tip. The tilted angle is 6 = 20°;
an AFM tip pushes the ZnO NW along (b) +x-axis direction, (c) +y-axis direction, and (d) —y-axis direction.

GPa; and piezoelectric constants: e;s = —0.45 C/m?,
es; = —0.51 C/m?, es3 = 1.22 C/m? The relative di-
electric constants are k, = 7.77, ki = 891, and the
density (p) is 5680 kg/m>>* Length, diameter, and tilted
angle of the ZnO NW with a growth direction of [0001]
was set to be 1 um, 50 nm, and 20°, respectively. The
applied f was set to be 80 nN.°

The calculated piezopotential distributions in the
bent ZnO NW are revealed and viewed from the side
(Figure 5a—e) and the top (Figure 5f—j) of the NW.
Figure 5a (side view) and 5f (top view) represent the
calculated piezopotential distributions in the bent
inclined ZnO NW pushed by an AFM tip along +x-axis
direction (Figure 4b). According to our previous stud-
ies, positive potential and negative potential are cre-
ated along the stretched side (the outer surface) and
compressed side (the inner surface) of the NW,
respectively.”® When the tip scans across the top of
the NW and touches the compressed side of the NW,
the negative piezopotential sets the Schottky barrier
(at the interface between the Pt-coated tip and the
ZnO NW) to forward bias, thus the free electrons can
flow across the interface, resulting in a transient cur-
rentin the external load.>® Therefore, the magnitude of
the negative piezopotential at the top of the NW would
govern the measured output voltage via the external
load. Comparing the semiquantitatively calculated
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potential (Figure 5) and the measured output voltage
(Figure 3), the calculated potential of —298 mV (as
shown in Figure 5f) corresponds to the measured
voltage of around —160 mV (as shown in Figure 3b),
showing a reasonable agreement.

For an AFM tip pushing along =+y-axis directions
(Figure 4¢,d), Figure 5b,c (side view) and 5g,h (top view)
exhibit the calculated piezopotential distributions in
the bent NW without slipping between an AFM tip and
the NW. Regarding pushing along +y-axis direction,
the NW would be applied by not only a partial force
f-cos 6 for bending but also a significant force f-sin 6
for pulling along +c-axis direction (Figure 4c), leading
to the positive piezopotential (1.848 to 1.289 V) at the
whole top of the NW,”® as shown in Figure 5g. The
positive piezopotential would set the Schottky barrier
(at the interface between the Pt/ZnO) to reversed bias,
probably causing no current flow across the Schottky
interface or even the observed positive voltage peaks
through overcoming the reversely biased Schottky
barrier. However, the above expected result is incon-
sistent with the experimental observation in Figure 3c.
Concerning the pushing of +y-axis direction without
slipping between an AFM tip and the NW (Figure 4d), in
addition to the bending force f- cos 6, the inclined NW
would be pressed by a force f-sin 6 along —c-axis
direction, resulting in the negative piezopotential
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Figure 5. Calculated piezoelectric potential distribution for a ZnO NW. The dimension of the NW is radius a = 25 nm, length / =
1000 nm, and the external forces are f=80 nN, f = 1/128 f-sin 0. (a—e) and (f—j) are side and top views (at z, = 995 nm) of the

output of the piezoelectric potential in the NW, respectively.

(—1.292 to —1.85 V) at the entire top of the NW
(Figure 5h), which is higher than the calculated one
along +x-axis direction (—0.298 V) (Figure 5f), not in
agreement with our experimental results (Figure 3b,d).
Therefore, the inconsistency is most likely due to the
fact that thereis a slip between the AFM tip and the NW
during scanning. However, if we assume that there is
no any tangential force between an AFM tip and the

CHEN ET AL.

NW, that is, perfectly slipping between a tip and the
NW (without any partial force along c-axis), the NW
would be only applied by a partial force f-cos 0 for
bending under an AFM tip pushing along ty-axis
directions (Figure 4c,d), which should result in equal
output voltages with the tip scanning along +y-axis
directions. Hence, it is not reasonable if we assume a
perfect slip without friction.
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With a small tangential force (f = 1/128 f-sin 6)
between an AFM tip and the NW, the calculated piezo-
potential distributions in the bent NW by the tip
pushing along =y-axis directions are shown in
Figure 5d,e (side view) and 5i,j (top view). The correc-
tion factor, 1/128, is used to take account of a slip
between the AFM tip and the NW during scanning. For
pushing along +y-axis direction, the calculated poten-
tial of —269 mV (as shown in Figure 5i) corresponds to
the measured voltage of around —130 mV (as shown in
Figure 3c). For pushing along —y-axis direction, the
calculated potential of —293 mV (as shown in Figure 5j)
corresponds to the measured voltage of around — 150 mV
(as shown in Figure 3d). Compared to the calculated
potential of —298 mV (corresponding to the measured
voltage of around —160 mV) for pushing along +x-axis
direction, the above-mentioned calculated results
more closely approach the real experimental results.
Furthermore, the anisotropic electricity generation
along +y-axis directions can be understood due to
the piezopotentials originating from the small tangen-
tial force between a tip and the NW. In addition, the
measured output voltages along +x-axis directions

EXPERIMENTAL SECTION

Synthesis of Oblique-Aligned Zn0 NWAs. The oblique-aligned ZnO
NWAs were grown on Si(100) substrate with a sputtering process
and a subsequent hydrothermal method. Pure ZnO target
(99.99%) and pure Al target (99.99%) were utilized as the sputter-
ing source. First, an Al-doped ZnO (AZO) buffer layer was prepared
by the co-sputtering process using ZnO/Al targets under a 1 rpm
rotating substrate in argon at 460 °C for 2 h at the oblique angle of
30° with respect to the surface normal of the sputtering targets.
Second, the ZnO bent columnar seed was deposited by pure ZnO
sputtering in a reduced atmosphere with 20% hydrogen/argon
mixture gas at 280 £ 1 °C for 2 h at the oblique angle of 30°
without the substrate rotation. For the final hydrothermal process,
the oblique-aligned ZnO NWAs were synthesized in a solution
mixed by 0.005 M zinc acetate dehydrate (Zn(ChsCOO),-2H,0)
and 0.005 M hexamethylenetetramine (HMT C¢H1,N,) at the ratio
of 1:1, heated at 80 + 1 °C for 6 h. More details of oblique-aligned
NWA synthesis are described elsewhere ?

Morphology and Structure Characterization. The morphological
studies of our samples were performed with a JEOL JSM-6500
field emission SEM and a JEOL 3000F field emission TEM.

Piezoelectric Measurements of Oblique-Aligned NWAs. Piezoelectric
measurements were performed using AFM (Molecular Force
Probe MFP-3D from Asylum Research) with a conducting Pt-
coated Si tip, which has a cone angle of 70°. The ZnO NWA
samples were fixed on a piece of metal plate with Ag pastes,
with the AZO buffer layer deposited at the bottom as a common
grounded electrode. The rectangular cantilever of the AFM had
a spring constant of 1.55 N/m. A constant normal force of 5 nN
was maintained between the tip and NW arrays in the contact
mode. The output voltage across an outside load of resistance
R of 500 MQ was continuously monitored as the tip scanned
over the NWs. No external voltage was applied during the
experiment measurement.
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are higher than these along ty-axis directions, which
is likely due to the difference in the effective forces for
bending the NW in the two cases.

CONCLUSIONS

The anisotropic electricity generation has been statis-
tically demonstrated and analyzed with the oblique-
aligned ZnO NWAs synthesized by combing the tech-
nique of the OAD for preparing the seed layer and the
hydrothermal method for NW growth. Through reducing
in-plane symmetry in the NWAs, the output of the NG
depends on the direction along which the tip of the AFM
scans. To understand the mechanism of the anisotropic
output, the calculated piezopotential distributions in a
bent ZnO NW have been semiquantitatively analyzed
under an external force with the four different directions
in reference to the inclining direction of the NWs.
Because the highly conductive AZO buffer layer was
utilized as the bottom electric contact instead of the
intrinsic ZnO layer, the oblique-aligned ZnO NWAs show
excellent performance as piezoelectric NGs. Our study
provides comprehensive experimental and theoretical
base for optimizing the performance of NGs.

Note Added after ASAP Publication: This paper was originally
published on July 20, 2011. Subsequently, the affiliations for
Jun-Han Huang and Chuan-Pu Liu were revised and the cor-
rected version was reposted on August 1, 2011.
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