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ABSTRACT

Piezoresponse force microscopy (PFM) is used to measure the effective piezoelectric coefficient (d33) of an individual (0001) surface dominated
zinc oxide nanobelt lying on a conductive surface. Based on references of bulk (0001) ZnO and x-cut quartz, the effective piezoelectric
coefficient d33 of ZnO nanobelt is found to be frequency dependent and varies from 14.3 pm/V to 26.7 pm/V, which is much larger than that
of the bulk (0001) ZnO of 9.93 pm/V. The results support the application of ZnO nanobelts as nanosensors and nanoactuators.

Zinc oxide is a semiconducting piezoelectric material that
has been used in microelectromechanical systems (MEMS)
as sensors and actuators1 and in communications as surface
acoustic wave (SAW) and thin-film bulk acoustic wave
resonator (FBAR) devices.2-3 Quasi-one-dimensional ZnO
nanobelts have been synthesized,4 and they have been used
for the fabrication of field effect transistors,5 gas sensors,6

resonators,7 and nanocantilevers.8 These applications mainly
utilize the semiconducting properties and geometrical shape
and size offered by nanobelts. ZnO nanobelts dominated by
different crystal surfaces have been synthesized. The most
common growth direction of the nanobelt is along thec-axis
[0001] or [011h0], with the top surface being (21h1h0) and side
surface being (011h0) or (0001), respectively (Figures 1a and
b).4 Growth of (0001) surface dominated nanobelts has to
overcome an energy barrier due to surface polarization.
Recently, free-standing piezoelectric ZnO nanobelts domi-
nated by large (0001) top and bottom surfaces (Figure 1c)
have been synthesized.9 Individual zinc oxide nanobelt is a
promising piezoelectric material for nanosensor and nano-
actuator applications due to its perfect single crystalline
structure and that it is free of dislocation.

Investigating the piezoelectric properties of ZnO nanobelt
using atomic force microscopy remains, however, a challenge
because the sample’s displacement due to the inverse
piezoelectric effect by applying an electric field is on the
order of picometers (pm). Several techniques,10-12 including
scanning probe microscopy (SPM),13-17 have been employed

to measure these small piezoelectric displacements. In
particular, piezoresponse force microscope (PFM) is becom-
ing a standard method for the study of ferroelectric and
piezoelectric phenomena. The PFM technique is based on
the detection of local vibrations of a sample induced by an
AC signal applied between the conductive tip of SFM and
the bottom electrode of the sample. The local oscillations of
the sample surface are transmitted to the tip and detected
using a lock-in technique. The out-of-plane piezoresponse
signal is extracted from thez-deflection signal given by the
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Figure 1. Surface facets of ZnO nanobelts: (A) growing along
[0001] (c axis), top surfaces (21h1h0), and side surfaces (011h0),
showing no piezoelectric property across thickness; (B) growing
along [011h0] (c axis), top surfaces (21h1h0), and side surfaces (0001),
showing no piezoelectric property across thickness; (C) growing
along [21h1h0] (a axis), top surfaces (0001), and side surfaces (011h0),
showing piezoelectric effect across thickness.
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PSD (position sensitive detector) and represents the local
oscillations perpendicular to the plane of the sample surface.
Though ferroelectric properties of individual barium titanate
nanowires investigated by noncontact mode of SPM were
reported by H. Park’s group,15 there are no publications on
piezoelectric measurement of one-dimensional nanostructures
using the contact mode of SPM.

This paper reports our measurements of the piezoelectric
properties of individual ZnO nanobelts using the PFM
technique. The result is compared with that of the (0001)
bulk ZnO andx-cut quartz. Our results show that the effective
piezoelectric coefficientd33 for a ZnO nanobelt is signifi-
cantly larger than that of bulk ZnO, establishing the basis
for using ZnO nanobelts for nanoscale sensors and actuators.

The first step of the experiment was sample preparation.
After coating (100) Si wafers with 100 nm Pd, ZnO
nanobelts4 with typical dimension of tens of nanometers in
thickness, hundreds of nanometers in width, and tens of
micrometers in length were dispersed on the conductive
surface similar to the method described previously.18 Then
the whole surface was coated with another 5 nm Pd coating,
which served as an electrode on the ZnO nanobelt to get a
uniform electric field and avoid electrostatic effects.13 Extra
care was taken to ensure that the top and bottom surface of
the nanobelt was not short-circuited after Pd deposition.

The ZnO nanobelt was located by a commercially available
AFM (Nanoscope IIIa, Multimode) in tapping mode. If
contact mode was used, the nanobelt might be displaced by
the tip during scanning, which causes a distorted image.
Figure 2 is a three-dimensional image of an individual ZnO
nanobelt lying on the surface as obtained in tapping mode,
which clearly shows a rectangular cross section. After
locating the nanobelt, the tip was positioned to the center of
the nanobelt.

It is worth mentioning that not every nanobelt lying on
the surface is piezoelectric. The nanobelt showing piezo-
electric characteristics grows along [21h1h0] with a (0001) top
surface, as presented in Figure 1c. The polar axis of the
hexagonal wurtzite structured ZnO crystal is along [0001].
Piezoelectric measurements on the ZnO nanobelt were

performed in contact mode at a single point with the addition
of a function generator, a lock-in amplifier (SR844), and a
signal access module (SBOB) as shown in Figure 3.

In this configuration, the conductive tip supplies current
to the electrode and also measures the piezoelectric motion.
The conductive tip is made by coating Pd (20 nm thick) on
a commercial Olympus etched silicon probe with nominal
spring constant of 42 N/m and tip radius of about 10 nm. A
high stiffness cantilever is chosen to reduce the influence of
electrostatic interaction with piezoelectric measurement.13,17-19

The contact force between the AFM tip and nanobelt is
∼1800 nN, which ensures that the measurement is in the
so-called strong-indentation regime proposed by S. V.
Kalinin and D. A. Bonnell,20 as the piezoresponse in the
strong-indentation regime is dominated by thed33 of the
material. The typical resonance of the conductive tip is about
300 kHz. The frequency of the signal applied on the sample
is from 30 kHz to 150 kHz, which is much higher than the
low-pass cutoff frequency of the AFM topography feedback
loop and lower than the cantilever resonance frequency. The
frequency range chosen is far above the previously reported
values on bulk or thin film samples, ranging from 1 to 16.7
kHz.13,14,16,17The reason for this choice is the higher the
applied frequency, the lower the noise signal level as
predicted by Harnagea et al.,17 which is below 10-13 m in
the chosen frequency range. The input signal was in the range
of 1-4 V (RMS). The corresponding vertical deflection
signal of the cantilever is recorded by lock-in amplifier
through SBOB. By multiplying the deflection signal with
the calibration constant of the photodetector sensitivity,13 the
amplitude of the tip vibration is derived. The calibration
constant is determined from the slope of the force-distance
plot obtained after the scanner is calibrated using a standard
grating. Since the scanner has been independently calibrated
with a known step height, the vertical deflection signal is
calibrated to the known vertical displacement. As illustrated
in eq 1,13,17,14the slope of the amplitudeAf versus the input
signalUf gives the effective piezoelectric coefficientd33

eff.

whereAf is vibration amplitude (in units of nm),Vf is vertical
deflection signal of the cantilever (mV),δ is the calibration
constant of the photodetector sensitivity (nm/V), andUf is
the amplitude of the testing ac voltage (V).

To ensure the reliability and accuracy of the measurement,
effective piezoelectric coefficients of (0001) bulk ZnO and
x-cut quartz (serving as a piezoelectric standard) were

Figure 2. AFM 3D (2 µm × 2 µm) image of an individual nanobelt
(360 nm in width and 65 nm in thickness) lying on the substrate
surface, showing a rectangular cross section.

Figure 3. Schematic diagram of experimental setup.

Af ) Vfδ ) d33
effUf (1)

588 Nano Lett., Vol. 4, No. 4, 2004



measured using the same PFM technique. As to (0001) bulk
ZnO (5 × 5 × 0.5 mm, supplied by M. T. I. Corp.), both
sides were coated with 100 nm Pd and the bottom side was
attached to the conductive surface using conductive epoxy.
A similar process was applied tox-cut quartz (φ10 × 0.7
mm, gold coating of 150 nm on each side, courtesy of Bliley
Technologies Inc).

Experimental results of piezoelectric measurements on the
ZnO nanobelt with (0001) top surface, (0001) ZnO bulk, and
x-cut quartz are presented in Figure 4a. From the slopes of
the curve, the effective piezoelectric coefficients ared11 )
2.17 pm/V forx-cut quartz andd33 ) 9.93 pm/V for (0001)
bulk ZnO, which are almost independent of frequency.
Compared to the accepted values,d11 ) 2.3 pm/V for quartz
andd33 ) 12.4pm/V for ZnO,13 the measured results for ZnO
bulk andx-cut quartz are reasonable, confirming the reli-
ability and accuracy of the measuring technique. The
effective piezoelectric coefficient of the ZnO nanobelt is
frequency dependent and varies from 14.3 to 26.7 pm/V,

which is much larger than that of the bulk ZnO. One possible
reason for the observed enhanced electromechanical response
for the ZnO nanobelt might be due to its perfect single
crystallinity and freedom of dislocation,4 as inherent reduc-
tion in the piezoelectric coefficient due to internal defects
was revealed in ultrathin PZT films.21 As to a commercially
available single-crystal bulk sample, a certain amount of
defects were inevitable.

Next, an increase of piezoelectric response with decreasing
feature size in epitaxial PZT thin film was reported by S.
Buhlmann et al.22 The observed increase of piezoresponse
amplitude was 300% with decreasing the film thickness from
200 to 100 nm, which was proposed to be mostly due to a
change of domain configuration. Although this mechanism
was not applicable to the ZnO nanobelt of tens of nanometer
in thickness, the possible size effect of its piezoelectricity
needs further investigation. Furthermore, the different elastic
boundary condition in piezoelectric measurement on the ZnO
nanobelt and bulk sample may contribute to the enhanced
piezoelectric response. As to the ZnO nanobelt, there is no
constraint at the interface between the bottom side and the
conductive layer, while conductive epoxy is applied in the
case of bulk sample. Hence, the effective piezoelectric
coefficient of the ZnO nanobelt and bulk is given by eqs 2
and 3 using lateral free23 and lateral full constraint24 boundary
conditions, respectively.

Assuming thatd33 is the same in eqs 2 and 3, it is interesting
to estimate the magnitude of the second term in eq 3, which
provides the effect of boundary condition. However, the
components (Sij) of compliance matrix (S) of ZnO are not
directly available and are derived from the stiffness matrix
C25 using the relationshipS ) C-1.

Using theSij value from eq 4 andd31 ) -5.1 pm/V,19 we
can estimate the second term in eq 3 to be 5.795 pm/V.
Taking d33 ) 12.4 pm/V (the accepted piezoelectric coef-
ficient of single-crystal ZnO), we derive the conclusion that
the boundary condition can change the effective piezoelectric
coefficient of ZnO up to 47%.

The frequency dependence of the piezoelectric coefficient
is shown in Figure 4b. Both ZnO bulk andx-cut quartz are
almost frequency independent. As to the ZnO nanobelt, the
higher the frequency (30-150 kHz), the lower the piezo-
electric coefficient d33, which depends linearly on the

Figure 4. (a) Piezoelectric measurements of ZnO nanobelt, bulk
(0001) ZnO, andx-cut quartz. The linear relationship between
amplitude and applied voltage is shown in every case, the slope of
which gives the piezoelectric coefficient. (b) Frequency dependence
of piezoelectric coefficient of ZnO nanobelt, bulk (0001) ZnO, and
x-cut quartz. Only the piezoelectric coefficient of ZnO nanobelt is
frequency dependent.

d33,belt
eff = d33 (2)

d33,bulk
eff = d33 -

2S13

S11 + S12
d31 (3)

S) [6.401 -1.932 -2.539 0 0 0
-1.932 6.401 -2.539 0 0 0
-2.539 -2.539 8.351 0 0 0
0 0 0 14 0 0
0 0 0 0 14 0
0 0 0 0 0 17

] × 10-12(m2/N)

(4)
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logarithm of the applied field frequency. Such logarithmic
frequency dependence was reported in ferroelectric materials
such as PZT.26-27 Even though ZnO is not ferroelectric, the
logarithmic frequency dependence is generally valid in
random systems that have properties controlled by interface
pinning,27 such as pinning of spontaneous polarization in
ZnO, which might be caused by surface charge due to the
high surface-to-volume ratio of the ZnO nanobelt. Another
possible reason for the unexpected frequency dependence
might originate from the imperfect electrical contact between
the bottom of the nanobelt and the conductive layer. With
increasing the input frequency, the quality of electrical
contact decreases, which induces the lower electromechanical
response of the ZnO nanobelt.

In summary, the effective piezoelectric coefficient of the
(0001) surface dominated ZnO nanobelt has been measured
by PFM, and it is significantly larger than that of bulk (0001)
ZnO. This is a very interesting property, illustrating the
piezoelectric behavior of the (0001) surface-dominated ZnO
nanobelt. The effective piezoelectric coefficient of the ZnO
nanobelt is also frequency dependent, which may be due to
the surface charge effect or imperfect electrical contact at
the interface. The data presented here show that a ZnO
nanobelt can be an excellent candidate for nanosensors and
nanoactuators.
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