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ABSTRACT: This paper reports the localized electrical, polar-
ization reversal, and piezoelectric properties of the individual
hexagonal ZnO nanorods, which are grown via the hydrothermal
method and textured with [0001] orientation. The studies are
conducted with conductive atomic force microscopy (c-AFM) and
piezoresponse force microscopy (PFM) techniques. The correla-
tion between the resistance switching and polarization reversal is
discussed. The c-AFM results show that there is less variation on
the set or reset voltage in nanorod samples, compared to that of
the ZnO thin film. With increasing aspect ratio of the nanorods,
both set and reset voltages are decreased. The nanorods with low
aspect ratio show unipolar resistance switching, whereas both
unipolar and bipolar resistance switching are observed when the
aspect ratio is larger than 0.26. The PFM results further show the ferroelectric-like property in the nanorods. Comparing with
that of the ZnO thin film, the enhanced piezoresponse in the nanorods can be attributed to the size effect. In addition, the
piezoresponse force spectroscopy (PFS) experiments are conducted in ambient air, synthetic air, and argon gas. It shows that the
depolarization field in the nanorod may be due to the moisture in the environment; moreover, the increased piezoresponse may
relate to the absence of oxygen in the environment. It is also shown that the piezoelectric responses increase nonlinearly with the
aspect ratio of the nanorods. By comparing the piezoresponse hysteresis loops obtained from the nanorod samples of as-grown,
air-annealed and vacuum-annealed, it is found that the oxygen vacancies are the origin of the polarization reversal in ZnO
nanorods. Finally, the tradeoff between the electrical and ferroelectric-like properties is also observed.
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1. INTRODUCTION

Zinc oxide (ZnO) nanostructures have unique optical,
electrical, piezoelectric, and ferroelectric-like properties. These
structures have great potential for applications such as nano-
optielectric, nanosensor, nanogenerator, nanostorage, and
nanomemory devices.1−7 Furthermore, the properties of the
nanostructures can be enhanced by scaling down their
dimensions.8 The phenomena are most likely due to either
the increases in the surface-to-volume ratio or the more
unidirectional structures at the nanoscale. Recently, the resistive
switching (RS) behavior has also been reported and extensively
studied in undoped ZnO nanorods,9−11 nanocolumns,12 and
nanoislands.13 Compared to the thin film samples, one-
dimensional (1D) ZnO nanostructure can reduce the variation
of the set or reset voltage due to the localized vertical filaments
in the unidirectional structure. Recently, Gupta and his
colleagues reported the existence of enhanced ferroelectricity
in V-doped ZnO nanorods at room temperature by using
Sawyer−Tower hysteresis bridge, which paved the way for the

application as ferroelectric random access memories (FeRAMs)
at the nanoscale.14 In their study, stronger polarity of V−O
bonds was considered as the induction of the high value of
polarization. Furthermore, Ghosh et al. also reported the
ferroelectricity in undoped ZnO nanorods and proposed that
zinc interstitial defects might be attributed to the existence of
ferroelectricity.15 In addition, the effects of size, surface tension,
and depolarization field on ferroelectricity of the nanostructures
with different shapes in ambient air were theoretically studied
by Morozovska et al.16 They have found that the ferroelectric
properties in confined nanorods could be enhanced. The
piezoelectric property of ZnO nanostructures is also intriguing
to many studies with the purpose of applications such as
nanoscaled sensors and generators. The size-independent
piezoelectric properties of the solution-grown ZnO nanorod
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were reported by Scrymgeour et al.17 They have studied
nanorods with lengths of 400−600 nm and diameters of 150−
500 nm. In their study, however, the surface of the nanorod was
etched by plasma, which might change the as-grown structures.
Furthermore, AC voltage ranging of the 0 to 10 V may exceed
the coercive bias and switched the piezoelectric domains in the
as-grown nanorods.17 Therefore, it is necessary and ideal to
apply a piezoresponse force microscopy (PFM) technique to
study the ferroelectric-like behavior in ZnO nanorods.18,19

However, there are no experimental studies on the size effects
and depolarization field on ferroelectric-like property of ZnO
nanorod samples. Also, the correlations between the electrical
and ferroelectric-like properties in ZnO nanorod samples have
not been reported.
In this study, the size effects of the nanorod on electrical,

piezoelectric, and ferroelectric-like properties are investigated.
The resistive switching behavior is also correlated with the
polarization reversal. In this work, the ZnO nanorods were
grown via the hydrothermal method. Through appropriate
strategies, this method can grow one-dimensional (1D)
nanostructures at low temperature with simple and economic
fabrication processes.4,20 To minimize the lattice mismatch
between the substrate and nanorods as well as to obtain the
ZnO nanorods with [0001] textured, spinel substrate was used
for the epitaxy growth.21 During the sample preparation, a thin
platinum layer was deposited on the spinel substrate and served
as a conductive layer for the subsequent characterization by
scanning probe microscope (SPM), measurements, this is
because of the SPM tips used in this study are platinum-coated
silicon tips. Hence, the Pt bottom electrode will induce the
symmetric Schottky contact in Pt/undoped ZnO nanorod
interfaces. In addition, for ZnO thin film, it was found that Pt as
the bottom electrode gives rise to better polarization than those
in samples with indium tin oxide (ITO) and Au bottom
electrode, as the gold electrode may induce Ohm contact
interface with the ZnO surface.22−24 In addition, it is found this
thin Pt layer does not play a role in promoting growth on the
substrate; it does not hinder the growth of ZnO on the spinel
substrate either.
PFM is a powerful technique to characterize the piezo-

electricity and ferroelectricity in thin films structures; however,
it is still a challenging issue when the PFM technique is applied
to nanorods. First, it is difficult for the probe to be positioned
precisely on the top of the nanorod if the diameter of nanorods
is <100 nm, because of the thermal drift of the SPM system.
Second, in the mapping mode of the SPM technique, the
nanorods should not be too high, to avoid sharply increasing
loading force and damaging the tip. To overcome these
challenges, in this study, well-textured individual ZnO nanorods
of large diameter (0.6−3 μm) and height (40−700 nm) were
deposited and used. In addition, before the c-AFM and PFM
measurements, the topography of the nanorods was first
characterized using non-contact-mode AFM. Second, to avoid
the damage of the SPM tips, the SPM scans were only localized
to certain points or areas within the surface of the nanorods.

2. MATERIALS AND EXPERIMENTAL PROCEDURE
2.1. Sample Preparation. A spinel substrate was cleaned using

deionized water (DI), followed by ethanol, for 5 min in each step.
After drying with a stream of nitrogen (N2) gas, 10 nm of platinum
(Pt) layer was sputtered onto the substrate. To grow the ZnO
nanorods, 12.5 mL of a growth solution was prepared by mixing zinc
nitrate hexahydrate (ZN, Zn(NO3)2·6H2O, 0.04 M), hexamethylene-

tetramine (HMT, C6H12N4, 0.0125 M) and ammonium nitrate (AN,
NH4NO3, 0.15 M). The substrate was placed into the growth solution
and heated at 90 °C for 50 min. The nanorod samples were then
rinsed in ethanol and dried in air at 55 °C.

2.2. Characterization. A. Topography and Crystal Structure.
Scanning electron microscopy (SEM) and atomic force microscopy
(AFM) are used to characterize the topography and roughness of ZnO
nanorods, respectively. The crystal orientation of the epitaxial growed
ZnO narorods was determined by using X-ray diffraction (XRD)
(Shimadzu, Model XRD-7000, Japan) with a monochromatic Cu Kα
radiation source (λ = 0.1506 nm). The X-ray profiles were recorded in
continuous θ−2θ scan mode with the 2θ angle between 30° and 65°.
The scan speed was 0.5°/min. The operation voltage and current were
40 kV and 30 mA, respectively. The results confirmed that the
nanorod samples are fully crystalline, with a [0001] orientation.

B. Photoluminescence (PL) Measurements. The photolumines-
cence (PL) was carried out at room temperature with He−Cd laser
(Renishaw Raman and PL Microspectroscopy System 2000, Renishaw
PLC, U.K.). The excitation wavelength is 325 nm.

C. c-AFM and PFM Studies. In this study, the commercial SPM
system (MFP-3D, Asylum Research, USA), which was controlled by
commercial software (IGOR PRO 6.34A and Asylum Research
software, version 13.03.70), was used. In the c-AFM measurement,
the effects of the set point (i.e., loading force) on local current−voltage
(I−V) curves and current images were first studied. In the I−V curve
measurements, a triangular voltage waveform with a frequency of 10
Hz and amplitude of ±10 V was used. The scan rate was 0.5 Hz. To
obtain the current images, constant DC bias was applied to the bottom
electrode (Pt). The schematic drawing of the c-AFM setup is shown in
Figure S1(a) in the Supporting Information. To avoid the permanent
electrical breakdown of the nanorods, a current compliance of 10 nA
was preset. By analyzing these results, an optimized set point was
found and then used in the subsequent c-AFM measurements.

In the PFM measurements, both lateral PFM and vertical PFM (the
electric field is aligned orthogonal (lateral) or parallel (vertical) to the
measured deformation), were conducted to obtain the images of
topography, phase angle (φ), and amplitude (A). The amplitude image
refers to the deflection of the cantilever caused by inverse piezoelectric
effect. For the vertical PFM measurement, the out-of-plane
deformation of the surface is registered through the deflection of the
cantilever. The piezoelectric coefficient (d33) can be obtained by using
the formula

=A d Evertical 33 ac

For the lateral PFM measurement, the electric-field-induced shear
deformation of the sample surface causes torsional twist of the
cantilever, and the piezoelectric coefficient (d15) can be obtained using
the formula

=A d Elateral 15 ac

The phase image can yield the information on the polarization
direction below the tip with regarding to the direction of the applied
electric field. Phase angles equal to either 0° or 180° indicate that the
polarization vector pointed either downward, toward the bottom
electrode, or upward, toward the sample surface.

In the piezoresponse force spectroscopy (PFS) measurements (i.e.,
when the PFM was operated in the spectroscopy mode), the SPM tip
was fixed at an arbitrary location and a triangle−square waveform with
a frequency of 200 mHz was applied. The time for bias-on and bias-off
was 25 ms, respectively. With the PFS technique, bias-on and bias-off
phase hysteresis loops, φ(E) and amplitude loops A(E), can be
obtained. The piezoelectric hysteresis loop, PR(E), is calculated from
the equation

φ=E A E EPR( ) ( ) cos[ ( )]

In the calculation of PR(E), to exclude the electrostatic effect, both
φ(E) and A(E) loops are obtained at the bias-off state. From the
PR(E) hysteresis loops, several parameters can be extracted, including
imprint bias (Eim), coercive bias (Ec), remanent switchable response
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(R0), maximum switchable response (Rs), and effective work of
switching (As).

Imprint bias:
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A schematic drawing of the PFM and PFS measurements is provided
in Figure S1(b) in the Supporting Information). In this study, the PFS
was conducted on the as-grown ZnO nanorods in ambient air, slow-
flowing synthetic air, and argon gas, respectively. The synthetic air
contains <5 ppm water, whereas the argon gas contains <0.02 ppm
water and 0.01 ppm oxygen. The PFS was also conducted on the
nanorods annealed in air (at atmospheric pressure) as well as in the
vacuum (1 × 10−5 mbar), respectively; both are at 500 °C for 1 h.
The image resolution is dependent on the spatial resolution and the

tip sharpness. To get good resolution, the SPM scan lines × points
were kept as 256 × 256 pixels. The SPM tip should also be much
sharper than the sample feature. The tip radius can be a few
nanometers without coating. In the c-AFM and PFM measurements,
the SPM tips are coated with a conductive coating, which would
increase the tip radius. For this study, the commercial Pt-coated Si tips
(Model AC240TM, Olympus, Japan) have an average tip radius of 15
nm and are relatively sharp. The tip has an average spring constant of 2
N/m, an average inverse optic lever sensitivity of 100 nm/V, and an
average resonance frequency of 65 kHz. To protect the coating of the
tip from wear and maximize the charge gradient across the domain
boundaries, the scan angle was fixed at 90°, i.e., the scan orientation is
normal to the length of the cantilever. The tip was continuously used
in characterization of the I−V properties of all the nanorods, and was
only replaced when the uniform current images or repeatable I−V
curves cannot be obtained. Furthermore, to avoid the electrostatic
effects during the PFM scan, the nanorods were grounded through the
Pt bottom electrode. In these experiments, the relative humidity (RH)
was ∼60%.

3. RESULTS AND DISCUSSION
3.1. Topography and Crystal Structure. Figure 1a shows

topography images obtained via SEM analysis. It clearly shows
that the hexagonal ZnO nanorods nucleate and grow at random
locations on the substrate. Generally speaking, the hexagonal
unit cell of the nanorods consists of six nonpolar faces (101 ̅0),
capped by either the polar O2−-terminated (0001 ̅) or Zn2+-
terminated (0001) basal planes.25 The possible formation
mechanism of nanorods may be layer-by-layer growth via an
Ostwald ripening mechanism,26 since multiple layered
structures can be observed in the AFM image (Figure 1b). In
the formation process, zinc nitrate provides the Zn2+ ions while
HMT provides OH− ions and serves as a kinetic buffer of
solution pH.27 Those ions are combined to form ZnO via the
reaction steps stated below:

→ ++ −Zn(NO ) Zn 2NO3 2
2

3 (1)

When the growth solution is heated, HMT hydrolyzes in water
and gradually produces formaldehyde (HCHO) and ammonia
(NH3):

+ ↔ +(CH ) N 6H O 4NH 6HCHO2 6 4 2 3 (2)

The ammonia then decomposes in solution to form OH− ions:

+ → ·NH H O NH H O3 2 3 2 (3)

· ↔ ++ −NH H O NH OH3 2 4 (4)

The Zn2+ ions from the dissociated zinc nitrate solution then
react with the OH− ions to form Zn(OH)2, which undergo a
condensation reaction to form a water molecule and solid ZnO:

+ ↔+ −Zn 2OH Zn(OH)2
2 (5)

→ +Zn(OH) ZnO H O2 2 (6)

To obtain the nanorods with a low aspect ratio, ammonium
nitrate is added to the growth solution to maintain the growth
solution at a low pH value. According to the work by
Richardson et al.,28,29 a growth solution with a low pH value
produces low-aspect-ratio ZnO nanorods while a high pH
produces high-aspect-ratio ZnO nanorods. When ammonium
nitrate is added, the presence of NH4

+ ions from its dissociation
(eq 7) slow the reversible reaction in eq 4, which reduces the
concentration of the OH− ions and results in a low pH value in
the growth solution. As a result, ZnO nanorods with low aspect
ratio will be formed.

→ ++ −NH NO NH NO4 3 4 3 (7)

The surface roughness (i.e., the root-mean-square, RMS) is
measured to be ∼44.2 nm in the central area of 0.5 μm × 0.5
μm (see Figure 1d). It is obvious that the nanorod surface is
relatively smooth without visible defects, such as holes, cracks,
and protrusions. By analyzing the line profile on the AFM
topography image (Figure 1b), the diameter, length, and aspect
ratio of the nanorod are obtained (Figure 1c). In this study, the
length of the nanorods ranges between 40 nm and 700 nm and
diameters ranging between 600 nm and 3 μm are obtained
using the method described above. In addition, XRD
measurement has been conducted (see Figure S2 in the
Supporting Information). Only a single peak is observed at 2θ
= 34°. This peak is indexed as the (002) plane of the ZnO

Figure 1. Topography images obtained by (a) SEM and (b) AFM. (c)
Line profile of the AFM topography image shown in panel b. (d)
Topography image of the central 0.5 μm × 0.5 μm area in the nanorod
shown in panel b.
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hexagonal wurtzite structure, which is equivalent to the [0001]
orientation. The single peak XRD pattern indicates that the
ZnO narorods have a single crystal structure and are all
textured in the [0001] orientation.
3.2. Photoluminescence (PL) Measurements. The

photoluminescence (PL) measurements can validate the
existence of oxygen vacancies in the ZnO nanorod samples.
These measurements were conducted on as-grown ZnO
nanorods as well as the nanorod samples that were annealed
in air and under vacuum (1 × 10−5 mbar) at 500 °C for 1 h,
respectively. The PL measurement results are shown in Figure
S3 in the Supporting Information). It can be clearly seen that all
of the samples have an ultraviolet emission at 380 nm,
corresponding to the near-band edge emission of the ZnO.30

However, the as-grown ZnO has a broad visible emission peak
that is attributed to oxygen vacancies.31 After annealing in air,
the visible emission peak (at ∼490−550 nm) disappears, which
can be attributed to the combination of the oxygen vacancies of
the ZnO nanorods with oxygen ions from the air.32 Inversely,
for the nanorods annealed under vacuum, the emission peak (at
∼490−550 nm) is increased, because of the intentionally
created oxygen vacancies under vacuum conditions.33

3.3. The Resistance Switching Studied by c-AFM. The
electrical characterization of the individual [0001] textured
ZnO nanorods is conducted on the top surface using the c-
AFM technique. To avoid artificial effects due to the poor
contact between the tip and the sample, the loading force of
40−200 nN (i.e., a setpoint of 0.4−2 V) is used when recording
the local current−voltage (I−V) curves at certain locations (see
Figure 2a). It shows unipolar resistance switching for the
nanorods with a diameter of 1 μm and a length of 80 nm; the
set voltage is −3 V, and the reset voltage is −7 V. There are
almost no variation in the I−V curves as the loading force
increased, which indicates that the loading force or voltage
(setpoints) used has little effect on the I−V curves. Figures 2b
and 2c are the current images obtained with the voltage
(setpoint) of 0.2 and 0.8 V, respectively. The sample voltage for
c-AFM scanning is 5 V. It is clear that the current image
obtained with a setpoint of 0.8 V is clearer and less affected by
the 90° scan angle. It is interesting to note that there are no
current bursts inside the nanorod, i.e., the current value inside
the nanorod is negligible, compared to that of the bottom
electrode, except for some current spikes (shown in yellow) at
the edges of the nanorod. If overlaying the current image on
top of the topography image, it is obvious that the current
spikes appear at the edges and sidewall of the nanorod, where
there are large changes in height (Figure 2d). Hence, the
current spikes may be due to the large changes of the loading
force as the height of the nanorod changes abruptly. On the
other hand, it was also reported that, for thin films with higher
surface roughness because of the larger grain size, there might
be more oxygen vacancies in the grain-boundary region, thus
also reducing the resistivity in this region.24 However, the
current experiments cannot distinguish if there are more
oxygen vacancies at the edge of the nanorods. Therefore, more
research works are needed in the future to confirm this point.
To ensure good contact between the tip and the nanorod

surface, as well as to avoid wear of the tip coating, and to
achieve reproducible results, the setpoint is kept at 0.8 V in the
subsequent c-AFM measurements, and the scan rate is 0.5 Hz.
Furthermore, when the sample bias is increased to 10 V with a
step increment of 1 V, there is still no current burst inside the
nanorod (see Figure 2e). Note that there are also some current

spikes appearing at the edges of the nanorod. However, when
the sample bias decreases to −10 V, there are some current
spikes occurring inside the nanorod (Figure 2f). These
phenomena are consistent with the unipolar I−V curves
observed (Figure 2a), which may be obtained at the locations
where current spikes occurred. The current spikes can be seen
more clearly from the inset of Figure 2f and marked with a red
circle. In addition, the nanorod is at a high resistance state
(HRS) under a positive sample biased region and can be
switched into a low resistance state (LRS) by certain negative
sample bias. The appearance of the unipolar switching behavior
can be attributed to native defects, such as oxygen vacancy.34,35

In the LRS, there is the formation of the conduction filaments
and it is dominated by Ohmic conduction mechanism, whereas
in the HRS, the conduction filaments are ruptured and the
Schottky interface/Poole−Frenkel (PF) conduction mecha-
nism dominates.10,36

The effects of the aspect ratio on the I−V curves of the
nanorods are studied in order to determine the size effects on
the resistive switching behavior of the nanorods. It is found that
the variation of the set or reset voltage within one individual
nanorod is below 0.5 V. The narrow dispersion of the set or
reset voltage may be due to the vertically branched conductive
filaments in the nanorods, as schematically shown in Figure 3a.
Figure 3b is the I−V curves for the nanorods with aspect ratios
ranging from 0.027 to 0.26. It is clear that, when the aspect
ratio is >0.08, although the length varies from 80 nm to 650 nm
and the diameter varies from 0.8 μm to 2.5 μm, there are only
small changes in the set or reset voltage. It is also noticed that

Figure 2. (a) Local current−voltage (I−V) curves with various loading
forces between 40 nN to 200 nN, i.e., the c-AFM set-point of 0.4 to 2
V. (b) and (c) The current images scanned with set-point of 0.2 and
0.8 V respectively. (d) The current image is overlaid on topography
image. Also shown are current images scanned with a sample bias of
(e) 10 V and (f) −10 V. The inset in panel f shows an enlarged view of
the current image. The current image size is 1.5 μm × 1.5 μm.
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the unipolar and bipolar resistive switching behaviors coexist in
the nanorods with a diameter of 2.5 μm and a length of 650 nm
(see Figure 3c). In certain locations, the bipolar resistive
switching occurs after the first cycle of unipolar resistive
switching (Figure 3c). The coexistence of both phenomena was
also reported in ZnO films,37 and it was found that the
transition between these two switching modes could be
controlled by the value of the compliance current in the
electroforming process.37 In addition, it is also found that both
the set and reset voltages (absolute value) increase significantly
with decreasing aspect ratio (ranging from 0.26 to 0.027). For
comparison, a ZnO thin film with the same thickness as the
length of the nanorods is also studied to determine whether
there is effect due to the scaling down of the dimension. Figure
3d shows the I−V curves for a thin film with a thickness of 40
nm. The bipolar resistive switching behavior is observed, even
though the set voltage has a large variation due to the
multidirectional bundled conductive filaments in the ZnO thin
film.10

3.4. The Polarization Reversal Studied by PFM. Figures
4a−e show the respective topography, V-PFM, L-PFM
amplitude, and phase images of the ZnO nanorod with a
diameter of 1 μm and a length of 40 nm. The V-PFM phase
image and its histogram (Figures 4d−g) show that almost all of
the domains have a phase angle of −20°; this indicates that the
spontaneous polarizations are along the c-axis orientation (i.e.,
[0001] orientation). On the other hand, some small patches
with converse color contrast (yellow and purple colors) are
observed in the L-PFM phase image (Figure 4e). These patches
can be identified as domains with approximately opposite
polarizations, which are also illustrated by the histogram of the
phase images (Figure 4g). The phase angle difference is ∼160°
(the phase angle for the domains shown in purple is
approximately −150° and the phase angle for the domains
shown in yellow is ∼10°). The domains’ orientations are

further verified by line profiling, as shown in Figure 4f. Since
the amplitude image is proportional to the magnitude of the
piezoelectric coefficient (d33), the piezoresponse at the domain
walls is obviously lower than that in the internal of the
domains.38 It is worth mentioning that there is almost no
apparent change in the V-PFM amplitude image (Figure 4b),
whereas an abrupt change at the domain wall region can be
observed in the L-PFM amplitude image (Figure 4c).
Furthermore, the domain switching by DC poling processes

of the as-grown ZnO nanorod is studied. Figures 5a and 5b
show V-PFM phase and amplitude images after the poling
processes with the tip bias of 10 V tip on the area marked by
red and −10 V (tip bias) on the area marked by green,
respectively. It can be seen that the domains in the as-grown
nanorod is in the upward direction (yellow color), but after
poling with 10 V tip bias, the upward domain is switched to
downward direction (purple color). On the other hand, when
poling with −10 V tip bias, the domains remain in the upward
direction.
These domain switching processes by poling further confirm

the ferroelectric-like property of the ZnO nanorods. The
domain switching is also clearly shown in Figure 5f (i.e., the line
profile of the V-PFM phase image in Figure 5a), and the result
suggests that the domain switching with a phase angle change
of ∼180° is achieved by these poling processes. Figures 5d and
5e show the corresponding lateral PFM phase and amplitude
images, which also show certain in-plane domain switching
processes when poling with a tip bias of 10 V. It is worth noting
that the difficulty in switching the polarization to a downward
direction, using a tip bias of 10 V (or a sample bias of −10 V)
may be related to the electrical property of the nanorod.
Certain locations in the nanorod poled with a sample bias of
−10 V are under LRS (Figure 2f), and this will hinder the
ferroelectric-like property in the nanorods.39 It is also
interesting to note that the poling processes can affect the

Figure 3. (a) Schematically diagram of the vertically branched conductive filaments in the nanorods. (b) I−V curves for individual nanorods with
length × diameter (L × D) dimensions of 40 nm × 1.5 μm, 80 nm × 0.8 μm, 80 nm × 1 μm, 80 nm × 1.5 μm, and 650 nm × 2.5 μm, respectively.
The aspect ratio (AR) ranges from 0.027 to 0.26 for those nanorods. (c) The coexisting of the unipolar and bipolar resistive switching in the nanorod
with a diameter of 2.5 μm and a length of 650 nm. (d) I−V curves for the ZnO thin film with a thickness of 40 nm.
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resonant frequency image (Figure 5c). The resonant frequency
is associated with the contact stiffness and represents the
information on the local elastic properties.40 Hence, this result
suggests that poling may also affect the elastic properties of the
nanorods. The ferroelectric-like behavior in ZnO nanorods
under room temperature is further verified by the PFS
technique in the next section.
3.5. The Polarization Reversal Studied by PFS.

Following the preliminary PFM study, the ferroelectric-like
behavior is further verified using the PFS measurements. In the
PFS study, the AC voltage is kept constant at 1.2 V. Figures 6a
and 6b show the “butterfly”-shaped amplitude loop (A(E)) and
hysteresis loop in phase angle [φ(E)], with a window bias of
±8 V, respectively. The phase angle loop shows a 180°
difference, and this indicates that the polarizations can be
switched to upward or downward direction by the external
electric field. This also confirms the ferroelectric-like behavior
in the ZnO nanorod. In addition, the positive and negative
coercive voltages can be deduced from the PR(E) loop when
the piezoresponse is zero. The piezoresponse hysteresis loop,
PR(E), can be calculated and plotted using the equation18

= φE A E EPR( ) ( ) cos[ ( )]

To investigate the effects of the DC voltage on the saturated
piezoresponse hysteresis loop for the ZnO nanorods, the DC
voltages are varied from ±4 V to ±12 V. The representative
piezoresponse hysteresis loops are shown in Figure 6c. The
PR(E) hysteresis loops are clearly dependent on the DC
voltage, and the effective work of switching (area enclosed by
the PR(E) loop) increases with the increased DC voltage.
However, the PR(E) hysteresis loops are asymmetric; this may
be due to the screen charge from the leakage current. The high
conductivity of the nanorods may be due to the intrinsic
defects, such as oxygen vacancies, which was verified in the
previous PL measurements. In addition, the shift along the
electric field axis to the positive bias suggests that there is a
built-in field, which favors the original polarization in the
[0001] orientation.41,42 The loops are also shifted along the
vertical axes; this suggests that the piezoresponse of the film is
more sensitive to the negative bias than that to the positive bias.
This may be related to the frozen layer and incomplete back
switching in the thin film, as reported previously.42 This
existence of ferroelectric-like behavior and the evolution of
PR(E) hysteresis loops with DC voltage are also investigated on
the nanorod with a diameter of 0.6 μm and a height of 40 nm
(see Figure S4 in the Supporting Information).
To clarify whether there is correlation between the domain

states and PR(E) hysteresis loops, the PFS measurements are
conducted in the unbiased region and the regions after the DC
poling processes (poled with 10 V/−10 V) on the same as-

Figure 4. (a) Topography, (b) V-PFM, (c) L-PFM, (d) amplitude,
and (e) phase images of the ZnO nanorod 1 μm in diameter and 40
nm in length. (f) Line profiles of the phase images shown in panels d
and e. (g) Histogram of the phase images shown in panels d and e.
The size for the phase and amplitude images is 0.5 μm × 0.5 μm.

Figure 5. V-PFM (a) phase and (b) amplitude images after poling
processes with the application of 10 V on the area marked by red and
−10 V on the area marked by green, respectively. (c) Resonant
frequency image after the poling processes with tip biases of 10 V and
−10 V. Also shown are the corresponding lateral PFM (d) phase and
(e) amplitude images, and (f) the line profile of the V-PFM phase
image. The size for the phase and amplitude images is 0.5 μm × 0.5
μm.
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grown nanorod. It is found that the saturated phase hysteresis
loops and butterfly-like amplitude loops can be obtained in all
regions (see Figures 7a and 7b). The calculated PR(E)
hysteresis loops of different regions are plotted in Figures 7c
and 7d. The PR(E) hysteresis loops obtained in the unbiased
region are similar to those obtained in the region poled with
−10 V (see Figure 7c). However, the PR(E) hysteresis loops
obtained in the region poled with 10 V are different (see Figure
7d). The hysteresis loops in the unbiased region or the region
poled with −10 V oriented different from the region poled with
10 V along the applied electric field direction, and this is most
likely due to the different initial states of the domains, which
may initiate different polarization switching processes (marked
in Figures 7a and 7b). In the unbiased region and the region
poled with −10 V, the polarization orientation is upward and
contributes to a positive built-in field, which favors the
polarization in the [0001] orientation. In contrast, in the
region poled with 10 V, the polarization is downward and may

account for the existence of a negative built-in field; and this
favors the polarization in the [0001̅] orientation. Furthermore,
in the unbiased region and the region poled with −10 V, the
hysteresis loops are apparently in an “anti-poling” shape, i.e.,
they are oriented in the opposite direction of the applied field.
It shows that the shape of the piezoresponse hysteresis loop
(PR(E)) relates to the shape of phase hysteresis loops [φ(E)],
in which is decided by the initial phase angle.
To further confirm whether the ferroelectric-like behavior is

the intrinsic behavior of the nanorods, and to also to rule out
the effects of moisture and oxygen from the ambient condition,
the PFS measurements are further conducted under synthetic
air and argon gas in the regions poled by 10 V or −10 V,
respectively. The results are similar to those obtained under
ambient conditions and therefore confirmed that the ferro-
electric-like property is the intrinsic property of the ZnO
nanorods (Figures 7c and 7d). It should be noticed that the
built-in field is slightly reduced in either synthetic air or argon

Figure 6. (a) Amplitude “butterfly” loop (A(E)) and (b) phase hysteresis loop (φ(E)) obtained with a DC voltage of 8 V. (c) The piezoresponse
hysteresis loop, PR(E), which is calculated and plotted using the equation PR(E) = A(E) cos[φ(E)].

Figure 7. (a) Phase hysteresis loops and (b) butterfly-like amplitude loops obtained in the regions poled with −10 V and 10 V. Also shown are
PR(E) hysteresis loops obtained in both regions ((c) in the region poled by −10 V and (d) in the region poled by 10 V) via the same PFS technique
conducted in different environments.
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gas. The decreased built-in field in synthetic air and argon gas
may be due to the absence of moisture in these two
environments. In the ambient condition, the moisture can
cause the effects of the screen charges.18 In addition, there are
increased values of the forward and reverse saturation and
remnant piezoresponses in either synthetic air or argon gas, and
the increments in argon gas are larger than those in the
synthetic air. This suggests that the absence of oxygen in the
argon environment may account for the increased piezores-
ponse.
To correlate the ferroelectric-like properties and nanorod’s

geometric dimension, the PFS measurements are further
conducted at six random locations of one rod. Furthermore,
those experiments are conducted on the rods with the same
aspect ratio, as well as on rods with different aspect ratios
(ranging from 0.04 to 0.23, i.e., different diameters (ranging
from 0.6 μm to 3 μm) and length (ranging from 40 nm to 700
nm)). In addition, the PR(E) hysteresis loop of the ZnO thin
film with a thickness of 700 nm deposited via the same
chemical method is also studied. The PR(E) hysteresis loops
are calculated based on the amplitude and phase loops as
described previously. Figure 8a shows the PR(E) hysteresis
loops and the average PR(E) hysteresis loop (obtained at six
different locations) from the nanorod with a diameter of 1 μm
and a length of 40 nm. It shows relatively small scatter with the
locations in one nanorod. All of the averaged PR(E) hysteresis
loops obtained from various nanorods and thin film are plotted
in Figure 8b. It clearly reveals that the ferroelectric-like behavior
of the nanorods is significantly enhanced, compared to that of
the thin film. The hysteresis loop for thin film is narrow and
with very small values of R0, Rs, and As, but large Eim and Ec.

The hysteresis loops of the nanorods show high values of R0,
Rs, and As, but low values of Eim and Ec. The enhanced
ferroelectric-like behavior may be due to the size effect. In the
nanorod, the dipole moment per unit volume is significantly
increased.16,43 One of the possible reasons is the radial pressure
caused by the surface tension in nanorods.8,16 The results also
highlight that the ZnO nanorod has potential applications for
nanoscale nonvolatile ferroelectric memory devices. Figures 8c
and 8d show the PR(E) parameters as a function of the aspect
ratio of the nanorod. When the aspect ratio is within a range of
0.04−0.23, the values of Eim, Ec, R0, Rs, and As first increase and
then decrease, with the largest Eim, R0, Rs and As values but
relatively smaller Ec value being observed for the nanorod with
an aspect ratio of 0.13. The nanorod with an aspect ratio of 0.07
has the largest Ec value and a relatively larger Eim value, it also
has the smallest values of R0, Rs, and As. Conventionally, since
the imprint may not only come from the inherent property of
the nanorod, but also by charge injections, the nanorod with an
aspect ratio of 0.13 shows better ferroelectric-like properties,
whereas the nanorod with an aspect ratio of 0.07 shows poor
ferroelectric-like properties. In addition, the c-AFM and PFM
results show that increasing the aspect ratio can reduce the set
and reset voltages; however, the ferroelectric-like property does
not increase linearly with the aspect ratio.
Generally speaking, two factors may contribute to the

ferroelectric-like property in the pure ZnO-based materials.
One factor is that the oxygen vacancy in the nanorods may
assist the polarization switching processes, in which the domain
reversal occurs at the vicinity of the oxygen vacancy. The
oxygen vacancy can also lower the activation energy and assist
the accomplishment of the domain movement.44 The other
factor is that the large lattice mismatch between the substrate

Figure 8. (a) PR(E) hysteresis loops obtained at six different locations of the nanorod with a diameter of 1 μm and a length of 40 nm and the
averaged PR(E) hysteresis loop of these hysteresis loops obtained from varied locations. (b) All of the averaged PR hysteresis loops from varied
nanorods and thin film. [In the legend, D is the diameter, L is the length, and AR is the aspect ratio.] (c, d) Imprint bias (Eim), coercive bias (Ec),
remanent switchable responses (R0), maximum switchable responses (Rs), and the effective work of switching (As), plotted as a function of aspect
ratio of the nanorods. The error bars in panels c and d are ∼5%.
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and nanorods due to the zinc interstitial defects might be
attributed to the existence of ferroelectric-like property.15 In
this study, a ferroelectric-like property study is conducted on
the nanorods with the same diameter but different length. If the
lattice mismatch between the substrate and nanorods lead to
the occurrence of ferroelectric-like property, the rods should
show the same ferroelectric-like property. However, the results
show that the nanorods with a diameter of 1 μm and a length of
40 nm have better ferroelectric-like property than that in the
nanorod with a diameter of 1 μm and a length of 80 nm.
Hence, the oxygen vacancy in the nanorods is most likely the
reason for the ferroelectric-like property. This hypothesis is also
confirmed by comparing the ferroelectric-like property of the
nanorods (3 μm in diameter) with lengths of 450 and 700 nm.
The hypothesis of oxygen-vacancy-assisted polarization reversal
was further verified by conducting the PFS measurements on
the nanorods under air annealing and vacuum annealing. (See
Figures S5(d)−(g) in the Supporting Information.) For the
nanorods annealed in air, it is obvious that there are no changes
in the phase angle but there is still some deformation of the
surface originated from the converse piezoresponse effect
(Figures S5(d) and S5(e) in the Supporting Information). This
can be due to the reducing oxygen vacancies in the nanorods by
air annealing (see Figure S3 in the Supporting Information).
On the other hand, for the nanorods annealed under vacuum
conditions, the “butterfly”-shaped amplitude loops and
saturated phase loops (Figures S5(f) and S5(g) in the
Supporting Information) show that the magnitude of the
amplitude is increased, in comparison to that of the as-grown
nanorod samples (shown in Figures 7a and 7b). This increased
ferroelectric-like property can result from the increased number
of oxygen vacancies in the vacuum-annealed nanorods (see
Figure S3 in the Supporting Information). On the other hand,
it should mentioned that, in this study, the polarization reversal
in the as-grown ZnO nanorods is not induced by the hydrogen
interstitial defects.45,46 Hydrogen interstitial defects could be
strong in the as-grown ZnO nanorods, because the synthesis is
via a hydrothermal method.47 Nevertheless, hydrogen impurity
bonding with an oxygen atom can form a H−O dipole, which
may increase the bulk ferroelectric polarization in some
ferroelectric materials such as BaTiO3 and PbTiO3.

48,49 On
the other hand, the formation of H−O can also lead to the loss
of oxygen ions and reduce the switching charges. It was also
observed that the polarization hysteresis in these materials
disappeared because of the reduction in the switching
charges.48,49 The ferroelectric-like property can be restored
after annealing the sample in air,48,49 since the hydrogen
interstitials can be removed during the annealing. However, in
this study, the ferroelectric-like property is degraded in the air-
annealed nanorods. This suggests that the reduction of the
oxygen vacancy makes the polarization reversal difficult. In
addition, the tradeoff between the electrical property and
ferroelectric-like property is also observed in the air-annealed
ZnO nanorods. It is found that the air-annealed nanorods,
which have poor ferroelectric-like properties, are more
conductive. This enhanced conductivity can be explained by
the oxygen surface passivation effect and an enhanced crystallite
structure.47 Figure S3 in the Supporting Information shows that
the oxygen vacancy is reduced in ZnO nanorods after air
annealing, which may cause the oxygen surface passivation
effect and decrease the number of oxygen defects. This can
reduce the surface barrier; hence, the carrier mobility and
conductivity can be increased. On the other hand, it was

reported that ZnO annealed in air at higher temperature up to
600 °C can result in a decrease in resistivity, in terms of
enhancement of the crystallite structure.50,51 In this study, the
absolute set and reset voltage can be <1 V (see Figures S5(a)−
(c) in the Supporting Information).

3.6. The Piezoelectric Property Studied PFM. The PFS
results suggest that the AC voltage in the piezoelectricity study
should be below 4 V for nanorods. The piezoresponse, A(E),
i.e., the bias-induced deformation along the [0001] orientation,
can be calculated by multiplying the piezoelectric coefficient,
d33, with the applied electric field, Eac. Therefore, the
piezoelectric coefficient, d33, can be calculated from the V-
PFM measurements. In this study, the piezoelectric coefficients
(d33) of the individual nanorods are found within the range of
1−3 pm/V. This is smaller than what was reported by
Scrymgeour et al.17 This may be due to the nanorods used in
this work having smaller aspect ratios. These results also
suggest that the piezoelectric coefficients may not have a simple
dependence on the physical dimensions of the nanorods, such
as the diameter and length. Furthermore, the piezoelectric
coefficient (d15) is also determined from the L-PFM measure-
ment and the results show that the value of d15 varied from 2.2
pm/V to 7.6 pm/V.

4. SUMMARY AND CONCLUSIONS
In this study, individual hexagonal nanorods with relatively low
aspect ratios (0.04−0.26) are grown via the hydrothermal
method. The topography of the ZnO nanorod is characterized
by using scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The XRD results also confirm that the
nanorods have a textured [0001] orientation. The electrical
properties of the individual nanorods are studied by using the
conductive atomic force microscopy (c-AFM) technique. The
characteristics of the current−voltage (I−V) curves show
unipolar resistance switching; the set or reset voltage decreases
as the aspect ratio of the nanorods increases. However, when
the aspect ratio increases to 0.26, the nanorods show both
unipolar and bipolar resistance switching characteristics. The
narrow dispersion of the set or reset voltage for nanorods, in
contrast to that of a thin film, may be due to the vertically
localized conductive filaments. The ferroelectric-like properties
of the nanorods are then studied. The domain structure is first
characterized by vertical and lateral piezoresponse force
microscopy (PFM) techniques. The results have confirmed
that the nanorods show the ferroelectric-like behavior. This
behavior can be well-explained by the oxygen-vacancy-
associated domain switching under the biased tip. Furthermore,
the size effect on the ferroeletric-like properties has also been
studied. Despite the smallest coercive bias (Ec) being observed
in the nanorod with an aspect ratio of 0.13, the results show
that the imprint bias (Eim), remanent switchable response (R0),
maximum switchable response (Rs), and effective work of
switching (As) values first increase and then decrease with
increasing aspect ratio, over an aspect ratio range from 0.04 to
0.23. However, the PFM results do not suggest any correlation
between the piezoelectric coefficients and the physical
dimensions of the nanorods. The observed abnormal hysteresis
loops are partially caused by the surface being screened from
the humidity (moisture in the air) conditions. This is proven by
the PFS results obtained in synthetic air and argon gas.
However, there is still a small drift along the voltage axis, which
may be due to the dead layer and intrinsic defects in the
nanorods. Therefore, more studies are needed to have a better

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01988
ACS Appl. Mater. Interfaces 2015, 7, 11412−11422

11420

http://dx.doi.org/10.1021/acsami.5b01988


understanding of these phenomena. To conclude, the results
also highlight the potential applications of the ZnO nanorod in
nanoscale nonvolatile resistive or ferroelectric memory devices.
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