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ABSTRACT

In this study, (001)-epitaxial tetragonal phase Pb(Zr, Ti)O3 (PZT) nanorods were fabricated on SrRuO3/SrTiO3 substrates by pulsed laser
deposition. The PZT nanorods were self-assembled and grown on the substrate at an elevated oxygen pressure, and showed a complete
c-domain structure. Time-resolved x-ray diffraction measurements under an applied electric field show that the fabricated PZT nanorods
exhibit a piezoelectric constant, d33, that is significantly higher than that of thin PZT films and comparable to that for unclamped single-
domain bulk crystals, which is thought to be due to a significant reduction in substrate clamping. The obtained results demonstrate that the
self-assembled nanorods can achieve an enhanced intrinsic piezoelectric response, which makes them attractive for a range of practical
applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012998

Ferroelectric materials, particularly Pb(Zr, Ti)O3 (PZT), have
been utilized in various electromechanical devices due to their
superior piezoelectric properties. The piezoelectric response of
ferroelectric materials can be broadly classified into intrinsic and
extrinsic responses. The intrinsic contribution is associated with
increasing the magnitude of polarization within ferroelectric
domains by an applied field, and the extrinsic response involves
the movement of domain walls as the applied field induces reorien-
tation of the polarization vector within domains. With the rapid
growth in applications of microelectromechanical systems that uti-
lize miniaturized ferroelectric materials on substrates, controlling
the intrinsic and extrinsic responses in such small-scale materials
has become increasingly important.1

In the case of thin films, substrate clamping is known to be a
dominant factor in both the intrinsic and extrinsic responses. For
example, it is widely known that the intrinsic piezoelectric response is
suppressed by substrate clamping,1–4 except under certain specific

circumstances.5 The extrinsic response is often suppressed by substrate
clamping as well, though some reports have shown improved extrinsic
contributions from clamping via domain engineering.6,7

Due to significantly different mechanical boundary conditions rel-
ative to thin films, nanostructures with a high aspect ratio, such as
nanorods and nanoislands, grown on substrates may exhibit reduced
clamping effects, enabling intrinsic contributions to approach those of
unclamped single crystals. The extrinsic response should also increase,
though to a lesser degree due to the lack of a mechanical restoring force.
Among important pioneering works,8–14 for example, Nagarajan et al.
demonstrated a larger piezoelectric response in a Pb(Zr0.2Ti0.8)O3

nanoisland shaped by focused ion beam (FIB) compared with that in
films.10,11 Nguyen et al. fabricated Pb(Zr0.52Ti0.48)O3 nanorods of vary-
ing lengths with near morphotropic phase boundary composition using
pulsed laser deposition (PLD) and showed that the longer PZT nano-
rods displayed a larger piezoelectric response.14 Both these findings can
be explained by a reduction in substrate clamping in the high aspect
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ratio structures. However, the reduction of substrate clamping in such
structures often varies the domain structure too,9 complicating the
quantitative estimation of the response increase caused by reduced sub-
strate clamping effects.

Here, we demonstrate a piezoelectric constant, d33, in self-
assembled (001)-tetragonal phase PZT nanorods, as high as that in
unclamped single-domain crystals. We suggest that this high value
arises due to stabilization of the complete c-domain structure through
an imperfect charge screening on the sidewall of the nanorods, cou-
pled with a significant reduction in substrate clamping due to the high
aspect ratio of the nanorods.

Pb(Zr0.35Ti0.65)O3 nanorods were fabricated at 600 �C in 2Torr
O2 environment on SrRuO3/SrTiO3 (001) substrates by PLD using a
fourth harmonic of Nd:YAG laser (k¼ 266nm), with a laser energy
density of 0.44 J/cm2 and a repetition rate of 10Hz. The oxygen pres-
sure employed was around 10 times greater than that typically used in
the growth of thin films.5 A higher oxygen pressure has been shown to
promote the formation of PZT nanorods due to the enhanced shadow-
ing effect, where the PLD species are frequently scattered, thereby
increasing the population of PLD species having greater incident
angles with respect to the substrate.15 The PLD species with large inci-
dent angles predominantly arrive at the top of the islands formed on
the growing surface. By continuing the deposition, the islands start to
become isolated from each other and finally form nanorods. Note that
the difference in laser source between the present and previous
studies15 does not cause significant difference in the nanorod growth
conditions.

Prior to PZT deposition, 50 nm thick SrRuO3 electrodes were
grown epitaxially, through deposition by rf magnetron sputtering at
700 �C in 200 mTorr O2.

16 Following PZT deposition, circular Pt top
electrodes of 1076 12 or 2076 14lm diameter were fabricated by
electron beam evaporation using a through mask.

The structural properties of the fabricated PZT nanorods were
characterized by x-ray diffraction (XRD) using a four-axis diffractom-
eter with x-rays from Cu–Ka1 (Bruker, D8 Discover) and synchrotron
sources (SPring-8, BL13XU, and BL15XU beamlines) and transmis-
sion electron microscopy (TEM) (JEOL, JEM-3100F). TEM was also
used for the chemical composition analysis. Surface morphology was
observed by atomic force microscopy (Asylum research, Cypher). A
precision LCR meter (Agilent Technologies, E4980A) and ferroelectric
tester (Toyo, FCE-1) were used to measure the dielectric and ferroelec-
tric properties of the PZT nanorods. Piezoelectric properties were
measured by piezoelectric force microscopy (PFM) (Asylum research,
Cypher) and XRD through the application of an electric field. The lat-
ter was employed to precisely characterize the nanorods’ intrinsic pie-
zoelectric constant to reveal the change in the lattice constant with
applied field. This measurement was conducted using a time-resolved
synchrotron XRD system with x-rays of 12.4 keV photon energy estab-
lished at SPring-8, as described elsewhere.17 The effective piezoelectric
constant, d33, was estimated from the change in the out-of-plane
PZT (002) lattice spacing of the nanorods through the application of
200-ns-width voltage pulses.

The fabricated PZT nanorods showed a perovskite phase without
any secondary phases, and the average Zr:Ti ratio was characterized to
be 35.1:64.9, which is almost the same as that of nominal composition
(see Fig. S1). The detailed structural properties of the fabricated PZT
nanorods are shown in Fig. 1. As shown in Figs. 1(a) and 1(b), the

PZT produced a continuous layer of approximately 250nm thick in
the initial growth stage before forming into self-assembled nanorods.
Continuous nanorod growth was achieved until the total thickness
reached 1350nm. The density of the nanorods was estimated to be in
the range of 55%–60% from the surface and cross-sectional images.
The PZT nanorods were epitaxially grown with a {001}pc-orientation
having a cube-on-cube relationship, as shown in Fig. 1(c). Similar epi-
taxial growth behavior was observed in our previous study on {111}
PZT nanorods on SrTiO3 (111) substrates,

15 which indicates that self-
assembled epitaxial nanorod growth according to the substrate orien-
tation can be achieved by PLD at an oxygen pressure higher than that
typically used for the film growth.

A unique feature of the fabricated {001}pc-epitaxial PZT nano-
rods was their domain structure. As shown in XRD reciprocal space
map around PZT 002 and 200 [Fig. 1(d)], the nanorods showed XRD
intensity for PZT 002 but not for PZT 200. In addition, from XRD
reciprocal space map for PZT 114 [Fig. 1(e)], the in-plane and out-of-
plane lattice constants of PZT were estimated to be 4.014 Å and
4.109 Å, respectively. Those results indicate that the nanorods are in a
tetragonal phase (the same as bulks) and have the complete c-domain
(without a-domains). The formation of the complete c-domain
structure can be understood in terms of the depolarization field in
nanorods.19 Compared with the c-domain, in which polarization exists

FIG. 1. Structural properties of the fabricated Pb(Zr, Ti)O3 (PZT) nanorods: (a) sur-
face morphology by atomic force microscopy, (b) cross-sectional transmission elec-
tron microscopy image, (c) x-ray diffraction (XRD) 2h/x scan and pole figure for
PZT 101 (blue highlight indicates the scanned range), and (d) and (e) XRD recipro-
cal space maps around PZT 002/200 and PZT 114.
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along the longitudinal axis of the nanorod, the a-domain, with polari-
zation perpendicular to the longitudinal axis, will undergo a signifi-
cantly larger depolarization field due to the imperfect charge screening
on the sidewall. For this reason, the c-domain will be more thermody-
namically stable in this system. Stabilization of the c-domain in PZT
nanorods of the same Zr:Ti composition as the present study has been
reported elsewhere as a function of nanorod aspect ratio defined by
FIB patterning,18,19 which found that the complete c-domain structure
can be obtained when the aspect ratio is larger than 1. The average
and standard deviation of diameter of self-assembled nanorods in the
present study were 166 and 70nm, respectively (Fig. S2). Considering
the three standard deviations, we can see that the most of nanorods
have the aspect ratio greater than 2.9. Therefore, it is sufficiently larger
than 1 required to obtain the complete c-domain structure.

Figure 2(a) shows the typical polarization-electric field (P-E)
hysteresis loop for the (001)-PZT nanorods. The bars represent the
possible error in the measurement of electrode size. It shows a well-
saturated hysteresis, although its squareness is less pronounced
compared to that observed in the epitaxial films.20 It is also worth
mentioning that the leakage current density below 250 kV/cm was
smaller than 10�6 A/cm2 (not shown here). Taking into account the
density of the nanorods, the spontaneous polarization of the nanorods

can be estimated to be in the range of 40–68 lC/cm2. Although the
uncertainty of spontaneous polarization estimated for the nano-
rods is large, given the nanorod morphology and measurement
technique, the theoretical value of spontaneous polarization for the
unclamped single crystal, 61 lC/cm2,21 is within this range.
Figures 2(b) and 2(c) show the typical phase and amplitude of the
piezoresponse in the single nanorod measured by PFM. It can be
seen that even a single nanorod clearly demonstrates reversal
polarization switching, i.e., ferroelectricity, and appreciable piezo-
electric property. The details are found in Fig. S3. Although the
statistically proven PFM analysis of the present nanorods remains
challenging, the future comprehensive investigation of the nano-
rods with different size and domain structure would give deeper
insight, as reported for other PZT nanostructures in literature.10,12

To accurately evaluate the intrinsic piezoelectric response, time-
resolved synchrotron XRD measurements under voltage pulses were
conducted. In these measurements, an x-ray microbeam of less than
4lm width was focused inside the Pt top electrodes, for which the
position of x-ray was determined by detecting the characteristic x-ray
emitted from Pt. 200-ns unipolar pulses of 15, 20, or 25V were applied
repeatedly at 800-ns intervals to the samples to achieve a sufficient
intensity. Figure 3(a) shows the time-resolved synchrotron XRD
around PZT 002 as a function of time. Irrespective of the voltage, the
PZT 002 peak position shifted to a lower 2h angle when the voltage

FIG. 2. Electrical and electromechanical properties of the fabricated Pb(Zr, Ti)O3

nanorods: (a) P-E hysteresis loop measured by a ferroelectric tester, and (b) phase
and (c) amplitude of piezoresponse measured by piezoelectric force microscopy.

FIG. 3. Piezoelectric properties of the fabricated Pb(Zr, Ti)O3 nanorods: (a) time-
resolved synchrotron x-ray diffraction (XRD) under 200-ns-width unipolar 15, 20,
and 25 V pulses; (b) change in polarization following application of a 200-ns-width
unipolar 20 V pulse; and (c) field-induced strain as a function of the applied electric
field and XRD peak profiles under different voltages (inset).
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was applied and resumed when the voltage was removed, which
indicates lattice elongation along the out-of-plane direction by the
electric field. It is worth noting that there were small delays in the
change in peak position from the application to removal points of
the electric field. To explore the origin of these delays, the change
in the polarization value by the application of 20 V is plotted in
Fig. 3(b). By fitting the data using an exponential relaxation model,
the delay time was estimated to be 28 ns, when voltage was applied
and 33 ns, when it was removed. The observed delays are not far
from the calculated value of 18 ns for a series circuit with similar
top and bottom electrodes22 and contrast with the multi-domain
films that show appreciable domain switching, which exhibit a lon-
ger delay time of 95 ns for the removal of the voltage.22 Therefore,
it can be said that the observed time delay was caused by neither
relaxation of the domain switching nor any other extrinsic factor;
rather, the piezoelectric response of the fabricated nanorods is
dominated by intrinsic contributions.

Figure 3(c) shows the XRD peak profiles under different vol-
tages (inset) and the evaluated field dependence of the strain for
the fabricated nanorods. The slope in the field dependence of the
strain represents the piezoelectric constant, d33. For comparison,
the theoretical line for the unclamped single-domain crystal21 and
the experimental data for the single c-domain (001) film of the
same composition and by using the same measurement system and
profile as the present study20 are also shown. Here, it should be
noted that, in addition to the shift of XRD peak position, the peak
profiles become to have a shoulder on the right-hand side by
increasing the electric field, which might be due to the inhomoge-
neous electric field inside the nanorods or the influence of the ini-
tial continuous layer clamped by substrate; the further clarification
is needed in the future. In order to avoid possible overestimation
of the field-induced strain, the median of peaks was taken as the
representative values. As can be seen, the d33 of the (001) films20

was significantly lower than the theoretical value of the unclamped
single-domain crystal.21 This could have been due to the influence
of the substrate clamping, expressed as d33 ¼ d33 � 2d31sE13=
sE11 þ sE12
� �

, where sEij is the elastic compliance.2,3,20 On the other
hand, the nanorods fabricated in this study showed a d33 that was
84% of the theoretical unclamped crystal and 105% higher than the
substrate clamped film. As found by Chen et al. and Nagarajan
et al., the critical aspect ratio (height divided by width) for
declamping depends on ferroelectric materials and substrates, but
is generally 1 or less.11,23 As described above, the aspect ratio for
the most of nanorods in this study is larger than 2.9, which is suffi-
ciently large to eliminate the substrate clamping.23 Therefore, an
intrinsic piezoelectric constant close to that of theoretical
unclamped crystal21 was achieved.

In summary, in this study, self-assembled (001)-epitaxial PZT
nanorods with a c-domain structure were fabricated. The stabiliza-
tion of c-domain in the nanorods can be understood by the model
based on the imperfect charge screening on their sidewall. The esti-
mated spontaneous polarization and the observed short delay time
of the change in polarization when voltage was applied and
removed agree with the fact of the c-domain structure in the nano-
rods. The time-resolved XRD measurements demonstrated that
the large aspect ratio of the nanorods has significantly reduced
substrate clamping, and the fabricated complete c-domain

nanorods showed a piezoelectric constant close to that of
unclamped single crystals.

See the supplementary material for the chemical composition
analysis, the width distribution, and the detailed piezoresponse of the
fabricated PZT nanorods.
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