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Piezoelectric power generation using Pb(Zr,Ti)O3(PZT) nanowires grown on Nb-doped
SrTiO3(nb:STO) substrate has been demonstrated. The epitaxial PZT nanowires prepared by a
hydrothermal method, with a diameter and length of approximately 300 nm and 7 �m, respecively,
were vertically aligned on the substrate. An embossed Au top electrode was applied to maximize the
effective power generation area for non-uniform PZT nanowires. The PZT nanogenerator produced
output power density of 0.56 �W/cm2 with a voltage of 0.9 V and current of 75 nA. This research
suggests that the morphology control of top electrode can be useful to improve the efficiency of
piezoelectric power generation.
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1. INTRODUCTION
With an increasing concern about global warming and
renewable energy, piezoelectricity generated from piezo-
electric materials has received a lot of attentions in
research and development for converting energy from the
environment, and various piezoelectric materials are being
studied for harvesting energy such as a ZnO, BaTiO3,
NaNbO3, and GaN.1–7 Such systems using those mate-
rials can be applied for various advanced devices such
as mobile electronics, muscle, self-powered wireless sen-
sor network and body implantable devices.8–10 In addition,
advances in technology bring about smaller and lighter
electronic devices, and energy harvester should be corre-
sponded to this trend.

Thus, nanostructures for energy harvesting devices are
rising as alternatives with great prospects against chem-
ical batteries due to its flexibility, portability, and wear-
ability. The piezoelectric properties of one-dimensional
piezoelectric nanostructures are currently attracting great
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interest due to their potentials for numerous applications
and also being applied for the piezoelectric nanogenera-
tors. These nanostructures have also shown excellent per-
formance for energy harvesting.11–17 Among the various
piezoelectric materials, Pb(ZrTi)O3 is the most promising
complex oxide material with an extraordinary high dielec-
tric constant, a large hysteresis, and an excellent piezo-
electric coefficient, which can be readily incorporated with
energy harvesting devices. In comparison with the poly-
crystalline PZTs, it has been reported that the single crys-
talline PZT nanowires (NWs) exhibit higher piezoelectric
constants and greater electromechanical coupling coeffi-
cients up to two orders of magnitude higher than those of
ZnO NWs as well as 6–12 times higher than that of PZT
cantilever.17–19 Epitaxial growth of such crystals depends
on both the use of rigid and inorganic host substrates
and the high temperature deposition process, which lead
not only to increase manufacturing cost but also to make
integration with soft materials difficult. The hydrothermal
technique has become one of the most important tools
for advanced materials processing owing to its advantages
in the fabrication process of nanostructure materials for a
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Figure 1. Hydrothermal solution procedure to synthesize PZT
nanowires.

wide variety of technological applications. Hydrothermal
epitaxy is a technique that uses aqueous chemical reactions
to synthesize heteroepitaxial NWs on structurally similar
single-crystal substrates under an elevated pressure and
a low processing temperature (90–200 �C).20 It is there-
fore demonstrated that this method provides a low cost as
well as a low temperature process to produce high-quality
single-crystal NWs. Recently, Xu et al. successfully grew
PZT NWs onto Nb:STO by hydrothermal method and then
measured the electrical properties.17 In Wang’s group, the
generator using PZT NWs produces ∼0.7 of peak volt-
age and 4 �A/cm2 of peak current density.21 However, the
height of grown NWs was not uniform, and only a few
percent of them were actively generating electricity, and
output current is relatively low compared to output voltage.
Therefore, to increase the output power, it is necessary to
make further improvements for the feature of NWs since
zigzag or embossed top electrode structures can lead to
higher current generation.11

Here, we demonstrate piezoelectric power gener-
ation using Pb(Zr,Ti)O3(PZT) nanowires grown on

Figure 2. SEM images of PZT nanowires. (a) Cross-sectional image of the PZT nanowires grown on Nb:STO substrate and (b) SEM image of the
PZT nanowires at a tilt angle of 20�.

Nb:SrTiO3 substrate. To increase output power from
PZT nanowires, a 3D embossed Au electrode has been
employed.

2. EXPERIMENTAL DETAILS
The mixed surfactant system to effectively promote
anisotropic growth and the formation of single crystalline
PZT nanowires has been proposed. Figure 1 shows the
hydrothermal process to synthesize PZT nanowires. The
hydrothermal solution used for the NW growth was pre-
pared by dissolving tetrabutyl titanate ([C4H9O]4Ti) in
ethanol to form a 0.15 M solution and then zirconium
oxychloride (ZrOCl2-8H2O) was dissolved in de-ionized
(DI) water to form a 0.08 M solution. The mixture
of both the solutions resulted in the corecipitation of
Zr0�52Ti0�48O(OH)2(ZTOH). After many times ringing with
DI water, lead nitrade [Pb(NO3�2] and potassium hydrox-
ide (KOH) were introduced into the ZTOH. The PVA and
PAA with the concentration of 0.4 and 7.2 g/L, respec-
tively, were added under vigorous stirring in order to form
the final hydrothermal solution with a 50 mL total vol-
ume. Single crystalline Nb-doped SrTiO3 (Nb:STO) sub-
strate was chosen for both the epitaxial growth owing to
their small lattice mismatch with PZT (lattice constants,
a: PZT, 4.03–4.07 Å; SrTiO3, 3.905 Å) as well as for the
bottom electrode.22 During the nucleation and growth of
PZT nanowires, the poly(vinyl alcohol) and poly(acrylic
acid) perform as the surfactants.17�20 The substrate and
hydrothermal solution were placed into a stainless steel
autoclave with a Teflon liner, which was then placed in a
vacuum oven at 200 �C for 12 h. After cooling the auto-
clave at room temperature, the substrate with PZT crystals
was rinsed with DI water and dried in air at 60 �C for
3 h. Figure 2 shows the cross-sectional scanning electron
microscopy (SEM) image of the vertically aligned PZT
nanowires on the Nb:STO substrate and SEM image of the
PZT nanowires at a tilt angle of 20�. The length of the
nanowires is around 5∼7 �m and diameters are ranged
from 200 to 500 nm.
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Figure 3. (a) X-ray diffraction pattern and (b) HRTEM image and electron diffraction pattern for the as-grown PZT nanowire array.

3. RESULTS AND DISCUSSION
Structural characteristics of the PZT NWs grown on the
Nb:STO substrate were analyzed by an XRD as shown
in Figure 3(a), As the (100)-oriented Nb:STO substrate
affected to the growth of PZT NWs, only the peaks cor-
responding to the perovskite PZT (001) orientations were
observed, whereas any other peaks presenting mis-oriented
grains such as (110) and (111) orientations or metastable
pyrochlore phases were recognized. A high-resolution
transmission electron microscopy (HRTEM) analysis for
a single PZT nanowire shows that the as-synthesized
nanowires have a tetragonal phase consisted of single crys-
talline PZT with a (001) growth direction are shown in
Figure 3(b). To fabricate PZT nanogenerator, electrical
poling for the nanowires was conducted by applying an
external electrical field of 100 KVcm-1 by the Corona pol-
ing technique.

To improve the output power of the nanogenerator at a
given NWs, the current density should increase by enlarg-
ing the active area participating in the electrical genera-
tion. Therefore, we focused on the morphology control of
top electrode to increase the number of NW contributing
the electrical generation. For the fabrication of embossed
Au electrode, an aqueous suspension of 50-nm-diameter
polystyrene (PS) beads (Polysciences, Warrington, U.S.)
was used to prepare close-packed monolayer bead tem-
plates. A drop of the polystyrene bead suspension was

Figure 4. SEM images of top electrodes (a) with polystyrene beads and (b) with embossed Au layer on PS beads.

then pipetted onto the SiO2 substrate. Spin-coating of the
polystyrene beads was done at 2000 rpm for 3 s with
a ramp-up time of 1 s. The sample was dried for 1 h
in a drybox at room temperature. And then, Au/Ti layer
(50/10 nm) was deposited on SiO2 substrate using a DC
sputtering, and then heat-treated at 600 �C for 1 h to
remove PS beads. Figure 4 shows PS beads on the sub-
strate and embossed Au layer with 50 nm of thickness,
respectively. As shown in Figure 1, the morphology of flat-
typed electrode is not proper as the top electrode because
of the non-uniform PZT NWs, whereas the embossed Au
layer provides much more electron paths for NWs with
various heights to contribute the improvement of current
density.
The morphological effect of the top electrode was ana-

lyzed by measuring the output current excited from the
nanogenerator. When the PZT NWs array is subject to
uniaxial compressive force, piezoelectric fields are cre-
ated inside the NWs and consequently free electrons flow
across the external force, generating voltage and current
peaks. Once the external force is released, the electrons
flow in the opposite direction.
Figures 5(a)–(b) demonstrates the output voltage and

current pulses excited by the PZT nanogenerator with
a flat Au top electrode generally prepared under peri-
odical compressing and releasing. The generated outputs
including both the positive and negative polarities are
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Figure 5. Electrical properties of the PZT nanogenerator with the agglomerated Au top electrode. (a) output voltage and (b) output current of PZT
nanogenerator. (c) and (d) shows the schematic image of PZT nanogenerator with the embossed Au electrode and its enhanced output current, respectively.

observed. The negative output distribution is generated due
to the reverse flowing carriers when the external force was
removed and the piezoelectric potential vanished. In case
of the flat top electrodes, peak output voltage of 0.9 V and
peak current of 40 nA are observed. For the PZT nanogen-
erator with the embossed Au top electrode, the peak output
current increases up to 75 nA whereas the output voltage
is the same as the previous one due to the same length
of the NWs, as shown in Figure 5(d). This is because
the embossed electrode provides more active area that can
contact with PZT nanowires as shown in Figure 5(c). It can
be obviously explained from the electrical performance
that much more NWs could contribute the electrical gen-
eration since the embossed top electrode helped the NWs
of various sizes make metal/piezo-semiconductor schottky
contact. The output power density of 0.56 �W/cm2 was
finally obtained, implying great improvement of current
density by employing the embossed top electrode. Since it
is hard to grow the PZT NWs perpendicular to the sub-
strate compared to the ZnO NWs, the morphology control
of top electrode can be useful for the non-uniform NWs.

4. CONCLUSION
In summary, we have fabricated epitaxial lead zirconate
titanate (PZT) nanowires on the single-crystal Nb:STO
substrate by the hydrothermal method. The nanowires
exhibit with a diameter and length of approximately
300 nm and 7 �m, respectively. To enhance output current

of the PZT nanogenerator, we controlled the morphology
of the electrode surface in order to provide electron paths
effectively. The peak current reached to 75 nA using the
embossed Au top electrode, it is almost 2 times higher than
the flat top electrode, whereas the peak voltage of 0.9 V
kept as the same voltage generated by the flat-typed elec-
trode because the output voltage is dependent on the length
of NWs. It is obviously seen that the current density of the
NG can be controlled by means of the morphology of top
electrode because of the increase of the active contact area
for non-uniform height of the PZT nanowires. The results
of experimental investigation will be used for an important
step toward the design and optimization of NG.
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