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omplex oxide materials typically have
C avariety of outstanding features, such ABSTRACT Single crystalline PbZrg ,Tiy g (PZT) nano-

as ferroelectricity,' piezoelectricity,? wires arrays (NWAs) with taper morphology were epi-
and superconducting,® which are broadly taxially grown on STi0; (STO) substrate using pulse laser
applied to the energy field and the elec- deposition. The taper morphology was attributed to the
tronic devices, such as nonvolatile memories,”
micromotors,> and sensors,® Among complex
metal oxides, lead—zirconium—titanium (PZT)
with a provskite structure in the ferroelectric

overcoating of PZT layer via a lateral growth of PZT
clusters/adatoms during PZT NW growth. The growth
window for PZT film or nanowire was systematically studied at varied temperatures and

group is the most promising complex oxide pressures. The proposed growth mechanism of the taper PZT NWAs was investigated from a
material with extraordinary high dielectric layer by layer growth via Frank—Van Der Merwe growth, followed by a formation of three-
constant, large hysteresis, and excellent piezo- dimensional islands via Stranski—Krastanow growth, and then axial growth on the lowest
electric coefficient, which can be readily energy (001) plane with growth direction of [001] via vapor—solid growth mechanism.

incorporated with current piezoelectric and
energy-harvesting devices.

Up to now, a variety of synthetic ap-
proaches for PZT nanowires (NWs) had been

However, under certain conditions such as at higher or lower pressure (>400 or <200 mTorr)
or substrate temperatures (>850 °C and <725 °(), formation of the PZT NWs is suppressed
while the epitaxial PZT thin film via the layer-by-layer growth remains. The controllable

proposed, such as hydrothermal,”® tem- growth directions of the PZT NWAs on (001), (110), and (111) STO substrates were demonstrated.
plate infiltration,” and electrophoresis.® The piezopotential of the taper PZT NWAs using a conducting atomic force microscope with the
Nevertheless, there are many restrictions average voltage output of ~18 mV was measured. The theoretical piezopotential of a PZT NW

on these approaches, for example, the re-
quirement of metal catalysts for the growth
of PZT during the hydrothermal process. In
the case of template infiltration and electro- KEYWORDS: pulsed laser deposition - PZT nanowire arrays - piezopotential -
phoresis processes, the critical dimension  vapor-solid growth
requirements on the nanosize templates
have set limitations on fabrications of nano-
structured PZTs. In this regard, we demon-  investigated to determine the growth me-
strated the growth of single-crystalline PZT ~ chanism. Controllable orientations of the PZT
NW arrays (NWAs) with taper morphology by NWAs along the [001], [110], and [111] direc-
the pulsed laser deposition technique, which  tions were demonstrated, depending on un-  *Address correspondence to
provides the advantage of controlling stoichi-  derlying substrate orientations. The piezo- Y'chueh@mxnthu.edu.tw.
ometry at a lower temperature process com-  potential of the taper PZT NWAs was mea-  p. aived for review January 25, 2012
pared with other deposition techniques.'’ The  sured using atomic force microscopy (AFM),  and accepted February 29, 2012.
detailed growth window for whether PZT thin  and the theoretical piezopotential of a PZT NW . .

i Published online February 29, 2012
films or PZT NWs were formed was success-  was calculated to compare with the measured  14.1021/nn300370m
fully explored. The microstructure of the  outputs, shedding light on the intrinsic proper-

was calculated to compare with the measured outputs, providing a comprehensively experi-

mental and theoretical understanding of the piezoelectricity for the PZT NW.

taper PZT NWs at each growth stage was ties of nanoscale PZT nanowires. ©2012 American Chemical Society
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Figure 1. (a) Fabrication process of PZT NWAs via PLD
technique; (b) schematic growth of taper PZT NWAs on a
STO substrate; (c) a hard ball model of PZT unit cell stacking
on STO lattice.

RESULTS AND DISCUSSION

Figure 1a schematically illustrates how we per-
formed the pulsed laser deposition (PLD) to synthesize
PZT NWAs. A KrF excimer laser with a wavelength of
248 nm and adjustable frequencies from 1 to 20 Hz was
used to ablate a quaternary PbZr(;_,Ti,O5 target where
xranges from 0.2 to 0.8. PZT NWAs were found to grow
on SrTiO5 (STO) substrates with substrate temperatures
maintained at 700—850 °C during deposition. The
corresponding schematic of taper PZT NWAs on a
STO substrate is shown in Figure 1b. During the growth
process, a PZT thin film was found to epitaxially form
on the STO substrate first, followed by the growth of
the PZT NWAs. An atomic structure model between the
PZT NWAs and the STO substrate is drawn in Figure 1c.

To explore the growth window of the PZT NWAs on
the STO substrate, a series of systematic experiments
were conducted, including different substrate tem-
peratures and pressures with the laser frequency and
the distance between PZT target and substrate holder
fixed at 10 Hz and 4 cm, respectively. Figure 2a—g
shows scanning electron microscopy (SEM) images of
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the PZT NWAs grown at different substrate tempera-
tures ranging from 700 to 850 °C with a growth
pressure of 400 mTorr. The taper morphology with
the base and the tip widths of ca. 100—150 nm and ca.
30—60 nm, respectively, can be clearly observed. Note
that the as-grown PZT epitaxial film was formed ini-
tially and then the PZT NWAs were nucleated and grown
from the epitaxial PZT film at specific conditions. It was
found that the PZT NWAs could be formed at substrate
temperatures ranging from 750 to 850 °C while the
formation of the PZT film on the STO substrate is
preferred as substrate temperatures <700 °C and/
or >850 °C (Supporting Information, Figure S1). Figure 2h
shows lengths of the PZT NWAs and thicknesses of the
underlying PZT film as a function of substrate tem-
peratures. As substrate temperature increased, the
length of PZT NWAs increased while the thickness of
the underlying PZT film decreased. The maximum
length of PZT NWAs is 1.3 um with a minimum thick-
ness of ca. 90—100 nm for the underlying PZT thin film
at the substrate temperatures of ca. 800—825 °C. PZT
thin films are preferred for lower (<100 mTorr) and
higher (>800 mTorr) working pressures, whereas the
growth of PZT NWAs can only exist at pressures from
~200 to 700 mTorr at a substrate temperature of
750 °C for 20 min (see Supporting Information, Figures
S2a—d). Furthermore, other growth parameters, such
as a distance between PZT target and substrate at 4 cm
and a laser frequency of 10 Hz were also optimized as
shown in Supporting Information, Figures S2 and S4.
Therefore, a plot for the selective growth of PZT NWs or
PZT film based on the pressures and the substrate
temperatures can be constructed as shown in Figure 2i.
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Figure 2. SEMimages of vertically aligned taper PZT nanowires with a fixed pressure of 400 mTorr and growth time of 20 min
at varied growth temperatures of (a) 700, (b) 725, (c) 750, (d) 775, (e) 800, (f) 825, and (g) 850 °C; (h) the lengths of taper PZT NW
and the thicknesses of underlying PZT film as the function of growth temperatures; (i) a plotted window for the growth of the
PZT NW or film extracted from different growth pressures and substrate temperatures.
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Figure 3. (a) A TEM image of a PZT nanowire with taper
morphology; (b) a cross-sectional TEM image of the PZT
nanowire observed along [001] direction; (c) the corre-
sponding HRTEM image taken from the core region of the
PZT nanowire, with which the lattice spacing of 0.39 nm for
(100) plane is indexed. Inset shows the diffraction pattern
with [001] zone axis extracted by fast Fourier transform,
indicating the growth direction of PZT nanowire being
along [001]. (d) The HRTEM image taken from shell region.
Inset shows the corresponding diffraction pattern with
[001] zone axis.

Figure 3a shows a low magnified transmission elec-
tron microscopy (TEM) image of a PZT nanowire with
taper morphology. It is obvious that the taper PZT
nanowire consists of two parts, namely, an inner
nanowire body core and an outer uniform PZT over-
coating layer. The outer uniform overcoating layer is
believed to be the main reason for the taper morphol-
ogy. To shed light on the difference between two
regions, focused ion beam (FIB) was used to cut the
PZT nanowire, which is perpendicular to the nanowire
axis for the cross-sectional TEM observation as shown
in Figure 3b. The corresponding high resolution TEM
(HRTEM) results are shown in Figure 3c,d taken from
rectangular areas marked as ¢ and d in Figure 3b,
where a different contrast at two regions was ob-
served. Insets in Figure 3¢,d reveal the selective diffrac-
tion patterns with [001] zone axis converted by fast
Fourier transform (FFT). The HRTEM images from two
regions indicate the single crystal feature, for which
planar spacings of 0.39 nm for region c and 0.39 nm for
region d were found that completely match with the
(100) plane for two regions, respectively. In addition,
atomic concentrations are ~21 atom % Pb, ~5 atom %
Zr,~15 atom % Ti, ~59 atom % O for region c and ~20
atom % Pb, ~6 atom % Zr, ~17 atom % Ti, ~57 atom %
O for region d, which perfectly agree with the concen-
tration of the PZT target, namely, PbZr, ;Tip gOs. There-
fore, a possible reason for different contrast found in
the two regions is most likely attributed to the different
scattering behavior of electrons because of the differ-
ent crystal stacking orientation confirmed by different
patterns (insets in Figure 3c,d).
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Figure 4. (a) A cross-sectional image of the PZT NWs grown
on a STO substrate at very initial condition with a growth
time of 30 s, growth pressures of 400 mTorr, and substrate
temperature of 750 °C. (b) A cross-sectional image of the
PZT NWs grown on the STO substrate at the identical
growth conditions with the growth time extending to
2 min. (c) The magnified TEM image of the PZT overcoating
layer. (d—f) Schematics of growth mechanism for PZT NWAs
with taper morphology and PZT film.

arowth

To investigate the growth mechanism of the PZT
nanowire, we separate the growth of PZT NW into
three stages according to growth time. Figure 4a
shows that the first stage that the PZT thin film was
grown first, followed by the second stage, the growth
of the taper PZT NWs at the substrate temperature of
750 °C and the pressure of 400 mTorr for growth time
of 30 s. The longer the growth time, the longer the PZT
NW is as shown in Figure 4b. Figure 4c illustrates the
third stage with the formation of an overcoating layer.
Accordingly, two possible mechanisms could be in-
ferred for our case, namely, vapor—solid growth mech-
anism (VS)'? and catalytic vapor—liquid—solid (VLS)
mechanism.'® According to the round shape at the tip
region of nanowire observed from SEM images and no
catalytic metals confirmed from the TEM image as
shown in Figure 4 images a and b, the catalytic VLS
mechanism in our case could be ruled out. Therefore,
the possible growth mechanism of the taper PZT NWs
was resulted from the VS growth mechanism, which is
mostly occurred at metal oxide materials because of an
anisotropic crystalline feature. A well-known two-
dimensional (2D) nucleation probability, which highly
relies on a surface free energy difference at the differ-
ent planes is typically used to explain the growth
model.™ An atom absorbed on the lower surface plane
has higher binding energy (lower interaction energy),
resulting in a higher 2D nucleation probability. Conse-
quently, the growth of the 1D nanowire along the axial
direction could be achieved. In addition, the struc-
ture defects, such as stacking faults and microtwins
may also play an important role as the nucleation
seeds/sites.'” The proposed mechanism for the forma-
tion of the taper PZT nanowire on the STO substrate is
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Figure 5. SEM images of PZT NWAs grown on STO substrates with (a) (100), (b) (110), and (c) (111) orientations. Hard ball
models for the growth of PZT NWAs on STO substrates with (d) (100), (e) (110), and (f) (111). (g—i) The corresponding XRD
results of the PZT NWAs grown on STO substrates with different orientations.

schematically illustrated in Figure 4d—f. In an early
stage, PZT molecules from the PZT target prefer to
epitaxially assemble on the STO substrate via
Frank—Van Der Merwe (FV) growth, namely, a layer
by layer growth, for which the specific surface free
energy of STO—vacuum (y,) is larger than that of
STO—PZT film (y;)+PZT film—vacuum (y) as show in
Figure 4d.'® However, elastic relaxation energy result-
ing from lattice mismatch between the PZT film and
the STO substrate increases with an increase of the PZT
film thickness. At the PZT film thickness over a critical
value, the formation of coherent 3D islands is preferred
rather than the smooth film growth, allowing a sig-
nificant reduction of total energy due to the later
elastic relaxation of 3D islands against coarsening
(Ostwald ripening) via Volmer—Weber growth (VW),"”
which is typically called the Stranski—Krastanow (SK)
growth model'® (Figure 4e1). The newly arriving PZT
clusters/atoms are preferably and epitaxilly formed on
these as-grown PZT 3D islands owing to the reduction
of surface free energy, resulting in the formation of PZT
NW along [001] direction via VS growth, which restricts
the lateral growth as shown in Figure 4e2 since (001) is
the lowest surface energy surface. The results are
also consistent with the NW growth direction of [001]
observed by the TEM image (Figure 3). Once the
PZT NWs start to grow, the lateral diffusion of PZT
clusters/adatoms, namely, lateral overcoating along
the side well of the PZT NWs could occur as well,
thereby forming the taper morphology as shown in
Figure 4e3. In contrast, under certain condition such
as higher pressures or certain substrate tempera-
tures (>850 °C and <725 °C), the formation of PZT
NWs was suppressed, and then epitaxial growth of

CHEN ET AL.

PZT thin film could continue in a layer-by-layer forma-
tion, which corresponds to the FV-type as shown in
Figure 4f. In addition, we also tried to control different
Zr/Ti ratios from 20/80 atom % to 80/20 atom % of the
PZT NWAs by controlling the PZT targets with different
Zt/Tiratios while the PZT NWAs can only be achieved at
the Zr/Ti ratio of 20/80 at % as shown in Figure S5
(Supporting Informatioin).

An unique feature of our PZT NWAs growth is to
precisely control orientations of the taper PZT NWA:s.
To demonstrate this concept, STO substrates with
different substrate orientations including (001), (110),
and (111) were prepared. SEM images after growth
were shown in Figure 5a—c and insets show the
corresponding top-view SEM images. Angles between
the PZT NWAs and the underlying STO substrate are
found at ~90°, ~45°, and ~35.26° on (001), (110), and
(111) STO substrates as schematically drawn in Figure 5
panels a and b, and ¢, respectively. The results confirm
the ability to precisely control the NW growth direc-
tions at different substrate orientations and also ex-
plain that PZT clusters prefer to epitaxially grow on the
{100} family plane because of the smallest surface free
energy compared with that of other planes, which
matches well with our proposed growth model. In
addition, the growth of the PZT NWs from the STO
substrate based on hard ball models was illustrated in
Figure 5d—f to clearly reveal the precisely controlled
ability of the PZT NWAs by different substrate orienta-
tions. Figure 5 panels g—i show the corresponding
X-ray diffraction (XRD) spectra of the PZT NWAs at
different STO substrates, confirming the epitaxial
relationship between the PZT NWAs and the STO
substrates.
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Figure 6. (a) A statistical distribution of the measured
piezopotential output where an average piezopotential
output is ca. —18 mV. Inset shows a three-dimensional
(3D) plot of piezopotential output with a scanning area of
10 x 10 um? where the different colors represent the
magnitude of the output potential. (b) The calculated top-
view and side-view piezopotential distributions in a PZT NW
bent by an AFM cantilever.

The PZT is a typical piezoelectric material with a
larger piezoelectric constant.'®?%*’ Its piezoelectric
domain can be aligned by applying an electric poling
along the length direction of the nanowires. To inves-
tigate the piezoelectric properties of the PZT NWAs, an
atomic force microscope in contact mode using a Pt-
coated Si tip as a cantilever was used to scan across the
vertically aligned PZT NWAs with the appropriate
lengths of ca. 100—200 nm, where the cantilever has
a spring constant of 1.55 N/m with a constant normal
force of 5 nN maintained between the tip and the PZT
NWAs surface.> 2* Through scanning the tip across
the NWAs, the piezoelectric output voltages were
monitored by an external load (500 M€2) without an
external voltage applied during the measurements. For
a sample that was grown under different condition and
has relatively uniform shape, the statistical distribution
of the measured piezoelectric output is plotted in
Figure 6a, and the inset in Figure 6a shows a three-
dimensional (3D) plot of the piezopotential output
from the PZT NWAs with a scanning area of 10 X
10 um?, where the different colors represent the magni-
tude of the output potential. Obviously, the piezo-
electric outputs show a statistical distribution of ca.
80—85% output voltages within —10 to —30 mV with
average piezoelectric output of ca. —18 mV, which is
comparable to that of the ZnO NWAs.??~2* To predict
the measured piezoelectric output, Lippman theory
was utilized to calculate the piezopotential distribution
in a bent PZT NW under a lateral force (f) of 80 nN with
the [001]-orientated PZT NW of ~200 nm in length and
50 nm in diameter.?*% (see the Supporting Information

CHEN ET AL.

for more detailed information) A semiquantitative
comprehension can be realized by a numerical calcula-
tion without considering the carrier concentration by
taking the following values into account: relative di-
electric constants of PZT (x, = 504.1, ky = 270), the
density (p = 7600 kg/m?), the anisotropic elastic con-
stants (Cy; = 134.8680 GPa, C;, = 67.8883 GPa, C;3 =
68.0876 GPa, C33 = 113.297 GPa, C,4 = 22.2222 GPa),
and the piezoelectric constants (e;s = 9.77778 C/m?,
e3; = —1.81603 C/m?, e33 = 9.05058 C/m?).>***

The calculated top-view and side-view of piezo-
potential distributions in the PZT NW bent by an AFM
tip is shown in Figure 6b. Clearly, the maximum negative
piezopotential of ca. —30 mV as shown in the left-hand
side of Figure 6b drives the free electrons across the
external load (500 MQ) as the AFM tip scans across the
NW, forming a transient current. However, the mea-
sured piezopotential is expected to significantly de-
pend on contact resistance between the Pt tip and the
NWs, contact resistance between Ag pastes and PZT
films at the bottom of the NWs, resistance of the
bottom PZT film, and limited conductivity with small
capacitance of the NWs, resulting in lower measured
piezopotentials (—18 mV) than the calculated one
(—30 mV). Interestingly, no external electric poling
was applied to create the piezoelectricity at our PZT
NWAs while the piezopotentials could be still mea-
sured. We believed that the origin of piezoelectricity in
our PZT NWA:s is most likely from the self-polarization
effect resulting from (1) accumulation of oxygen va-
cancies at the interface between epitaxial PZT films/
STO substrates and PZT NW/PZT film, (2) trapping of
free electrons at the interfaces, and (3) the oxygen
vacancy defective dipole complexes throughout the
PZT film during nanowire growth, which has been
observed in other reports.?®?” The self-polarization
phenomenon is still unclear yet and further investiga-
tion is needed.

CONCLUSIONS

Growth of single-crystalline taper PZT NWAs by PLD
was demonstrated successfully. The detailed growth
window of a PZT thin film or PZT nanowire was
constructed at varied pressures and temperatures.
The taper morphology of PZT NWAs was attributed
to an overcoating of the PZT layer from a lateral growth
of PZT clusters during NW growth. The growth mech-
anism of the taper PZT NWAs was found to be layer-
by-layer growth (FV model) to a formation of 3D islands
(SK model), followed by an axial growth along the
lowest (001) plane via the VS growth mechanism.
However, under certain growth conditions such as
higher or lower pressure (>400 mTorr or <200 mTorr)
and higher or lower substrate temperatures (>850 °C
and <725 °C), the formation of PZT NWs is suppressed,
and the epitaxial PZT film remains and grows via the
layer-by-layer growth. A unique advantage of our PZT
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NWAs growth is the precise control of the taper PZT
NWAs with different orientations where the angles
between the PZT NWAs and the underlying STO sub-
strate at ~90°, ~45°, and ~35.26° on (001), (110), and
(111) STO substrates were demonstrated, respectively.
The electricity generation from individual vertically
aligned PZT NWAs with the average voltage output

METHODS

Fabrication of PZT NWs Arrays and PZT Thin Film. PZT NWAs were
epitaxially grown on precleaned 1 x 1 cm? SrTiO5 (STO) sub-
strates by a pulse laser deposition (PLD) system equipped with a
heating substrate holder and a KrF excimer laser with a wave-
length at 248 nm and power of 250 mJ. Epitaxial PZT NWs with
pervoskite phase were formed by evaporating a single quaterna-
ry PbZr(; 4 Ti O3 target with different atomic ratios of Pb:Zr:Ti:O.
Dynamic chamber pressures from 100 to 1000 mTorr were
controlled by O, gases and the substrate holder temperatures
of 700—850 °C were maintained during the deposition. The
working distance between the PZT target and the substrate
holder was set at 2.5—6 cm with the laser frequencies of 1—20 Hz.

Characterizations. The morphology of PZT NWAs was studied
by field-emission scanning electron microscopy (FE-SEM, JSM-
6500F, JEOL), and their crystalline structures were characterized
by X-ray diffraction (XRD, D2 Phaser, Bruker) with Cu Ko radia-
tion (A = 0.154 nm). A field-emission transmission electron
microscope (JEM-3000F, operated at 300 kV with point-to-point
resolution of 0.17 nm) equipped with an energy dispersion
spectrometer (EDS) was used to obtain the information of the
microstructures and the chemical compositions. Piezoelectric
measurements were performed using AFM (molecular force
probe MFP-3D from Asylum Research) with a conducting Pt-
coated Si tip (14 um in height with an apex angle of 70°, from
Olympus). The output voltage across an outside load of resis-
tance R_ (500 MQ) was continuously monitored as the tip
scanned over the NWs. No external voltage was applied during
the experiment measurements.
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