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ABSTRACT

We report the first unambiguous ferroelectric properties of ultra-thin-walled Pb(Zr,Ti)O3 (PZT) nanotube arrays, each with 5 nm thick walls and
outer diameters of 50 nm. Ferroelectric switching behavior with well-saturated hysteresis loops is observed in these ferroelectric PZT nanotubes
with Pr and Ec values of about 1.5 µC cm-2 and 86 kV cm-1, respectively, for a maximum applied electric field of 400 kV cm-1. These PZT
nanotube arrays (1012 nanotubes cm-2) might provide a competitive approach toward the development of three-dimensional capacitors for the
terabyte ferroelectric random access memory.

Ferroelectric nanotubes are of great interest because of their
peculiar physical properties on the nanoscale1–3 and their
wide range of potential applications.4–9 Well-registered arrays
of ferroelectric Pb(Zr,Ti)O3 nanotubes (PZT-NTs) with
concentric cylindrical electrodes could function as three-
dimensional (3D) device elements in miniaturized ferroelec-
tric random access memory (FRAM).4–7 Because of the
outstanding piezoelectric properties of PZT, PZT-NTs should
have applications in fluidic delivery8,9 and nanoelectrome-
chanical systems.4 PZT-NTs are among the most researched
ferroelectric nanotubes because of their industrial importance.
Luo et al. first demonstrated the successful fabrication of
PZT microtubes with a wall thickness of tens of nanometers
using the template wetting method.5,6 Bharadwaja et al.
outlined a process for optimizing the phase purity of the
crystalline structure of PZT microtubes by preventing the
reaction between PZT and the porous silicon template.10

Alexe et al. reported the fabrication of PZT-NTs with a

minimum inner diameter of 100 nm by using a positive
template that enables the control of the wall thickness of
the PZT-NTs.11 The synthesis and characterization of PZT-
NTs with a diameter of around 50 nm have not previously
been reported and were achieved in our study.

In this Letter, we report the first instance of unambiguous
ferroelectric properties of PZT-NT arrays with 5 nm thick
walls and an outer diameter of 50 nm. Field emission
transmission electron microscopy (FETEM) was used to
show that these PZT-NTs are composed of perovskite
nanocrystallites that form a tubular rolled-up grain network.
The well-saturated, artifact-free hysteresis loops of the PZT-
NTs are indicative of their ferroelectric switching behavior.
The use of the pore arrays of porous alumina membranes
(PAMs) facilitates the fabrication of tailored PZT-NT arrays
with various diameters and wall thicknesses, as well as of
complicated structures such as branched or stepped pores
(Supporting Information, S1).

Highly ordered PZT-NT arrays were prepared using a
template-directed method that integrates a sol-gel process
with a spin-coating technique (Figure 1a; Supporting Infor-
mation S2).12,13 Unlike other template-directed methods,10,14,15

no film is observed on the surface view field emission
scanning electron microscopy (FESEM) images of the spin-
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coated PAM (Figure 1b,c). The presence of a surface film
causes several problems in the preparation of complicated
structures such as metal/ferroelectric/metal concentric cy-
lindrical capacitors, because it must be removed after the
deposition of each layer by using either wet or dry etching.
In our method, however, spin-coating not only assists the
sols to enter the pores but also removes excess sols from
the top surface. These results suggest that our method could
be used to fabricate tailored PZT-NTs with precise control
over wall thickness.

Scanning transmission electron microscopy (STEM) and
energy dispersive X-ray spectroscopy (EDS) were performed
on sectioned PZT-NTs to determine their chemical composi-
tion (Figure 1d). The STEM image (the lower part of Figure
1d) shows that there is bright contrast at the edges of the
pores, which suggests that the tubes are comprised of heavier

elements than Al and O, the main components of the PAM.
The corresponding EDS scan (the upper part of Figure 1d)
along the green line in the STEM image shows recurrent
increases and decreases in the Pb, Zr, and Ti intensities along
the sectioned PZT-NTs, indicating their periodicity. Thus,
the contrast variation at the edges of the pores is due to their
presence.

Once the host PAM is selectively dissolved, the PZT-NTs
collapse into nanotube bundles (Figure 1f) because of the
loss of mechanical support from the alumina and capillary
force induced during a postgrowth cleaning process.16,17

Microtubes with thicker walls would form arrays because
of their low aspect ratios (<50).4–6,8,10 However, our high
aspect ratio (∼200) PZT-NTs possess ultrathin walls (∼5
nm; see Figure 4b) and so are unable to tolerate the capillary
stress and thus lean against one another. One way to prepare

Figure 1. (a) A schematic illustration of the PZT-NT arrays synthesis procedure. (b) A surface view FESEM image of a typical PAM with
a corresponding cross-sectional image shown in the inset. (c) A surface view FESEM image of a PAM after spin-coating with a PZT
sol-gel solution. Note that the PZT-NTs are densely packed inside the PAM pores. (d) The lower part of this figure is a STEM image and
the upper part is the EDS line profile along the green line in the STEM image. The dotted red line highlights the periodic intensity of Pb,
Zr, and Ti in the sectioned PZT-NTs. (e) A FESEM image of a highly ordered hexagonal array of low aspect ratio (length/diameter ∼6)
PZT-NTs after wet chemical etching for 15 min with aqueous NaOH solution. (f) A FESEM image of high aspect ratio (∼200) PZT-NTs
etched for 30 min, resulting in their aggregation.
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arrays of ultra-thin-walled PZT-NTs is to reduce the aspect
ratio by using a thin PAM (Supporting Information, S3). We
prepared a perfect hexagonal array of PZT-NTs with an
aspect ratio of 5, a diameter of 60 nm, and a length of 300
nm (Figure 1e). The long-range order of the arrays of PZT-
NTs (Supporting Information, S3) shows that the array is
an exact replica of the PAM, which highlights one of the
most versatile aspects of the template-directed method: the
shape and geometry of the arrays can be readily manipulated
by varying the host template (Supporting Information S1,3).

Micro-Raman spectroscopy provides a very sensitive
method for detecting tetragonal symmetry in nanoscale

perovskite particles such as BaTiO3
18,19 and was used to

determine the phase of the PZT-NTs. Tetragonal PZT
belongs to the space group P4mm, so 3A1 + B1 + 4E modes
are observed in its Raman spectrum. Raman peaks (Figure
2a) are present at wavenumbers 205, 275, 317, 533, 593,
and 724 cm-1, identified as due to the E(2TO), E(silent) +
B1, A1(2TO), E(3TO), A1(3TO), and A1(3LO) modes of PZT,
respectively. The phonon modes of the PZT-NTs are typical
of those found in the Raman spectra of perovskite PZT,20

confirming the tetragonality of the prepared PZT-NTs. The
increase in the intensity of the region of the spectrum
highlighted in yellow (Figure 2a) clearly shows that the

Figure 2. (a) Raman spectra of the PZT-NTs for various annealing temperatures. The spectra were obtained at room temperature with the
514.5 nm line of an Ar ion laser (∼1.8 mW) focused on a 1 µm diameter spot (Nikon ×40, Numerical Aperture 0.6). The Raman peaks
at wavenumbers 205, 275, 317, 533, 593, and 724 cm-1 are due to the E(2TO), E + B1, A1(2TO), E(3TO), A1(3TO), and A1(3LO) modes,
respectively, of tetragonal PZT. In order to take into account changes in the intensity and peak sharpness with the variation in the annealing
temperature, the spectra were normalized to the peak intensity of the A1(2TO) mode. The Raman spectrum of the sample annealed at 750
°C has stronger and sharper Raman peaks than that of the sample annealed at 650 °C, which indicates improved crystallization as the
temperature increases. The inset shows a representative FESEM image of the PZT-NTs collected on a stainless steel substrate. (b) Schematic
diagram of the Raman spectroscopy setup.

Figure 3. (a) A schematic diagram of the Sawyer-Tower circuit used to minimize the contribution of leakage current to the P-E hysteresis
measurements. (b) Unambiguous P-E hysteresis loops obtained at 100 kHz with a Sawyer-Tower circuit with applied voltages between
4 and 10 V. The measured Pr and Ec are about 1.5 µC cm-2 and 86 kV cm-1 respectively.
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crystallinity of the PZT-NTs improves with increases in the
annealing temperature.

To check whether our PZT-NTs are ferroelectric, we
determined the polarization-electric field (P-E) character-
istic curves of metal/PZT-NTs/metal capacitors (see Figure
3a). The ferroelectric P-E hysteresis loop (Supporting
Information S4, in black) and displacement currents (Sup-
porting Information S4, in red) were simultaneously recorded

at 2 kHz with a TF analyzer. Although the hysteresis loop
is elliptical due to the large leakage current, displacement
current peaks (the blue asterisks in Supporting Information
S4) are also present, implying the presence of spontaneous
polarization (Ps) switching.

Since artifacts due to dielectric loss are apt to be highly
frequency dependent,9,21 we varied the measuring frequency
to minimize the leakage current contribution. The frequency

Figure 4. (a) A FETEM image of a bundle of high aspect ratio PZT-NTs, with its corresponding SAED ring pattern. (b) An individual
PZT-NT with a wall thickness of approximately 5 nm. (c) A high-resolution image of a PZT-NT with perovskite grains of only a few
nanometers in size, indicated by yellow circles and ellipses, which mostly have lattice spacings of 2.85 and 2.89 Å and are assigned to the
(110) and (101) planes, respectively, of the tetragonal perovskite phase. Oxygen-deficient pyrochlore (Pb2Ti2O6) and lead-deficient pyrochlore
phases (PbTi3O7) can also be found, marked with white ellipses. (d) A 3D atomic representation of PZT nanocrystallites for only a few unit
cells. The red, green, yellow, and white spheres represent lead, zirconium, titanium, and oxygen atoms, respectively. (e) Surface view
atomic representations of the two most probable facets of PZT nanocrystallites with PbO termination: the representations on the left and
right are seen from the [001] and [010] directions, respectively. (f) A schematic model of an ultra-thin-walled PZT-NT consisting of
perovskite grains of only a few nanometers in size with the facets shown in Figure 4e.
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was increased to 100 kHz, and the P-E hysteresis loops
were recorded with a Sawyer-Tower circuit and a digital
oscilloscope (Figure 3a). As a result, distinct ferroelectric
hysteresis loops were obtained for the ultra-thin-walled PZT-
NTs with driving voltages of 4, 6, 8, and 10 V (Figure 3b).
The increases in the coercive field (Ec) and the remanent
polarization (Pr) with the driving voltage confirm that the
PZT-NTs exhibit significant ferroelectric properties.

The PZT-NT capacitors exhibit well-saturated hysteresis
loops with Pr and Ec values of about 1.5 µC cm-2 and 86
kV cm-1, respectively, for a maximum applied electric field
of 400 kV cm-1. In order to take into account the geometrical
dependence of Pr, the effective contact area of the capacitor
was calculated and found to be ∼9% with respect to that of
a PZT thin-film capacitor. The normalized Pr was thus
estimated to be 17 µC cm-2. These values for Pr and Ec are
surprisingly similar to those of sol-gel derived polycrys-
talline PZT films,22 despite the differences in geometry and
the expected grain size induced effects.15 These values cannot
however be directly compared to those of bulk and thin films,
since the measurements were performed with a nanotube-
embedded PAM geometry that has a relatively intricate field
distribution.6

We investigated the PZT-NTs with FETEM to determine
their structural characteristics. The typical FETEM image
of a free-standing PZT-NT bundle in Figure 4a shows its
high aspect ratio. The appearance of selected area electron
diffraction (SAED) rings (inset of Figure 4a) indicates that
the nanotubes are polycrystalline. According to the electron
diffraction formula, the major diffraction rings correspond
to the (001), (110), (101), (111), (002), (102), and (112)
reflections of the tetragonal phase of PZT, which were
indexed by comparing the relative ratios of the d spacings
with those deduced from JCPDS No. 33-0784. The high-
resolution FETEM image in Figure 4c shows that the tube
wall is composed of nanocrystallites with diameters in the
range 3-7 nm (see Supporting Information S5). The striking
similarity (compare Figure 4b and Figure 4c) in wall
thickness and the size of the crystallites in the wall suggests
that our ultra-thin-walled PZT-NTs form a tubular rolled-
up grain network sheet consisting of perovskite PZT nanoc-
rystallites (see Figure 4f).

These findings are consistent with recent reports of
perovskite nanocrystallites with sizes of about 5 nm in
ultrathin PZT nanorings23 and of 2-3 nm in PbTiO3

nanotubes.14 In particular, these perovskite crystallites of just
a few nanometers in size might only be found in ultra-thin-
walled nanotubes or nanorings. PZT nanowires synthesized
in a similar manner13 also appear to consist of a mixture of
perovskite and pyrochlore phases, but the nanometer-sized
crystallites observed in the nanowires were determined to
be of pyrochlore phase (Supporting Information S6). Such
differences may be attributed to the combined effects of the
annealing procedure,24 the size effect from the nanotube
dimensions,14 and the host template,15 which limit crystallite
growth during the phase transition from pyrochlore to
perovskite.

By comparing the lattice fringes and the SAED rings (see
Supporting Information S5), we found that our PZT-NTs are
a mixture of perovskite, lead-deficient pyrochlore phase
(PbTi3O7), and oxygen-deficient pyrochlore phase (Pb2Ti2O6).
However, they primarily exhibit perovskite phase with a d
spacing of 2.85 Å (110) (see the insets in Figure 4c,f), as
evident in the high-resolution FETEM analysis (see Figure
4c and Supporting Information S5). Assuming these crys-
tallites having the PbO surface termination,25,26 the majority
of PZT-NTs surfaces are determined to have either (010)
and (001) facets and the surface atomic representations of
these facets are reconstructed in Figure 4e. In order to
determine the relative amounts of perovskite and pyrochlore
phases in the nanotubes, we roughly calculated the volume
ratio of perovskite (110) with respect to the sum of perovskite
(110) and pyrochlore (222). The ratio of the perovskite phase
in our PZT-NTs was estimated to be about 90%, which
indicates their high quality. On the basis of this evidence,
we suggest that the ultra-thin-walled PZT-NTs can be
regarded as a rolled-up grain network sheet in a tubular form
composed of nanosized perovskite crystallites (Figure 4f).

With their unambiguous ferroelectricity, the ultra-thin-
walled PZT-NT arrays (1012 nanotubes cm-2) reported here
may represent a competitive approach toward the develop-
ment of 3D capacitors for the terabyte FRAM27 compared
to the existing approaches.28,29 These vertical arrays of PZT-
NTs can be readily manipulated and so will facilitate the
fabrication of more complicated structures for use in nano-
electromechanical systems. Moreover, these nanometer-sized
perovskite grains also offer a promising material for the
investigation of toroidal ordering in ferroelectrics.
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