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Highly uniformed barium-strontium titanate nanotube arrays were fabricated using a porous anodic aluminum

oxide template from a barium-strontium titanate sol-gel solution. Electron microscope results showed that nanotubes

with uniform length and diameter were obtained. The diameters and lengths of these nanotubes were dependent on the

pore diameter and the thickness of the applied anodic aluminum oxide template. High resolution transmission electron

microscopy and the selected-area electron diffraction pattern investigations demonstrated the perovskite structure and

the polycrystalline of the fabricated barium-strontium titanate nanotubes. The characterization of the electrical and

dielectric properties had also been made. Compared to thin film material, the intrinsic leakage current density is almost
the same. Besides, at 30 °C, the dielectric constant and dielectric loss of the fabricated nanotube is 80 and 0.027 at

1 MHz respectively.
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1. Introduction

During the last decade, nanomaterial, especially
one dimensional nanostructures, has attracted a great
deal of interest, mainly because of their unique prop-
erties relative to bulk materials. Various materials
have been applied in the fabrication of nanowires and
nanotubes, such as carbon,[!2 PbTiO5&BaTiOs,34
Zn0,5! polymer,l® and etc. Among all these ma-
terials, piezoelectric and ferroelectric nanostructures
have drawn a great deal of attention mainly for their
potential application in nanoscale piezoelectric trans-
ducers and actuators, ultrasonic devices, and memory
devices.["~11]

Perovskite (Ba, Sr) TiOs (BST) was a promis-
ing dielectric and ferroelectric material and has been
widely researched for its application mainly for its
properties of high dielectric constant, low leakage cur-
rent density, low dielectric loss, and negligible ag-
ing and fatigue effects. These properties offer the
possibility of BST for the next generation of inte-

grated dynamic random access memories (DRAM:s), "]

12] 13]

hydrogen gas sensors,|
(14]

pyroelectric detectors,|
tunable microwave devices!"* microelectromechanical
systems (MEMS)!'] and even optical signal process-
ing units.['®! BST bulk materials and thin film struc-
tures have already been widely researched. However,
few reports had been published about its nanostruc-
tures.

Since the carbon nanotubes were successfully syn-
thesized in 1991, numerous more advanced and effi-
cient methods have been used to fabricate piezoelec-
tric and ferroelectric nanostructure materials, such as
Urban and coworkers who reported the synthesis of
BaTiO3 and SrTiO3 nanorods with diameters rang-
ing from 5 to 60 nm by a solution-phase decompo-
sition of bimetallic alkoxide precursors in the pres-
ence of coordinating ligands.['”) Using such method,
Hernandez et al first fabricated BaTiO3 and PbTiO3
nanotubes within 200 nm by using a sol-gel anodic
alumina oxide (AAO) template synthesis method.[!
Compared with traditional methods to prepare one
dimensional nanostructures such as nanolithography,
e-beam lithography and x-ray lithography, the sol—
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gel template method is a more suitable alternative
because of its advantages such as being less expen-
sive, more efficient and more stable. As an important
preparation method of nanostructure materials, tem-
plate methods!'8! play an important role in a variety
of areas. Different kinds of template such as anodic
porous alumina, polymer, and nanochannel glass tem-
plates have been widely investigated. Normally, an-
odized aluminum in an appropriate acid solution forms
an anodic porous alumina template. The advantages
of an AAO template over other templates such as Si
are mainly its high density of pores, high uniformity
of distribution and the controllable relation between
the adjustable diameters of the pore with that of the
nanotubes. ']

In this paper, we report and fabricate highly-
ordered BST nanotube arrays by utilizing the sol-gel
method in combination with the AAO template. The
characterization of its morphology, structure and elec-
Compared to bulk
materials and thin films, the high uniformity, lower di-

trical property has been made.

mension and larger specific surface areas of such BST
nanotubes offer a possible solution to the further im-
provement of the capacity of DRAM and the sensitiv-
ity of BST-based gas sensors.

2. Experimental

2.1. AAO membrane preparation

High-purity  aluminum  sheets  (99.999%,
20 mmx 10 mm) were used in this experiment. Prior
to anodization, both sides of the aluminum surfaces
were degreased, etched in alkaline solution, rinsed
in distilled water, and electropolished to achieve a
smooth surface. Then, we would immerse the samples
in a concentrated acid or alkaline solution for several
minutes to remove the oxide layer formed during the
electropolishing process. After this deoxidation step,
all samples were rinsed in distilled water and then
transferred to a nitrogen environment. The resultant
clean aluminum samples were anodized at a constant
potential in 0.3 M oxalic acid (CoH204) (40 V, 4 °C,
Pt sheet as a counter electrode). The anode was then
immersed in an aqueous solution of 0.6 M H3zPO4 and
0.15 M HyCrOy4 at 60 °C for 48 h to remove the alu-
mina layer. Subsequently, the anode was anodized for
10 h in the same condition again and became an AAO

template with highly ordered nanoporous arrays.

2.2. BST sol preparation

Barium acetate [Ba(CH3COO)3] and strontium
acetate [Sr(CH3COO)s] were taken in the desired mo-
lar ratio and dissolved in heated glacial acetic acid. Ti
isopropoxide [Ti(OC2H4CHj)4] was mixed with acetyl
acetone (chelating agent) under a nitrogen atmosphere
and then mixed with the acetate solutions drop by
drop under constant stirring. 2-Methoxy-ethanol and
formamide were added to the sol to adjust the viscos-
ity of the sol. The transparent yellow sol was finally
filtered using a Whatman glass-micro-fibre filter paper
and stored as the stock solution.

2.3. BST nanotubes preparation

The alumina template membrane was dipped into
the sol for the desired amount of time and removed,
and the excess sol on the membrane surface was wiped
off using a laboratory tissue, followed by drying under
vacuum at 100 °C for 24 h. The membrane surface
was carefully wiped again to remove salts crystallized
on the surface and heated at 700 °C for 4 h in open air,
resulting in the formation of arrays of BST nanotubes
inside the pores of the AAO template.

2.4. Characterization

The morphologies of the BST nanotubes were
characterized by a scanning electron microscope
(SEM, Sirion FEG, FEI). Before the SEM observa-
tion, the BST/AAO sample was etched by 2M aque-
ous NaOH for 30 min. This sample was attached to a
sample stub with adhesive tape without a thin layer of
Au on the surface. Transmission electron microscopy
(TEM) images and a selected-area electron diffrac-
tion (SAED) pattern were taken with a transmission
electron microscope (TEM, JEM-2010, JEOL). High-
resolution TEM (HRTEM) images were obtained on
a JEOL-2010 HRTEM. Before TEM observation, the
alumina template membrane was dissolved by using
3 M (1 M=1 mol/dm?3) NaOH, and then diluted with
distilled water by three times. Droplets of solution
containing BST nanotubes were dropped onto the cop-
per grids. The voltage dependence of current density
was measured using a ferroelectric test system Radi-
ant Technologies RT3100 and the dielectric properties
were measured by using an Agilent 4294A Precision
Impedance Analyzer.
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3. Result and discussion

The SEM images of BST nanotubes within the
pores of the AAO template membranes are shown in
Fig.1. Figure 1(a) shows BST nanotube arrays in a
large area. It can be seen that the surface layer BST

nanotubes tangle with each other and completely lose

The BST nanotubes under the surface layer are par-
allel to each other. The explanation for this chaotic
arrangement of former ordered arrays is that the AAO
template membranes in the surface layer, which func-
tioned as the substrate to grew and confine the BST
nanotubes, are dissolved completely. Thus, the upper
part of the nanotubes broke down and fell onto the

their original highly-ordered form within the template. =~ remained nanotubes.

Mag | WD Det|Spot HV 10.0pm:
5000x/8.9 mm ETD| 2.5 30.0 kV

WD | Det|Spot| HV
10000x/8.9 mm ETD| 2.5 130.0 kV

Fig.1. SEM images of BST nanotubes: (a) image of BST nanotube arrays in a large area,;
(b) enlarged magnification image of the top view.

A higher magnification image of Fig.1(a) is shown in Fig.1(b). It can be seen more clearly that nanotubes
in the AAO template are parallel to each other, uniformly distributed in diameter and continue in the whole
length without fracture. It is learly observed in this image that the diameter and the thickness of the wall of
the nanotubes are generally 150 nm and 7-8 nm, respectively. Obviously, the pore-filling rate is extremely high,
and the morphology of the BST arrays was controlled by the shape and density of the AAO pores.

According to different experimental conditions of the sol-gel method, the sol may contain various types
of substances. In order to certify the existence of all the elements consisting of BST in the nanotubes, XPS
patterns are shown in Fig.2. The XPS pattern of the BST nanotubes and the AAO composite is shown in
Fig.2(a), where several characteristic peaks can be clearly observed and have been marked by the relative
elements. The relationship between the specific element and the various characteristic peaks can be identified
by detailed XPS patterns (Figs.2(b)-2(f)). We had measured the XPS patterns of the background element Al
(Fig.2(b)) and patterns of those elements in the BST such as Ba (Fig.2(c)), O (Fig.2(d)), Sr (Fig.2(e)) and
Ti(Fig.2(f)) before the examination of the BST/AAO composite. Comparing these peaks in Fig.2(a) with other
XPS patterns, we can identify the existence and quantity of all the elements both in AAO and BST.

To further exam the morphology and crystal structure of a single nanotube, we had also made TEM and
SAED measurements. Typical TEM images of the BST nanotubes formed within the AAO template are shown
in Fig.3. The evidence for the formation of polycrystalline nanotubes of BST can be found in the high-resolution
TEM (HRTEM) image and the selected-area electron diffraction (SAED) image in Fig.3. Figure 3(a) shows a
single BST nanotube. This image clearly indicates that the diameter of a single BST nanotube is about 150
nm, which correspond exactly to that of the pore of the AAO templates. The thickness of the BST nanotubes
can be found in the range of 7-8 nm from this image, which is also well matched to that formerly shown in
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Fig.2. The XPS pattern of the BST/AAO composite: (a) BST/AAO composite; (b) Al; (c) Ba;

(d) O; (e) Sr; (f) Ti.
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Fig.3. TEM images of BST nanotubes: (a)single BST nanotube, (b) HRTEM image of a single

BST nanotube, (c) (inset of (b)) SAED pattern.

Figure 3(b) shows the HRTEM image of a sin-
gle BST nanotube. We can observe the lattice fringes
from this image and it reveals that the surfaces of the
nanotubes are clean, very regular and without any
sheath of the amorphous phase. The polycrystalline
structure of the fabricated nanotubes is proved by sev-
eral different directions of the lattice being observed.
To further identify the structure of the nanotubes
formed during the crystallization process in the AAO
pores, a corresponding electron diffraction pattern was
taken and shown in Fig.3(c) (inset in Fig.3(b)). Sev-

eral bright diffraction rings are shown in this image,

and it should be noted that the diffraction rings are
continuous and actually consist of spots, which fur-
ther indicate that the nanotubes are of a polycrys-
talline structure, but not monocrystalline. According
to the electron-diffraction formula, the major diffrac-
tion rings correspond to the (110), (111), (200), (211)
and (220) diffraction planes for BST with a cubic per-
So it can be concluded that the
BST nanotube obtained in our experiment is poly-

ovskite structure.

crystalline and with a perovskite structure.

To measure the J—F curve of the BST nanotubes,
we firstly mechanically polished both sides of the BST
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nanotubes contained AAO template until the BST
nanotubes emerged. Then, using the RF magnetron
sputtering method, we deposited a layer of Au film
with a thickness of nearly 100nm on both sides of
the template, which functioned as cathode and an-
ode. Different to bulk materials, such as the BST
thin film, the contact area between the electrode and
the nanotubes is less than 1 percent of the overall
surface area of the Au film, and therefore, the mea-
sured J value was multiplied by 100 as the intrinsic
value of J.12%1 Figure 4 shows the J-E curve of the
BST nanotubes. The leakage current property of the
thin film of the BST had been widely researched by
many groups and it is well known that the conducting
mechanism of the metal-BST capacity is either the
tunneling or the Schottky mechanism or a combina-
tion of both when the current conduction mechanism
is electrode controlled.?!! From Fig.4, when the ow
electric field was applied, a linear dependence relation-
ship of J-V as the characteristic of ohmic behaviour
can be clearly observed. When the applied E is ap-
proximately 2.4 kV/cm, a break of slope emerges, and
then, when E exceeds 2.5 kV/cm the J-V character-
istic behaved just as governed by the Schottky con-
duction mechanism. This phenomenon is consistent
with that of the bulk materials.[?2=25] The mechanism
of the emergency of the slope break possibly is due to
the change of the electron behaviour and the Schot-
tky barrier height when the electric field is gradually
increasing. When no bias electric field is applied, the
deep acceptor states situated below the Fermi level
were occupied by electrons. At some critical voltage
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Fig.4. J-FE curve of BST nanotubes.

(maybe just when E = 2.4 V/cm to our fabricated
nanotubes) the ‘quasi-Fermi’ level cut off the acceptor

states which lose their electrons, and would lead to a
decrease of the height of the Schottky barrier between
the metal-BST contact interface. And as the barrier
is decreasing, the conduction mechanism would more
easily change to Schottky behaviour. However, from
Fig.4. we can observe that the nano size does not af-
fect the leakage current characteristic of the BST ma-
terial, the J—FE characteristic of the BST nanotubes is
generally consistent with those of the BST thin films
as reported.??l

Utilizing the same structure, we further mea-
sured the dielectric properties of such a BST nan-
otubes/AAQO template composite. At room tempera-
ture 30 °C, we can observe from Fig.5 that the dielec-
tric constant and dielectric loss of such a composite
are about 16 and 0.027 respectively from 100 kHz to
1 MHz. Compared with the BST nanoparticles fab-
ricated by the sol-gel method,!?®! the dielectric con-
stant of such a composite is somehow decreased. We
consider that such a difference may come from the
involvement of the AAO template as AAO possesses
a low dielectric constant (2.25) due to its amorphous
structure. Since this composite structure is a binary
system which is composed of a nanotube with high
dielectric constant (g2) dispersed in a matrix with low
dielectric constant (1), we could adopt the Jayasun-
dere and Smith formulal?” to calculate the dielectric
constant of the BST nanotubes. The expression is:
cot = {E1v1 + €211[3e1 /(g2 + 2€1)] X [1 + 3va(e2 —
e1)/ (g2 + 2e1)]}/{v1 + [v2(3e1)/(e2 + 261))]
X [1 4 3va(ea —e1)/(e2 + 2¢1)]},
where vy, vy is the volume fraction of the AAO
template and BST nanotubes, respectively. From
Fig.1(b), it is observed that the filling ratio of BST
nanotubes is really high. Therefore, we assume the
volume fraction of BST (v2) equals that of the AAO
template (v2). The effective dielectric constant value
is just the measured value which is 16 and €; equals
2.25. Therefore, we could calculate that the estimated
dielectric constant of the BST nanotubes is 80, which
is smaller than that of the BST bulk material due to
size effect. However, as clearly stated in Fig.5(b), the
dielectric loss of fabricated BST nanotubes is almost
the same as that of bulk materials(?®! and nanopar-
tical materials.?6) Thus, a conclusion that the good
dielectric property of BST material could remain in
such nanotubes structures has been drawn.
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Fig.5. Dielectric properties of BST nanotubes with fre-
quency.

The growth mechanism of BST nanotubes is sug-
gested as below. Between the interface of the gel and
the AAO template, as the generation of electroosmotic
flow in capillary, the pore walls are negatively charged
and the sol particles are positively charged causing the
sol to adhere to the pore-cavity walls of the template.
During the temperature ramping in the tube furnace,
the sol within the AAO template changes into gel and
further spontaneously burns liberating vapours such
as HoO, CO5. High temperature sintering shrinks the
gel and causes it to adhere to the template pores wall.

Therefore, the length of the BST nanotubes is equal
to the thickness of the applied template, and the out-
side diameter of these nanotubes is equivalent to the
pore diameter of the AAO template.

4. Conclusion

BST nanotubes arrays were successfully fabri-
cated by a sol-gel template process. Investigations of
HRTEM and SAED patterns demonstrated that BST
nanotubes have a perovskite structure of polycrys-
talline. Electron microscope results show that these
BST nanotubes have a uniform length and diameter
and form a highly ordered array, and which is deter-
mined by the pore diameter and the thickness of the
applied AAO template. The lower dimension of such
nanotubes has dramatically increased the specific sur-
face area of the BST material with almost the same
intrinsic leakage current density and dielectric prop-
erties. And such a one-dimensional nanostructure has
provided us with the possibility to further improve the
capability of BST-based devices.
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