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Raman scattering enhancement has

been observed from highly ordered ferroelectric

Bis»s5Lag75Ti30;, nanotube (BLT-NT) arrays prepared by a template-assisted method. Scattering
enhancement factor which is the ratio of average Raman intensity per molecule for nanostructure
and film is evaluated to be about 92, 257, and 623 corresponding to the outer diameters of 50, 100,
and 200 nm, respectively. The phenomena can be attributed to unique surface, microstructure, grain
size, and tensile stress in the curved nanotube walls. These results indicate that BLT-NT arrays are
suitable for fabricating multifunctional devices due to remaining good ferroelectricity. © 2072
American Institute of Physics. [http://dx.doi.org/10.1063/1.4747218]

Over the past decade, researches on perovskite ferro-
electric nanostructure have advanced significantly, while the
focus has mainly been on synthesis to date.'™ Template-
assisted synthesis of micro- or nano-tubes and wires is a ver-
satile and inexpensive technique for fabricating ferroelectric
structures. Size, shape, and structural properties of the as-
sembly are simply controlled by adopting various templates
such as alumina membranes, porous silicon, and polycarbon-
ate membranes.”” Recently, there are some attempts to
study ferroelectric, piezoelectric, and dielectric properties of
ferroelectric nanotubes for improving storage density of ran-
dom access memory.'*'" Fortunately, some measurements
show well-saturated hysteresis loops in ferroelectric nano-
structure at room temperature.'>"'* For example, remanent
polarization (2P,) and coercive field (2E.) of ferroelectric
Pb(Zr, Ti)O; nanotubes are about 3 uC/cm? and 172kV/cm,
respectively.'? On the other hand, bismuth (Bi)-layered per-
ovskite Bizyslag75Ti301, (BLT) is another attractive ferro-
electric material because BLT compounds are lead free
which have high dielectric constant and remanent polariza-
tion, as well as fatigue free.!>™'7 However, there are few
studies on optical and ferroelectric properties of BLT nano-
tube (NT) arrays. Moreover, Raman scattering and photolu-
minescence (PL) from ferroelectric BLT-NTs have been
rarely reported. Thus, it is necessary to further study growth
and physical properties of BLT-NT structures in order to de-
velop promising devices.

In this letter, we present enhanced Raman scattering,
PL, and ferroelectric properties of highly ordered BLT-NT
arrays with length of 60 um and outer diameters of 50, 100,
and 200nm prepared using a template-assisted method,
which integrates a sol-gel technique with a spin-coating pro-
cess. A definition of Raman scattering enhancement factor
for NT material has been proposed. Intensity of PL emission
located at about 2.3 eV is enhanced significantly, and ferro-
electric properties of BLT-NT arrays can be well remained.
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Analytically pure bismuth nitrate, lanthanum nitrate,
and titanium butoxide were used as starting materials for (Bi,
La, and Ti)-precursor solution. Nanoporous anodic alumi-
num oxide (AAO) templates were prepared by two-step
anodization process [insets of Figs. 1(a)-1(c)]. Before fabri-
cation of BLT-NT arrays, the AAO templates were fixed on
Pt/Ti/SiO,/Si substrates and then immersed in the solution.
The spinning was performed using a spinner rotated at a
speed of 3500 rpm for 30s to avoid the presence of a film
surface on BLT-NT arrays. In order to obtain single perov-
skite phase, the templates with the precursor inside were
subsequently heated in air at 675 °C for 10 min. Finally, the
as-prepared samples were wet chemical etched in 1 M NaOH
solution for about 150 min to remove the AAO templates.
Then, BLT-NT arrays were washed by de-ionized water to
remove remnant NaOH. For comparison, the as-deposited
BLT films were heated with the same temperature as that of
BLT-NTs.

Morphology and chemical composition of BLT-NT
arrays with diameters of 50, 100, and 200 nm were character-
ized by a field emission scanning electron microscopy
(FESEM: Philips XL30FEG) with an energy dispersive x-ray
analyzer. Microstructure of BLT-NTs was investigated by
x-ray diffraction (XRD) using a Ni filtered Cu Ko radiation
source (D/MAX-2550V, Rigaku Co.) and a transmission
electron microscopy (TEM: JEOL JEM-2100F). Raman
spectra were recorded by a micro-Raman spectrometer
(Jobin-Yvon LabRAM HR 800 UV) with a 488 nm laser
line, and photoluminescence spectra were measured by the
same instrument using a He-Cd laser (A = 325 nm, power:
20mW). Ferroelectric hysteresis loops of BLT-NT arrays
were recorded by a ferroelectric test system (Precision Pre-
mier II: Radiant Technologies Inc.). Piezoresponse force mi-
croscopy (PFM) loops were obtained using a Bruker
dimension icon atomic force microscope with a doped dia-
mond conductive probe (Bruker DDESP-10). It should be
pointed out that all optical and electrical measurements were
carried out at room temperature.

Figs. 1(a)-1(c) show the typical scanning electron
microscopy (SEM) images of BLT-NTs with diameters of

© 2012 American Institute of Physics
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FIG. 1. Cross-sectional SEM images of BLT-NT arrays with outer diame-
ters of about (a) 50, (b) 100, and (c) 200 nm and insets are the corresponding
AAO templates. (d) Top and side view of 200 nm-diameter BLT-NT array.
(e) A single high aspect ratio tube and (f) a cluster of BLT nanotubes.

50, 100, and 200 nm. It indicates that the nanotubes are smooth
and the outer diameters are consistent with the corresponding
pore size of the AAO templates. It means that the templates
have been completely removed in the wet etching process. The
top- and side-view SEM images of BLT-NT array show that
the tubes are open-ended and hollow [Fig. 1(d) and the inset].
As an example, a sectioned single high aspect ratio tube and a
cluster of BLT-NTs are presented in Figs. 1(e) and 1(f), respec-
tively. The energy dispersive x-ray spectroscopy (EDS, using
an EDS spectrometer attached to SEM) was performed on pris-
tine BLT-NT array to quantitatively analyze the chemical com-
position as shown in Fig. 2(a). It is clear that the nanotubes
consist of Bi, La, Ti, and O elements and the atomic ratio is
15.4:3.2:15.5:65.9, which is approximate to an ideal stoichio-
metric value. There are no traces of Na contamination from
NaOH etchant and Al element, which confirms that the AAO
templates have been completely dissolved. It should be noted
that the Au element, indicated by the symbol (@), is originated
from sample preparation for SEM measurement. The XRD pat-
terns show that there are diffraction peaks (117), (0110), (200),
etc. (JCPDS card, No. 80-2143), which suggest that as-
prepared BLT-NT arrays are polycrystalline with single perov-
skite phase [Fig. 2(b)]. The (200) peak position shifts towards a
lower degree side with decreased outer diameter due to a higher
surface tension. As increasing tube diameter, the degree of
a-orientation is improved, in which direction spontaneous
polarization is much larger than that in the c-direction at room
temperature.16’19 Therefore, BLT-NT arrays are superior to
film structure in the application of ferroelectric random-access
memories.
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FIG. 2. (a) An EDS spectrum acquired from as-prepared BLT-NTs confirms
that the nanotubes consist of Bi, La, Ti, and O elements with a stoichiomet-
ric BizasLlag;5TizO12 composition. The lozenge symbol (@) indicates the
peaks of Au element originated from sample preparation. (b) XRD patterns
of ferroelectric perovskite BLT-NTs with outer diameters of 50, 100, and
200 nm. Arrow shows the variation trend of the (200) peak with increased
the diameter.

Microstructure of BLT-NT arrays was further character-
ized by transmission electron microscopy (TEM). An apparent
hollow morphology was testified by the transparency between
the intermediary areas and edges of the tube-like samples
(Fig. 3). The wall thicknesses of the nanotubes are about 8, 12,
and 14 nm, which corresponds to the outside diameter of 50,
100, and 200 nm, respectively [Figs. 3(a)-3(c)]. As an exam-
ple, Fig. 3(e) illustrates the wall thickness (14 nm) of the nano-
tubes with a outer diameter of about 200 nm. The thickness of
tube wall increases with the outside diameter because a larger
nanopore can accommodate more precursor solution. In addi-
tion, the wall thickness can be controlled by repeating the cycle
of sol filling, coating, and annealing. A high-resolution TEM
image taken on the wall of a BLT-NT with outer diameter of
200 nm shows that the grain size is tens of nanometers. The
insets are the selected area electron diffraction (SAED) pat-
terns with diffraction rings and distinct BLT spots, such as
(020), (0010), and (0210) ([100] zone axis patterns), which
are taken from the nanotubes with diameters of 100 and
200 nm, respectively. It is found that BLT-NTs are polycrystal-
line (though they may have a single-crystalline fraction)
and occupy perovskite phase with lattice parameters of a ~ b
=0.57*0.03 and ¢ =3.31%£0.05nm. These values are
slightly larger than those of films (¢ =~ b = 0.54 = 0.01 and
¢ =3.30+0.01nm) fabricated by the same method.”® As
compared to the results from the XRD analysis, slight discrep-
ancy may be attributed to surface tension of the BLT-NTs.?!*?
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FIG. 3. TEM images of BLT-NT arrays with outer diameters of about (a)
50, (b) 100, and (c) 200nm. (d) A bundle of 100 nm-diameter BLT nano-
tubes. (e) An individual BLT-NT with a wall thickness of about 14 nm. (f) A
high-resolution image of a BLT-NT with perovskite grains and the insets are
the corresponding SAED patterns.

Based on microstructural information obtained from the SEM,
XRD, and TEM analysis, a possible nucleation mechanism
of BLT-NTs can be proposed. Hydrophilic pore walls of AAO
templates are positively charged due to hydrated ions
Al(H,0)’", Al(H,0),(OH)*" and/or Al(H,0),(OH); (n is
natural number). At the same time, the acidic (Bi, La, and Ti)-
precursor (PH & 4) is composed of Bi**, La3*, and Ti*" cati-
ons. Therefore, homogeneous nucleation would be preferred
because these cations repel the pore walls.'® The grain growth
follows the classical Ostwald-ripening, namely bigger crystals
grow at the expense of smaller ones.

Recently, it has been determined that BisTizO1, belongs
to the monoclinic system with space group Bl al, which is a
commensurate modulation of the nonpolar orthorhombic par-
ent Fmmm. It is predicted to have 24 first-order Raman-
active modes (6A, + 2B, + 8By, + 8B3,) at the I" point of
Brillouin zone.”® Fig. 4(a) shows Raman scattering of as-
prepared BLT-NT arrays and film. It is interesting to observe
that Raman intensities of BLT-NT arrays with varied diame-
ters are much stronger than that of BLT film and increase
with increased the outer diameter. Generally, intensity of
Raman scattering is dependent of differential scattering cross
section d*c/(dQdw). The scattering photons are located in
the solid angle (dQ) and frequency (dw) ranges.”* BLT-NT
arrays and films are prepared with the same (Bi, La, and Ti)-
precursor solution under the same condition. The physical
properties should be similar and can be reasonably com-
pared. It was reported that BLT film has a smooth surface
with a root-mean-square roughness of about 8nm from
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FIG. 4. (a) Enhanced Raman spectra of varied diameter BLT-NTs and film.
Inset shows Raman scattering enhancement factors as a function of nanotube
diameter. (b) Enhanced PL spectra of varied BLT-NTs and film and the inset
shows the peak intensity (~2.3eV) as a function of diameter. Arrow shows
the changing trend of the PL peak position.

atomic force microscopy images.”” On the other hand,
enhanced Raman scattering is sensitive to surface morphol-
ogy of sample. Therefore, it is reasonable to adopt BLT film
as reference to give a definition for enhancement factor. In
order to quantitatively evaluate enhanced Raman scattering
phenomena under a certain experimental conditions, an
enhancement factor (EF) is defined.”® The EF of BLT-NT
arrays can be written as

. Int/Nnr

EF = ,
Iy /Ng

ey

where A is a constant associated with inherent physical quan-
tities of a material such as mole mass and effective electron
mass. Iyr and Iy are experimental Raman intensities of the
nanotube and film, respectively. Ny and Ny are the average
number of molecules in scattering volume of the nanotube
and film, respectively. Here, parameter A approaches unity
and Nyr/Nr = n(R> — r%)/(2v/3R?). Therefore, the EF is
the ratio of average Raman intensity per molecule for nano-
tube and film materials. According to the definition, the EF
of BLT-NT arrays with outer diameters (R =50, 100, and
200nm) and inner diameters (r =42, 88, and 186 nm) are of
about 92, 257, and 623 [inset of Fig. 4(a)]. Optical enhance-
ments of the composite systems can be explained using
Maxwell-Garnett and more sophisticated effective medium
theories.”® The electromagnetic fields can be localized in the
inter- and intra-tube regions. Amplification of both incident
laser field and scattered Raman field is enhanced through the
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FIG. 5. (a) Polarization-electric field (P-E) of AAO templates (hollow
square) and BLT-NT array in 200 nm-nanopore AAO template. Insets show
the corresponding capacitor devices and ferroelectric measurement setup.
(b) Piezoelectric phase hysteresis loop of BLT-NTs with outer diameter of
200 nm.

interaction with the surface and microstructure of nanotube
arrays. Therefore, enhanced Raman intensity may be due to
unique surface, microstructure, grain size, and tensile stress
in the curved nanotube walls. This specifically enhanced
Raman scattering features enable the demonstration of multi-
gate logic devices and other optoelectronic devices with
electronic input and optical output.””-*®

On the other hand, PL characterization shows a broaden-
ing and intense emission band located at about 2.3 eV. It indi-
cates that the intensity increases with decreased tube diameter
and it is stronger than that of BLT film [Fig. 4(b)]. This phe-
nomenon can be well explained by PL quantum yield theory:29
Mg = (dm/dt)radiative/(dm/dt)mtal = TNR/(TNR + TR)’ where
m is the number of photons emitted in a given time ¢, 7z and
Tyg are the radiative and non-radiative lifetime of the transition
from excited states to ground ones. The PL quantum yield
increases with decreased outer diameter because sharp angled
surface and lattice defects shorten the radiative lifetime and/or
prolong the non-radiative lifetime.’*® The enhanced PL
observed in BLT-NT material may origin from sharp angled
surface, oxygen vacancies, and dangling bonds on the surface
of nanotubes.

For investigating ferroelectric properties of BLT-NT
arrays, polarization-electric field (P-E) hysteresis loops of
BLT films and nanotubes in the AAO template were meas-
ured. The BLT films with the thickness of about 450 nm show
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well-saturated hysteresis loops. Under a maximum application
electric field of about 220kV/cm, the values of 2P, and 2E.
are 20.5 uC/cm? and 146kV/cm, respectively (not shown).
On the other hand, the P-E loops of BLT-NT arrays are not
saturated because of low applied electric field and existence
of leakage current. In order to separate effects of the AAO
templates on ferroelectric properties of BLT-NT arrays, the
P-E loops of a AAO template were measured and marked by
the symbol (hollow square) [Fig. 5(a)]. It is found that the
AAO templates do not exhibit ferroelectric properties. It
means that ferroelectricity of BLT-NTs in the AAO templates
is mainly originated from BLT-NT arrays themselves. More-
over, Fig. 5(b) shows piezoelectric phase hysteresis loop of
BLT-NTs with outer diameter of 200 nm from PFM measure-
ments. The square phase hysteresis loop reflects piezoresponse
property of BLT-NTs. There is a shift of the curve to negative
bias voltage, which may be caused by surface and space
charge. In addition, a decrease at high electric field is ascribed
to a consequence of field-induced lattice hardening which is
typical for perovskite piezoelectrics.”’

In summary, with a facile template process, we provide
the preparation of free-standing BLT-NT arrays with outer
diameters of 50, 100, and 200nm on Pt/Ti/SiO,/Si sub-
strates. Enhanced Raman scattering of the nanotubes are
evaluated to be about 92, 257, and 623 corresponding to the
outer diameters of 50, 100, and 200 nm, respectively. The
enhancements can be attributed to unique surface, micro-
structure, grain size, and tensile stress in the curved nanotube
walls. Moreover, as-prepared BLT-NT arrays present re-
markable PL emission and good ferroelectric features. These
results are valuable for the achievement of optical and ferro-
electric multifunctional devices.
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