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Abstract—Ferroelectric composite two-dimensional ferroelectric/aluminum oxide nanostructures were stud-
ied. A porous aluminum oxide matrix was used as a template into which a ferroelectric precursor was intro-
duced, followed by annealing. The prepared nanostructures were studied using optical second harmonic gener-

ation and micro-Raman scattering.
PACS numbers: 77.84.Dy, 78.20.—e
DOI: 10.1134/S1063783406060618

1. INTRODUCTION

The matrix technique of nanostructure fabrication is
based on the introduction of a ferroelectric material into
a porous membrane. This technique allows fabrication
of ferroelectric nanostructures with preset sizes, shape,
and arrangement of individual nanoparticles. For exam-
ple, ordered structures consisting of nanorods and nan-
otubes smaller than 1 wm in diameter have been
obtained using the matrix technique [1].

In this paper, we describe the fabrication technique
and present the results of studying nanostructures with
significantly smaller sizes of nanoparticles fabricated
from (Ba, Sr)TiO; (BST) and (Pb, Zr)TiO; (PZT) pre-
cursors introduced into pores of aluminum oxide mem-
branes by the sol-gel method. It is shown that after
annealing nanostructures exhibit ferroelectric proper-
ties, which manifest themselves in the optical proper-
ties of the nanostructures (second harmonic (SH) gen-
eration and Raman scattering (RS) spectra).

2. SAMPLE PREPARATION AND STRUCTURE

Composite nanostructures were fabricated using the
conventional sol-gel technique applied to grow thin
films [2]. Precursors BST (50/50) and PZT (53/47)
were introduced into an Al,O; porous membrane by
immersing the membrane into a precursor followed by
centrifugation. Two membrane types were used: mem-
branes with pores 20-50 nm in size ordered into a hex-
agonal structure (M,) and disordered membranes with
pore sizes of 100-200 nm (M,). The procedure was
repeated three to five times and was followed by high-

temperature annealing, under which a crystalline ferro-
electric phase forms in films. The morphology of
porous substrates and of nanostructures was studied by
atomic-force microscopy (AFM). Figure 1 shows the
AFM images of aluminum oxide membranes with var-
ious pore sizes (Figs. 1a, 1b) and nanostructures based
on them (Figs. 1c, 1d). In membranes with small pores
(50 nm in size), the fraction of filled pores is 50-60%
(Fig. 1¢). In membranes with large pores (100-200 nm,
Fig. 1d), the fraction of filled pores is 100%; however,
some nanoparticles are shaped like nanotubes rather
than nanorods.

3. OPTICAL PROPERTIES
3.1. Nonlinear Optical Properties

The presence of the ferroelectric phase was checked
using SH generation. Nanostructures with pore sizes of
~50 nm are transparent, and linear scattering in them is
insignificant. For this reason, we studied the depen-
dence of the SH intensity /°°(o) on the angle of inci-
dence in transmission (Fig. 2). Measurements were car-
ried out using a femtosecond optical parametric ampli-
fier (the wavelength range is 600-800 nm, the pulse
duration is 200 fs, and the repetition rate is 1 kHz) and
a photon counting system. The 7?°(o.) dependences in
annealed and unannealed samples were compared. In
the former case, the I>*(ct) dependence exhibits two
peaks: a peak I; at 40°-50° and a peak I, at 70°-80°.
Peak 7, increases in height with the wavelength of light.
The unannealed structures exhibit only peak /, with its
intensity being ten times lower than that for the
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Fig. 1. AFM images of aluminum oxide membranes and ferroelectric/aluminum oxide composite nanostructures subjected to dif-
ferent treatments: (a, b) an unfilled membrane M and a PZT/Al,O5 nanostructure M, (surface; the scanned area is 0.8 x 0.8 pm in

size) and (c, d) an unfilled membrane M, and BST/Al,O5 nanostructure M, (cleavage; the scanned area is 1 X 1 pm in size).

annealed structures. The SH intensity from an unfilled
membrane (irrespective of whether it is annealed or
unannealed) is retained at a noise level as the angle of
incidence varies. This means that the several-fold
increase in the SH intensity, as well as the change in its
angular dependence, is associated with the annealing of
a pore-filling material. Since the annealing of a precur-
sor results in crystallization of the perovskite phase, it
is reasonable to assume that the nanocrystallites in the
nanostructure are in the noncentrosymmetric (ferro-
electric) phase in this case.

The obtained dependences of the SH intensity on the
angle of incidence can be described by the effective-
medium model with due regard for multipath interfer-
ence. Since the 2D nanostructure in question is aniso-
tropic, we used the Bruggeman model extended to
anisotropic media [3] to describe the linear optical
properties of the structure. In this model, the effective

e s ff . o . ..
permittivity €; of a medium consisting of elliptic
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nanoparticles (medium A) introduced into a matrix
(medium B) can be determined from the equation

eff
€4—&;
Sa

eff
Ep—&;
eff eff. T eff eff.
€; +L(g—¢;) €; +L(eg—¢€;)

}=0,(1)

where f, and f are the volume fractions; €, and € are
the permittivities of the A and B phases, respectively;
and L; is the anisotropic depolarizing factor (for cylin-
ders, we used L, = L, = 0.475, L, = 0.05 [3]). The non-
linear susceptibility was calculated as

Xeff = faXa+ [Xp ()

The results of the numerical simulation are shown in
Fig. 2b. The wavelength dependence of the SH intensity
is determined by the wavelength dependences of the
refractive indices of phases A and B and of the entire
nanocomposite. The peaks in the angular dependences
are caused by multipath interference.
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Fig. 2. (a) Experimental dependence of the SH intensity

I’®(a) on the angle of incidence of pump radiation for a
PZT/Al,O5 nanostructure M at different wavelengths and

(b) the corresponding calculated dependence for the nano-
structure model shown in the inset.

The numerical calculations qualitatively describe
the experimental dependences of the SH intensity on
the angle of incidence and their variation with the
wavelength of light. However, in order to achieve quan-
titative agreement, further development of the model is
required.

It should be noted that the experimental technique
used in this study is applicable only to nanostructures
that do not exhibit appreciable scattering.

3.2. Micro-Raman Scattering

BST/AlL,O; nanostructures M, were studied by
micro-Raman spectroscopy (Fig. 3; curves 1, 2 corre-
spond to different points on the surface of the same
structure). These structures are strongly scattering;
however, this fact is not a handicap to micro-Raman
scattering studies. In order to reveal the specific fea-
tures in the Raman spectra of nanoparticles and matri-
ces, the Raman spectra of nanostructures were com-
pared with those of thin BST films prepared under iden-
tical conditions on various substrates.

The Raman spectra of thin BST films deposited on
various substrates were found to be almost identical.
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Fig. 3. Micro-Raman scattering spectra of (/, 2) BST/Al,O3
composite nanostructures M,, (3) a BST film on sapphire,
and (4) a BST film on platinum. The Raman lines of Al,O5
are identified according to [5].

These spectra contain distinct broad peaks in the range
220-230 cm!, which can be identified as A,(TO,)
modes corresponding to transverse optical phonons, and

broad asymmetric peaks in the range 500-600 cm™' cor-
responding to the E(TO) and A ,(TO;) phonon modes [4].

The Raman spectra of nanostructures, in contrast to
the spectra of films, exhibit more pronounced features
in these ranges. The spectra of nanostructures (points /,
2) likewise exhibit distinctive features in the range 220—
300 cm™'. In the spectrum at point /, there is an asym-
metric peak with maxima at 225 and 295 cm™!, while
the spectrum at point 2 has a pronounced peak at
295 cm™.

On the whole, the Raman spectrum at point / is
closer to the spectrum of a film. The spectrum at point
2 has lines that are not characteristic of BST films of
this composition [4]. A comparison of the Raman spec-
tra at several points on the nanostructure surface shows
that the surface is significantly inhomogeneous.

4. CONCLUSIONS

Thus, we have demonstrated the efficiency of the
template technique for producing ferroelectric compos-
ite nanostructures. It has been shown that, in weakly
scattering structures with small nanoparticles, the
parameters of optical second harmonic generation are
sensitive to the presence and amount of the ferroelectric
phase, the filling factor, and the particle shape. Strongly
scattering nanostructures cannot be studied using SH
generation. However, the micro-Raman technique is
applicable to scattering structures and makes it possible
to study the homogeneity of structures with a spatial
resolution of 1 wm.
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