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Au:BaTiO3 composite films comprising hexagon-shaped Au nanoparticle arrays covered with BaTiO3

matrix were fabricated by double-layer nanosphere lithography and pulsed laser deposition technique.
The optical nonlinearity of the composite film was determined using the Z-scan technique at a wave-
length of 532nm and a pulse duration of 25ps. The third-order nonlinear optical susceptibility, χð3Þ,
was found to be 2:9 × 10−8 esu, which is comparable with the best values in metal–dielectric films com-
prising randomly distributed spherical particles but with much higher metal concentrations. The local
electric field enhancement in and near the particles was investigated using the dipole discrete approx-
imation method. © 2009 Optical Society of America

OCIS codes: 160.4330, 190.4720, 310.1860, 320.5390.

1. Introduction

Composite films consisting of nanosized metal parti-
cles embedded in dielectric matrices have attracted
considerable interest due to their possible applica-
tions in nonlinear optical devices such as optical com-
puting, switching, real time holography, and phase
conjugators [1–3]. The greatly enhanced optical non-
linearities in these materials were well known to
stem from the giant amplification of the local field
near and inside the metal nanoparticles at the sur-
face plasmon resonance (SPR). In recent years, var-
ious composite films doped with metal nanoparticles,
such as Au:TiO2 [4], Ag:BaTiO3 [5], and Cu:
Al2O3 [6], have been prepared using magnetron sput-
tering, laser ablating, solgel, ion implanting, and so
on. Usually, the metal particles were spherical of var-
ious sizes and dispersed randomly in the dielectric
matrices. Such composite films tend to show broad

plasmon resonance owing to the inhomogeneous par-
ticle sizes and spatial distribution [1]. Recently, na-
noparticle arrays of periodically arranged individual
nanoparticles with the desired shape, size, and orien-
tation have attracted much attention. Periodicity
plays a key role in tuning the optical response of
the ordered metal nanostructures and has been
widely studied in experimental and theoretical in-
vestigations of plasmon-enhanced effects such as
surface-enhanced Raman scattering, luminescence,
extraordinary optical transmission, biological sen-
sors, and optical nonlinearity [7–12].

Many well-established nanofabrication or micro-
fabrication techniques were used to generate the
periodic metal particle arrays, such as electron-beam
lithography, which could produce nanostructures
down to 10nm with good reproducibility, and
focused-ion-beam milling, which is used to prepare
nanostructures, for example arrays of holes, on
existing films. However, these techniques cost too
much and have limitations on the sample size. Nano-
sphere lithography (NSL) as an inexpensive and
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high-throughput nanofabrication has been widely
used to produce periodic nanostructures [13,14]. In
this paper, we prepared Au nanoparticle arrays with
Au arranged hexagonally in two-dimensional (2D)
patterns on fused quartz substrates using double-
layer nanosphere lithography (DSL). The nonlinear
optical properties of composite film comprising Au
nanoparticle arrays embedded in a BaTiO3 matrix
were investigated.

2. Experiment

Au nanoparticle arrays embedded in the BaTiO3 ma-
trix were fabricated using NSL and pulsed laser de-
position (PLD). First, pure Au nanoparticle arrays
were fabricated by NSL and a lift-off technique. A
double-layer nanosphere crystal mask was formed
by a self-assembly process. By dropping 10 μl of poly-
styrene nanospheres (with diameter D ¼ 200nm)
diluted solution (0:5wt:%) onto a clean quartz sub-
strate, which was inclined about 3–5° in a chamber
with saturated humidity at a temperature of about
30 °C, we successfully got a homogeneous, double-
layer ordered nanosphere crystal mask. After the
crystal mask was dry, it wasmounted in a PLD cham-
ber, and Au film was deposited onto the substrate
through the interstices of polystyrene nanospheres.
In a later lift-off process, the nanosphere mask
was completely removed by ultrasonication in chloro-
form, and well-ordered Au nanoparticle arrays were
obtained. Second, the substrate with Au nanoparticle
arrays was mounted into the same PLD system, and
the BaTiO3 thin film was deposited onto the Au
nanoparticles at a pressure of 1:0 × 10−3 Pa at 750 °C.
Then, a composite film of nanoparticle arrays em-
bedded in BaTiO3 matrix was obtained successfully.
The thickness of the BaTiO3 layer is about 21nm,
according to a reference film of pure BaTiO3
measured by a Dektak 8 surface stylus profiler
(Veeco Company).
The nanostructures of the samples were investi-

gated using atomic force microscopy (AFM, Nano-
scope IIIa) in contact mode. The extinction spectra
of the samples were measured from 200 to 800nm
using a spectrophotometer (SpectraPro-500i, Acton
Research Corporation) at room temperature. The op-
tical nonlinearities were determined by the single
beam Z-scan technique, which has the advantage
of separating the contributions of refractive and ab-
sorptive nonlinearities in the samples and giving the
signs as well [15]. A mode-locked Nd:YAG laser at a
wavelength of 532nm and a pulse width of 25ps was
used as the light source. The laser beam was focused
onto the sample by a 150mm focal length lens with a
pulse energy of 3:0 μJ at the focus. The beam waist
was measured to be 30 μm, and the Rayleigh diffrac-
tion length was calculated to be 5:3mm. The on-axis
transmitted beam energy, the reference beam energy,
and the ratios of them were measured using an en-
ergy ratiometer (EPM 2000, Coherent Inc.) simulta-
neously to remove the laser fluctuations. In

order to reduce the possible thermal accumulative ef-
fect, the laser repetition rate was set to 1Hz.

3. Results and Discussion

Figure 1(a) shows a 2D AFM image of a 5 μm × 5 μm
area of pure Au nanoparticle arrays. Each particle
should be hexagonal in shape according to the geo-
metric analysis [14]. However, as evidenced in the
AFM image, the particle shape was slightly
smoothed during the NSL process. The interparticle
spacing d of the periodic Au particles is given by
d ¼ D. The in-plane diameter, aDL, defined as the dis-
tance of two parallel sides of the hexagon, is given by
aDL ¼ ð ffiffiffi

3
p

− 1 −

1
ffiffi

3
p ÞD ¼ 0:155D. In our experiment,

the diameter of the nanosphere is D ¼ 200nm, so
the interparticle spacing and the diameter of each
Au nanoparticle are calculated to be 200 and
31nm, respectively, which are in accord with the re-
sults of AFM measurement considering the tip-
broadening effect. The value of diameter-spacing
ratio γ ¼ d=aDL is about 6.45. The out-of-plane height

Fig. 1. (Color online) AFM images of (a) 5 μm× 5 μm area of pure
Au nanoparticle arrays and (b) 2 μm× 2 μm area of Au:BaTiO3

composite film.
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of the nanoparticle arrays is about 15nm, depending
on the deposition time. Figure 1(b) shows a 2D AFM
image of the composite film comprising Au nanopar-
ticle arrays embedded in the BaTiO3 matrix. The
pattern of nanoparticle arrays could still be seen
clearly because the BaTiO3 film was very thin and
it was deposited homogeneously both on the sub-
strate and the top of Au nanoparticles. The volume
fraction of Au nanoparticles was calculated to be
about 1.7%.
The optical extinction spectra of the samples are

shown in Fig. 2. As a reference, the optical extinction
spectrum of BaTiO3 thin film was also recorded, as
shown in Fig. 2, curve (a). The absorption peak
around 250nm is attributed to BaTiO3 thin film
[16]. Figure 2, curve (b) shows the optical extinction
spectrum of Au:BaTiO3 composite film, and an ob-
vious SPR peak near 625nm was observed.
Figure 3 shows the typical open-aperture and

closed-aperture Z-scan curves of the sample. The
open circles indicate the measured data, with each
point corresponding to the average value of ten
pulses. The solid curve represents the theoretical
fit [15]. As the fused quartz substrate has a very
weak nonlinear optical response measured by the
same Z-scan setup in our experiment, the observed
large optical nonlinearities resulted from the compo-
site film. The open-aperture curve shows a normal-
ized transmittance peak, indicating the presence of
nonlinear absorption saturation. The closed-aper-
ture curve gives the valley–peak configuration, corre-
sponding to a positive nonlinear refractive index.
The data were analyzed using the procedures de-

scribed in Ref. [15]. The linear transmittance of the
closed aperture, defined as the ratio of the pulse en-
ergy passing through the aperture to the total pulse
energy, was measured to be 0.1. The value of ΔTp−v;
the difference between the normalized peak and the
valley transmittance, can be obtained through the
best theoretical fit of the Z-scan curve as shown in

Fig. 3(b). The nonlinear refractive index, n2, and
the real part of the third-order nonlinear optical sus-
ceptibility, Reχð3Þ, of the sample were calculated to
be 1:5 × 10−14 m2=W and 2:1 × 10−8 esu, respectively.
The nonlinear absorption coefficient, β, and the
imaginary part of the third-order nonlinear optical
susceptibility, Imχð3Þ, were calculated to be 3:5 ×
10−7 m=W and 2:0 × 10−8 esu, respectively. The abso-
lute value of χð3Þ was obtained to be about 2:9 ×
10−8 esu , which is comparable to the values of some
representative metal/dielectric composite films with
higher metal concentrations, such as Au:SiO2 [17],
Cu:Al2O3 [6], and Cu:Ba0:5Sr0:5TiO3 [18].

The large optical nonlinearity of the composite film
with such a low metal concentration could be attrib-
uted to the stronger local field of the gold metal na-
noparticle arrays. Previous studies demonstrated
that the nanoparticle arrays could narrow the SPR
band compared with that in the composite films com-
prising randomly dispersed sphere-shaped Au parti-
cles with various sizes. The narrow bandwidth of the
SPR extinction band in the spectral domain
corresponds to a reduction of the damping of the
plasmon oscillation, which leads to the enhanced lo-
cal electric field [8,19]. Otherwise, the periodically
arranged particles are of almost uniform size, so
the scattered light fields in the plane of the particle
arrays are of almost the same phase, producing a
large local field [8]. Calculation results indicated that
the intensity of the electromagnetic field of 2D nano-
particle arrays can be several orders of magnitude
greater than that of a random metal–dielectric film
at the percolation threshold [20]. Besides, the contri-
butions of the nonspherical-shaped nanoparticle

Fig. 2. Optical extinction spectra properties of Au nanoparticle
arrays embedded in the BaTiO3 matrix. The spectrum of undoped
Au:BaTiO3 film was also recorded as a reference.

Fig. 3. (a) Open-aperture and (b) closed-aperture Z-scan curves of
Au:BaTiO3 composite film: circles, experimental data; curves,
theoretical fit.
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should be considered. For composite films at low
metal concentration, χð3Þ can be expressed by the
following equation considering the third-order non-
linear optical susceptibility of metal itself, χð3Þm [21]:

χð3Þ ¼ pf 2jf j2χð3Þm ; ð1Þ
where p is the volume fraction of metal particles em-
bedded in composite film, f ¼ Ei=E0 is the local field
factor (Ei is the local field, E0 is the macroscopic
field). f can be expressed as follows when the metal
particles are spherical:

f ¼ 3εd
εm þ 2εd

; ð2Þ

where εd is the matrix dielectric permittivity and
εd ¼ n2

0 for the BaTiO3 matrix (n0 ¼ 2:3), εm is the
metal–dielectric permittivity. In the large particle
limit (>20nm), it is appropriate to calculate the εm
value from the bulk Au, and εm ¼ −4:64þ i2:41 at
the wavelength of 532nm [22]. The value of jf j2
was calculated to be about 6.13 according to Eq. (2).
Formetal particles with a nonspherical shape, Eq. (2)
is invalid. The local field f will be a tensorial form
because of the anisotropic-shaped particles and the
polarized light. Dipole discrete approximation, which
is a well-known method to solve the problem of light
interaction with arbitrary-shaped particles [23], was
used to calculate the local electric field near and in-
side the hexagon-shaped Au nanoparticles. The field
wave vector, K , was perpendicular to the substrate,
and the polarization of the electric field was assumed
to be perpendicular to one side of Au nanoparticles.
The local jEij2 contours were plotted in Fig. 4, assum-
ing E0 ¼ 1. It is clearly shown that the very intense
contours are along the two sides of the hexagon-
shaped Au particle. The value of jf j2 is about 9 ac-
cording to the calculation, which is about 1.5 times

larger than that of the spheroidal particles. Mean-
while, the particles are of almost uniform size, so
the local electric field of each particle has almost
the same phase, which avoids the possibility of a
cancellation effect between particles with different
dielectric constant due to different sizes [24]. The
anisotropic shape and uniform size of Au nanoparti-
cles also contribute well to the enhancement of the
optical nonlinearity.

4. Conclusions

In summary, a composite film comprising hexagon-
shaped Au nanoparticles arrays embedded in
BaTiO3 matrix was fabricated by DSL and the PLD
technique. The nonlinear optical properties of the
sample were investigated by the Z-scan method at a
wavelength of 532nm with a pulse duration of 25ps.
The third-order nonlinear optical susceptibility was
determined to be 2:9 × 10−8 esu, which is comparable
with that of some randommetal–dielectric films with
higher metal concentrations. The local field enhance-
ment contours near and inside the metal particles
were investigated using discrete dipole approxima-
tion. The periodic arrangement and the anisotropy of
Au nanoparticles contribute to the large local field
enhancement.
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