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High amount of gold nanoparticles was successfully incorporated into amorphous BaTiO3
thin films by sol-gel process. Thiourea was applied to prevent Au ions from being reduced
and aggregating as the effective stabilization agents. These films exhibited unique surface
plasma resonance red-shifting and particular changes of surface plasma resonance
intensity with the increase of heat-treating temperature, which could be attributed to the
influence of BaTiO; ferroelectric domains. The films also exhibited superfast nonlinear
optical response and larger third-order nonlinear susceptibility x®, which was attributed to

hot electron contribution. © 2003 Kluwer Academic Publishers

1. Introduction

Noble metal nanoparticles embedded in a dielectric
medium have been reported to exhibit some attractive
optical properties, such as high third-order nonlinear
susceptibility x ®, ultra-fast nonlinear optical response
[1-4], surface plasma resonance absorption occurring
in the near-uv or visible region [5, 6], which would have
potential applications in nonlinear optical devices such
as optical computing, real time holography, optical cor-
relators, and phase conjugators [7].

Noble metal nanoparticles incorporated into dielec-
tric matrix such as ZrO, [8], SiO;, [9, 10], and TiO,
[11] thin films have been prepared and extensively stud-
ied. The surface plasma resonance (SPR) phenomenon
and the quantum size effect [12] have attracted much
interests. Barium titanate thin films have high dielec-
tric constants and high refractive indices, which could
strongly influence the local fields around the metal par-
ticles [13]. Recently, barium titanate thin films incorpo-
rated with noble metal nanoparticles [14, 15] have been
investigated, but the amount of metal particles dispersed
in these films was very low (Au molar amount < 10%)
and the influence of BaTiO3 matrix was not discussed.

In order to obtain a suitable nonlinear optical mate-
rial which has high x®, a possible strategy might be
to incorporate a large amount of metallic particles into
the matrix and to control the shape and size of metal-
lic particles [1, 12]. The sol-gel technique could be a
suitable method to prepare such nanocomposite mate-
rials because this method usually permits us to incor-
porate a large amount of metal particles into thin films
and control the dimensions and shapes of the particles
[12]. Many reports have concentrated on the sol-gel
preparation of gold nanoparticles embedded into films
[8, 15, 16]. In that approach, a solution of Au** ions
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(commonly the tetrachloroaurate anion [AuCly] ™) was
generally added into the matrix sol, and gold nanopar-
ticles were obtained thermally by heating the doped
film. But there are some problems encountered with
this procedure. Firstly, Au3* ions are easily and quickly
reduced to Au atoms and rapidly agglomerate when
Au*t ions are added into sol. It is very difficult to
control this procedure. Furthermore, metallic gold par-
ticles are easily precipitated on the film surface and
aggregate into big particles, so the particle size distri-
bution is broad. In order to overcome these problems,
we applied a new synthesis procedure, which avoids
gold precipitation in the sol and on the film surface. The
technique is based on the substitution of the chloro lig-
ands of [AuCly]~ with thiourea ligands, which can form
stable Au-thiourea complexes [16]. In this work, high
amount of Au nanoparticles (Au molar amount = 20%)
has been successfully incorporated into BaTiO3 thin
films, which exhibited high third-order nonlinear sus-
ceptibility and the influence of self-polarization on SPR
intensity of gold particles.

2. Experimental

HAuCly - 4H,0, Ba(CH3COO), and titanium butox-
ide were used as starting materials to prepare gold-
dispersed barium titanate thin films through a sol-gel
process. BaTiO3; precursor solution and HAuCly-
ethanol solution were prepared separately, and mixed
together to form composite precursor solution.

To make BaTiOj3 precursor solution, Ba(CH3COO),
(2.55 g, 10 mmol) was dissolved in an aqueous mixed
solution of acetic acid (10 ml) and 2-methoxyethanol
(10 ml). After stirring the solution for 30 min at room
temperature, appropriate amount of acetylacetone was
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added to stabilize the solution. This was followed by
an addition of titanium butoxide (3.4 ml) and stirred
for another 30 min. Finally, the solution was filtrated
with 0.22 um filter paper, then aged for one week.
HAuCly-ethanol solutions were prepared by dissolving
HAuCly - 4H,0 (1.0 g) into 2-methoxyethanol (10 ml).
Au/BaTiOs composite precursor solution was prepared
by injecting HAuCly solutions into BaTiO3 precursor
solution slowly with molar ratio of Au/Ba=1:5 and
stirring about 20 min. This composite solution was yel-
low and clear. But Au** ions were easily reduced into
Au atoms in the acid solution and the composite so-
lution turned opaque after twenty minutes. In order to
increase the stability of the corresponding gold sol, the
ligands solution of thiourea dissolved in ethanol was
introduced into HAuCly-ethanol solutions with molar
ratio of Au/S = 1:5 before being added into BaTiO3 pre-
cursor sol. Au-dispersed BaTiOs thin films were coated
on glass or quartz glass slides by dip-coating method
at withdrawal speed 25—-150 mm/min. Each film was
dried at 60°C for 10 min and successively heated to
200-1000°C for 20 min in N, atmosphere. The col-
ors of films turned light purplish blue when they were
heat-treated.

The crystallographic structure of Au/BaTiO3 films
was investigated in Rigaku D/Max RB X-ray diffrac-
tometer operated at 50 kv and 140 mA using Cu K, by
grazing-incident small-angle X-ray diffraction method;
the grazing angle of the incident beam against the sur-
face of the sample was fixed at 2°. The diffracted X-ray
was collected by scanning in 0.1° step and counting
4 seconds. The microstructure of the films was ana-
lyzed by transmission electron microscope (JEM 2010
high resolution analytical transmission electron mi-
croscope). The absorption spectra were measured by
UV-VIS-NIR scanning spectrophotometer (UV-3101
PC, SHIMADZU). The refractive indices were mea-
sured by ellipsometry (V-VASE with AutoRetarder,
J. A. Woollam). The values of x® were estimated in
accordance with OKE (Optical Kerr effect).

3. Results and discussion

3.1. The phase structure of Au/BaTiO;3 films

Fig. 1a shows the X-ray diffraction (XRD) patterns of
Au/BaTiOs thin films coated on glasses, which are heat-
treated at different temperatures ranging from 200°C
to 600°C. Two peaks at 260 =38.3° and 44.5° in those
films annealed at 400°C and 600°C can be indexed to
Au (111) and Au (200) crystalline planes of the Fcc lat-
tice structure, respectively. But it is not so apparent in
these films annealed at 200°C, because the crystalline
structure is not integrated. The characteristic diffrac-
tion peaks of BaTiO3; matrix can not be found in scan-
ning range, which indicates that the BaTiO3 matrix is
amorphous up to 600°C. BaTiOj3 crystallite phase can
be found in thin films annealed at 800°C as shown in
Fig. 1b.

3.2. TEM images

The TEM images of samples annealed at 400°C, which
were not treated with thiourea, are shown in Fig. 2a.
There are two different kinds of gold nanoparticles:
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Figure 1 (a) Small-angle XRD patterns of Au/BaTiO3 films coated
on glass with different annealing temperature and (b) XRD pattern of
Au/BaTiO3 film annealed at 800°C.

small spherical particles with a size of 15 nm and larger
particles with a size of 60 nm. It can be interpreted
as follows: some Au* ions had been reduced to Au
atoms due to the presence of carboxyl group in the early
stage of gel aging and drying, and easily aggregated into
larger particles before thermal diffusion could disperse
them in the heat-treating process [16]. When Au* ions
were complexed with thiourea, the Au*-thiourea com-
plexes remained stable during the period of gel aging
and drying. Small Au particles could form due to the
decomposition of Au**-thiourea complexes in the high
temperature heating process. It is also proved by the
TEM images of the sample treated by thiourea as shown
in Fig. 3a. There is only one kind of homogeneous
spherical gold particles with size of 10 nm. The av-
erage crystalline size of Au particles determined from
TEM increases with the increase of annealing temper-
ature (not shown). The electron diffraction patterns of
gold nanoparticles embedded in BaTiOj3 film are shown
in Figs 2b and 3b, respectively. Polycrystalline struc-
tures of Au particles can be identified from weak rings
and some scattered spots clearly.

3.3. Refractive index

The refractive indices of thin films change with an-
nealing temperature as shown in Fig. 4. With the in-
crease of temperature, water and organic gas continu-
ally vaporized and the refractive indices of thin films
increased. When annealing temperature was higher
than 600°C, water and organic gas were totally lost
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Figure 2 (a) TEM images of Au/BaTiO; film annealed at 400°C and (b) The electron diffraction pattern of Au particles.

(b)

Figure 3 (a) TEM images of Au/BaTiO3 film annealed at 400°C (treated by thiourea) and (b) The election diffraction pattern of Au particles.
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Figure 4 Therefractive indices of Au/BaTiO3 films annealed at different
temperatures.

and an amorphous-to-crystalline transition took place
with subsequent phase transitions, which was accom-
panied by large porosity reduction. Different structural
arrangements could also be obtained with increasing
the annealing temperatures, leading to continuous in-
creases of refractive indices of the thin films [15].

3.4. Optical absorption spectra

Fig. 5a shows the changes of the films’ absorption spec-
tra at different heat-treatment temperature, which cor-
responds to different absorption peaks at 569.5 nm
(200°C), 579.5 nm (300°C), 583.5 nm (400°C),
595.5 nm (500°C), 605.5 nm (600°C). The absorption
peaks, which are attributed to the surface plasma reso-
nance of gold particles [15], shift to longer wavelength
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Figure 5 (a) Optical absorption spectra of Au/BaTiO3 films annealed at different temperatures (coated on glass), the inset is the changes of absorption

peak positions with annealing temperature and (b) Optical absorption spectra of Au/BaTiO3 films annealed at different temperatures (coated on quartz
glass), the inset is the changes of absorption intensities with annealing temperature.

with the increase of heat-treating temperature. The in-
tensity of SPR peak increases with the increase of an-
nealing temperature up to 600°C, and decreases with the
continual increase of annealing temperature as showed
in Fig. 5b. The intensity of SPR peak reaches the max-
imum at annealing temperature of 600°C.

The optical absorption coefficient of metal particles
embedded in a dielectric matrix, determined through
Mie theory [18], is described as follows:

99w 4 &(w; R)

n
c [e1(w; R) + (1/A — 1Dn?]? + &(w; R)?
(1)

Where ¢(w; R) =¢1(w; R) + igz(w; R) is the dielectric
function of metal particles; g is volume fraction of
metal particle, and n is the refractive index of the
surrounding matrix. The depolarization factor A is a
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function of particles’ geometry and size. In the condi-
tion: [e1(w; R) + (1/A—1)n?] =0, Mie resonance peak
(Surface plasma resonance) will be attained. So the res-
onance peak is determined not only by the refractive in-
dex of surrounding matrix but also by the size of metal
particles. Large particle size leads to a low value of A
and red-shifting of SPR peak. The increases of refrac-
tive index of matrix can also lead to red-shifting of SPR
peak. In our experiment, metal particles sizes and re-
fractive index of matrix both increase with annealing
temperature. It is no doubt that Mie resonance peak will
red-shift.

In the condition: [¢1(w; R) + (1/A — 1)n*] =0, The
intensity of SPR peak could be expressed by:
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In our experiment, with the increase of heat-treatment
temperature, both the refractive index (n) of BaTiO3
matrix and the radii of gold nanoparticles increase,
which should lead to the increase of SPR intensity
[19]. Such a change has been reported in Au/SiO, [20],
Au/ZrO,, [8] Au/TiO,, [21] Ag/SiO,-ZrO, [22] thin
films and our samples heat-treated lower than 600°C.
However, when Au/BaTiOs thin films were heat-treated
at the temperature higher than 600°C, the SPR intensity
decreases with the increase of heat-treatment temper-
ature. This may be related to the self-polarization of
BaTiOj; ferroelectric matrix. When thin films were heat-
treated at 600°C, BaTiO3 perovskite crystallite formed
and crystallized [23]. With the increase of heat-treating
temperature, the perovskite structure grew more and
more integrated, so the self-polarization effect turned
stronger. This can generate an additional electric field
Epoiar outside of gold nanoparticles due to the self-
polarization. The electric field Epq1,r can bind the oscil-
lation of active surface electrons inside the gold parti-
cles, which should decrease the intensity of SPR peak
[24].

3.5. Nonlinear optical properties

In this experiment, OKE was used to measure the
values of third-order nonlinear susceptibility x® of
Au/BaTiO; films. 800 nm pulse laser with a width of
120 fs was generated by Ti:Al,O3; femtosecond laser
(Coherent Mira 900F), and 400 nm pulse was ob-
tained by nonlinear frequency-doubled crystalline BBO
(0.5 mm). 400 nm pulse was used as pump pulse and
800 nm pulse was used as probe beam. CS, was used
as a standard sample, with its model of x©® being
1.0 x 10~13 esu. The third-order nonlinear susceptibil-
ity x® (model) of thin film can be estimated with the
following equation:

@) _ I 1z UN 2 Lt |1 3)
X =17 — | & Xeer 3)
]ref Nref Ls R

Where n is the linear refractive index, [ is the OKE
signal intensity, L is the interaction distance of pump
light and probe light in the sample, R is the correction
coefficient, and suffices s and ref stand for sample and
reference, respectively.

Fig. 6 shows the OKE signals of Au/BaTiOj3 films.
The films exhibit ultra-fast nonlinear response, with
their delay times of about 150 fs. The x® values of
Au/BaTiOs; films increase with increasing the heat-
treatment temperature. The enhanced third-order non-
linear response of films should be attributed to the SPR
peak position being closer to the laser pulse wavelength
(800 nm) with the increase of heat-treatment temper-
ature. The x® values of Au/BaTiO; films annealed
at 500°C is (3.8 £0.8) x 10~ esu, which is two or-
ders of magnitude larger than that of Au/ZrO, films
[8] (It is difficult to compare the x‘® with reference
[15] because the pulse wavelength and pulsewidth are
unknown). The large values of x® in the Au/BaTiO;
films should be attributed to high dielectric constant (or
the refractive index) of the BaTiO3 matrix and the high
amount of Au particles incorporated in the matrix.
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Figure 6 OKE signals of Au/BaTiOs films annealed at different anneal-
ing temperature.

According to Flytzanis [25], the third-order nonlin-
ear susceptibility x® of metallic nanoparticles con-
sists of three contributions: intraband contribution,
interband contribution and hot electron contribution
(nonequilibrium electron heating effect). The intraband
contribution is strongly relative to the sizes of metal
nanoparticles. Hache et al. [13] thought x©® of metal
particles was in inverse proportion to the diameter (R)
of metal particles, x® should increases with the in-
crease of the diameter of metal particles. However, this
is not this case in our report. Based on the fact that
there is no substantial size dependence of x ¥, the dom-
inant contribution should be that of the hot electron, but
the interband contribution also plays an important role.
The pump pulse energizes the conduction electrons,
resulting in a high electronic temperature while the lat-
tice remains cool. The electron heating leads to Fermi
smearing, which affects the transition probability of the
d-band electrons to the conduction band energies near
the Fermi level, leading to changes in the reflectivity
at the surface of the metal. The hot electron gas cools
to the metal lattice through electron-phonon scattering
[12]. The value of x® contributed by hot electrons is
1076 esu. for gold particles [26]. Because the pump
laser is far from the SPR peak position and the distri-
bution of metal size is not narrow enough, the x® in
our results is on the order of 10~ esu. If the laser pulse
wavelength is closer to the SPR peak position of metal
particles, the third-order nonlinear susceptibilities will
get enhanced largely.

4. Conclusions

Gold nanoparticles-dispersed BaTiO3 films were pre-
pared by the dip-coating method. Thiourea was applied
to prevent Au ions from fast being reduced and aggre-
gating as the effective capping and stabilization agents.
A high amount of gold nanoparticles with an average
size of 10 nm was incorporated in the BaTiO3 matrix.
The absorption spectra of Au/BaTiO3 films exhibited a
significant red shift of the SPR due to the changes of
gold particles’ size and refractive indices of those thin
films. When Au/BaTiOj thin films were heat-treated at
the temperature that was higher than 600°C, the SPR
intensity decreases with the increase of heat-treatment
temperature due to the influence of BaTiOj3 ferroelectric
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matrix self-polarization. The nonlinear optical prop-
erties of these films was measured by a frequency-
doubled Ti:Al,O3 femtosecond laser. The values of x
were calculated to be in the range of 1078-10~° esu.,
which was two orders of magnitude higher than the
reported value for Au/ZrO, films [7]. These films
also exhibited superfast nonlinear response time and
high third-order nonlinear susceptibilities, which would
make these materials have more practical applications.
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