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Preparation and optical characterization of Au ÕSiO2 composite films
with multilayer structure
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An investigation of Au/SiO2 composite multilayer films with a large third-order optical nonlinearity
is reported in this article. Multilayer films containing Au nanoparticles with narrow size and shape
distributions can be obtained by controlling the thickness of the Au layer, as well as the annealing
temperature and time duration. It is found that the peak of surface plasmon resonance~SPR! of films
with mean nanoparticle size of 30 nm is located at 2.35 eV with a width of 350 meV. The SPR peak
of films containing larger or smaller particles red-shifts and broadens due to the particle size and
shape effects. The third-order optical nonlinear susceptibilityx (3) of these films has a maximum
value of about 5.131026 esu at 532 nm when the mean nanoparticle size is around 30 nm. We
attribute the observed size dependence ofx (3) to the competition between the enhancement of the
local field factor and the skin-depth effect. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1560569#
ta

e

oc

rt
rix
cle
f
p
n,

es
on
u-
fa
rfa
a

i-
pe
ep

on
s
de

i

ud-

on-
s.
art

-

r-
en-
also
6%

um
ve

nd
the

-

t rf
ma
I. INTRODUCTION

Composite materials with dielectric matrix and me
nanoparticles~such as Au, Ag, and Cu! are attractive candi-
dates for future photonic device applications due to th
large third-order nonlinear susceptibility,x (3), and fast re-
sponse time, which stems from the enhancement of the l
field factor near the surface plasmon resonance~SPR!.1–3 In
the last decade, a mass of research works focused on fu
improvement of the value of nonlinearity by changing mat
materials and increasing the concentration of metal parti
to the percolation threshold.4–7 Also, various techniques o
sample preparation were used to incorporate more metal
ticles into the substrate, such as ion implantatio6

sputtering4,5,7 and sol–gel.8 Usually, metal particles with a
wide size distribution were randomly dispersed inside th
materials. It was reported that the effective third-order n
linear susceptibility in such materials were strongly infl
enced by the homogeneous dephasing time of the sur
plasmon, which was related to the size, the shape, the su
structure, and the dielectric environment of the individu
metal particles.9,10 Thus composite films containing a un
form distribution of particles with suitable size and sha
might exhibit further enhanced third-order nonlinear susc
tibility.

On the other hand, materials with a narrow distributi
of particle size and shape are necessary for studying the
dependence of the optical properties in order to better un
standing the origin of the enhancement of the nonlinearity
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such metal-dielectric composites. Although a few early st
ies involved the size dependence of thex (3), their samples
were mostly fabricated with low metal concentration~with
only a few percentages in volume fraction! and small particle
size.7,11,12Reference 11 reported that the real part of thex (3)

in the Cu-doped Al2O3 was proportional to 1/d3 in the par-
ticle size range of less than 15 nm due to the quantum c
finement effect, whered was the diameter of the Cu particle
But for Au particles, near the SPR peak, the imaginary p
of x (3) was five times in value of the real part.13 That is, the
contribution from the light absorption in the Au-doped com
posite film would dominate the enhancement ofx (3) and thus
may result in a different size dependence relationship.

In this article, we report our preparation of Au/SiO2

composite films that are of multilayer structure with a na
rowly distributed particle size and shape. The size dep
dence of the linear and nonlinear optical properties has
been characterized. For constant Au concentration of 2
atomic fraction, the effectivex (3) of the samples with mean
particle size around 30 nm is found to have a maxim
value of 5.131026 esu measured by degenerate four-wa
mixing ~DFWM! at 532 nm. The SPR peak redshifts a
broadens for both smaller and larger Au particles due to
influence of the particle size and shape.

II. EXPERIMENT

The Au/SiO2 multilayer films were prepared in a multi
target magnetron sputtering system~Denton SJ/24 LL! which
was described in detail elsewhere.14 In this sputtering sys-
tem, the Au ~99.999%! and SiO2 ~99.99%! targets, which
were 2 in. in diameter, were connected to two independen
il:
5 © 2003 American Institute of Physics
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power supplies. The Au layer and SiO2 layer could be alter-
natively deposited onto the substrates at room tempera
The deposition rate of Au and SiO2 were first calibrated by
separately sputtering of Au and SiO2 under the same depo
sition condition. The typical deposition rate of Au and SiO2

used was about 0.06 nm and 0.04 nm per second, res
tively. The heat treatment of the as-grown samples was
ried out in a thermal furnace, in which the heating/cooli
rate and the annealing duration could be automatically
justed by setting the program parameters. The annealing
perature used in our experiments ranged from 850 to 105
and the annealing time from 1 min to 10 h in order to obt
Au particles with different sizes.

X-ray photoelectron spectroscopy~XPS! and x-ray fluo-
rescence spectroscopy~XRF! were used to measure the A
concentrations of the films deposited on fuse quartz
MgO substrate, respectively. The crystallinity of the Au p
ticles was investigated by the x-ray diffraction~XRD!
method~model: Philips PW1830!. The mean size of Au par
ticles could be estimated by measuring the full width at h
maximum ~FWHM! of the diffraction peaks and using th
Scherrer’s equation. Transmission electron microsc
~TEM! ~model: Philips CM120! was applied to reveal the
images of the cross-sectional microstructure of selec
Au/SiO2 composite films and the size-distribution was o
tained by analyzing the individual Au particles in the TE
pictures.

The linear optical absorption spectra of the Au/Si2

films were measured by an ultraviolet-visible~UV!-VIS
spectrophotometer~Perkin Elmer, lambda 20! in the range
between 300 and 1000 nm. The third-order nonlinear sus
tibility x (3) was measured at 532 nm using a Nd:YAG las
~Q switched and mode locked! and employing a standar
backward DFWM scheme. The laser had a pulse duratio
70 ps, a repeat rate of 500 Hz, and a maximum peak po
of about 6.5 MW/cm2. A high sensitivity photodiode and
lock-in amplifier were used to detect the nonlinear signa
The value of the effectivex (3) was measured relative to CS2,
a reference medium which has ax (3)52310212 esu in the
picosecond time scale, by using the following equation:

x (3)5xCS2

(3)A I s

I CS2

ns
2

nCS2

2

LCS2

Ls

ln
1

T

~12T!AT
, ~1!

whereI s andI CS2
are the intensity of the conjugate signal,ns

and nCS2
, the respective refractive indices,Ls and LCS2

the
thickness of the Au/SiO2 composite films and the CS2, re-
spectively, andT is the transmissivity of the Au/SiO2 films at
a given laser wavelength.

III. RESULTS AND DISCUSSIONS

The Au concentration of the samples reported in t
article, before or after thermal annealing, is about 26%61%
in atomic fraction given by the XPS and XRF methods. Af
annealing, the Au/SiO2 composite films are of beautifu
ruby- like colors instead of dark brown before annealing d
to the formation of the Au particles.
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Selected cross-sectional TEM pictures are shown in F
1, where the thickness of Au layers of these samples is
same~about 4 nm!. It is obvious that the as-grown film@Fig.
1~a!# has a well-controlled Au/SiO2 multilayer structure with
a period of about 25 nm and its morphology remains alm
the same for the samples annealed, even up to 950 °C f
min @Fig. 1~b!# and 5 h@Fig. 1~c!#. From Fig. 1, we can see
that the Au particles are very small and connect with ea
other forming a uniform film before annealing@Fig. 1~a!#.
However, as can be seen in Fig. 1~b!, during annealing, the
Au particles aggregate much faster in the direction paralle
the film surface~about 35 nm in dimension! than that in the
direction perpendicular~about 16 nm in dimension! to it.
This is due to the confinement effect of the SiO2 layers,
which sandwich the Au layers. As a result, Au particles w
disk-like shape are usually observed. With longer annea
time @Fig. 1~c!#, most of the particles grow to be ellipsoid i
shape and about 40 nm in size. However, when the samp
annealed at 1050 °C for 5 h, the multilayer structure is
stroyed and the film shrinks down to contact each other
the film thickness is reduced to only half of that of the a
grown films. In this case, large spherical Au particles, with
mean size of 80 nm, are formed through the coalescenc
Au particles from different layers. We also find that th
multilayer structure smears out when the Au layer becom
thinner ~less than 3 nm!, in which case, the Au particles ar
spherical in shape and only several nanometers in size e
after being annealed at 950 °C for 10 h~TEM pictures not
shown here!, and this morphology is very similar to tha
reported in Ref. 7.

The TEM images suggest that our samples have a fa
uniform distribution both in Au particle shape and size.
micrograph field including more than 250 particles was ra
domly selected to analyze the size distribution of the
particles. The distribution of the particle size parallel to t
SiO2 layer is plotted in Fig. 2~a! for the sample of Fig. 1~c!,
which has a mean value of 48nm with a standard deviation
27%. Figure 2~b! shows the distribution of the particle size
the direction perpendicular to the SiO2 layer, which has a
smaller mean size~about 39 nm! and a narrower distribution
~with a standard deviation about 25%! as a result of the con
finement effect of the SiO2 layers. The dashed lines in Fig.

FIG. 1. Selected cross-section TEM pictures of the Au/SiO2 multilayer films
with Au concentration of about 26% in atom fraction:~a! as-deposited film;
films annealed at:~b! 950 °C for 1 min;~c! 950 °C for 5 h;~d! 1050 °C for
5 h.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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represent the Gaussian fitting curves. Given the same th
ness of the Au layer and SiO2, as well as the annealin
temperature and time duration, the films obtained in differ
runs give essentially the same distribution. By chang
these parameters, films with different distribution of size a
shape of Au particles can be consistently obtained.

Two typical UV-VIS spectra of the as-grown and a
nealed samples are shown in the insets of Fig. 3. For
as-grown films~curve a!, the SPR peak is located at th
wavelength of 616 nm with a large FWHM value and
strong absorption in the near IR range. After thermal ann
ing ~curve b!, a distinguished SPR peak emerges and
FWHM of the SPR peak is much narrower than that prepa

FIG. 2. The statistic size distribution of the Au/SiO2 film used in Fig. 1~c!.
The dash line is the Gaussian fitting curve. Direction of the particle size~a!
parallel to the film surface; and~b! perpendicular to the film surface.

FIG. 3. Size dependence of the SPR peak and its FWHM of the Au/S2

multilayer films. The Au concentration in all those samples is 26% in ato
fraction. The inset is the selected optical spectra:~a! as-grown film; and~b!
annealed film.
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by cosputtering method.4 Also, the film becomes almos
transparent at wavelength range between 700 and 1000

In order to better understand the relation between
particle size and the SPR peak position as well as
FWHM, several samples were prepared with the same
and SiO2 layer thicknesses but annealed at different tempe
tures for different duration. The results are plotted in Fig
as a function of the mean diameters of Au particle measu
by XRD method. We find that the SPR peak position a
their FWHM do not monotonically change with the increa
of the particle size, which is the usual case reported in
literature.10,12As seen in Fig. 3, the sample with a mean s
around 30 nm has the bluest and narrowest SPR peak
cated at 2.35 eV~about 530 nm in wavelength! with a
FWHM of about 350 meV. But the SPR peak redshifts a
broadens when the mean diameter of the Au particles
comes smaller or larger. It is easy to understand the reds
effect for the large particles, which is attributed to the surfa
retardation effect.10 The redshift and broadening observed
our small mean-diameter Au particle films may be due
other effects. We find that the SPR peak of films contain
small ~several nanometers in diameter! spherical Au particles
~obtained by annealing the multilayer structure with the th
Au layer!, is at around 2.35 eV with a very narrow FWHM
~about 0.376 eV!, which is almost the same as that observ
in the sample with a particle size of 30 nm mentioned abo
This suggests that the observed anomalous redshift
broadening is likely due to anisotropy in the particle sha
Upon deformation into ellipsoidal shape, the SPR peak of
spherical particles has been observed to split into two sp
trally separate SPR peaks that can be excited with light
larized parallel to the long and short axis, respectively15

Since the ellipsoidal particles in our sample are not expec
to be uniformly oriented, the measured SPR peak can ap
broadened and redshifted, as the long axis SPR is stro
redshifted as compared to the small blueshift of the sh
axis SPR.

The calculated values of the third-order susceptibil
x (3) are plotted in Fig. 4 as a function of the size of the A
particles in the annealed Au/SiO2 multilayer films. It should
be mentioned here that some of the samples shown in F
were damaged during the measurement ofx (3) when they
were annealed at a lower temperature or for a shorter ti
This is due to the very strong intense laser radiation on
sample causing thermal damage during the DFWM meas
ment. All of the samples used here are found to have el
soid Au particles and their SPR peaks are very close to
laser wavelength. As shown in Fig. 4, the value ofx (3) is
only about 931027 esu at the particle size of 16 nm, whil
the x (3) increases rapidly and reaches a value of 5.131026

esu when the particle size is around 30 nm. However, w
further increase in particle size,x (3) decreases and remain
around 2.331026 esu. For those with particle size bein
larger than 100 nm, the strong light scattering causes a w
ening of the conjugate signals and makes it almost imm
surable.

It is well known that the enhancement ofx (3) in the
metal/dielectric composite is strongly dependent on the n
linearity of the metal particle itself and on the so-called loc

c

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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field factor f 53ed /(em12d), whereem and ed are the di-
electric constant of the metal and the dielectric matrix,
spectively. Thex (3) of Au particles can be decomposed in
three parts: the intraband transition, the interband transit
and the hot electron contribution. The first term is size
pendent (}1/d3) and the other two are not. However, th
contribution of the hot electrons is about 1 order larger th
that of the interband term and about 3 orders larger than
of the intraband term for Au particles of 5 nm.3 That is, the
x (3) of the Au particles can be regarded as a constant in
samples and is mainly attributed to the hot electrons. Th
fore, the local field factor is assumed to play an import
role on the size dependence of thex (3) shown in Fig. 4.

Near resonance, the local field factor can be written
f 53ed / i em2, whereem2 is the imaginary part of the meta
dielectric constant, which decreases with increasing part
size.10 So, the larger the particle size, the larger the local fi
factor, and the bigger the value ofx (3). With the increasing
size of Au particles, the dielectric constant approaches tha
the bulk gold. As a result, the values off andx (3) gradually
become constant. On the other hand, the attenuation o
electric field inside the particles and the light scattered o
side the particles must be considered for the large partic
This will cut down the value ofx (3) because in this case onl
the surface layer of the particles responds to the outside e
tric field. This is equivalent to a decrease in metal conc

FIG. 4. Size dependence of the third-order optical nonlinear susceptib
x (3) measured at laser wavelength of 532 nm with a pulse duration of 70
Downloaded 01 Jun 2003 to 202.40.139.162. Redistribution subject to A
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tration. Therefore, it is the competition between these t
aspects that brings about the size dependence ofx (3) as dis-
played in Fig. 4.

IV. CONCLUSIONS

We have prepared a set of Au/SiO2 multilayer films with
a high Au concentration by magnetron sputtering meth
where uniform distribution both on size and shape of me
nanoparticles can be obtained. It is found that the peak
surface plasmon resonance of the film with a mean size o
nm is located at 2.35 eV with a width of 350 meV, while
redshift and broadening of the SPR peak occur in films c
taining larger and smaller particles due to the particle s
and shape effect. The third-order nonlinear susceptibilityx (3)

of the composites measured by DFWM is found to also h
a maximum value around 30 nm. We attribute the size
pendence of thex (3) to the competition between the en
hancement of the local field factor and the attenuation of
electric field inside the Au particles.
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