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Abstract

Gold/silica composite films with single and multilayer structures were fabricated by simultaneous gold sputtering and plasma-
enhanced chemical vapor deposition of SiO2. Heating during or after deposition was performed to control particle size. Samples were
irradiated, at liquid nitrogen temperature, using 15 MeV Cu3+ ions or 27.5 MeV In7+ ions. Microstructural analysis by transmission elec-
tron microscopy revealed that spherical or nearly spherical gold nanoparticles were transformed during the irradiation into prolate ellip-
soids whose long axis is along the ion beam direction. The optical absorption band attributed to surface plasmon resonance of gold
particles was located at 520 nm for single layer films and at 602 nm for multilayer structures. After ion irradiation, this band splits into
two polarization-dependent bands whose positions strongly depend on the size, aspect ratio and alignment of the nanorods.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The electrical, magnetic and optical properties of nano-
particles embedded in a dielectric matrix drastically differ
from the corresponding bulk properties and strongly
depend on their size, shape, inter-particle distance and sur-
rounding medium [1]. The fabrication and characterization
of these materials is a very active field of research moti-
vated by their potential applications in optical and opto-
electronic devices [2,3].

Noble metal particles strongly absorb the electromag-
netic field around a certain frequency in the visible region.
This phenomenon is known as surface plasmon resonance
(SPR) [1,4,5]. In the case of nanorods the SPR splits into
two bands: a longitudinal mode along the long axis of the
rod and a doubly-degenerated transversal mode along both
short axes [1,3,4,6]. If the nanorods are aligned, the micro-
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structure is anisotropic which leads to optical properties
that depend on the light incidence angle and polarization.

Different methods allow the preparation of metal nano-
particles with regular and irregular shapes. This includes
ion implantation [7], sputtering [8], evaporation [9], chemi-
cal and electrochemical methods [6], sol–gel [10] and hybrid
techniques combining, for example, sputtering and plasma-
enhanced chemical vapor deposition [11–16]. Most of these
methods produce randomly oriented nanorods. Among the
techniques used to obtain nanorod particles [14,17–19], ion
implantation offers the advantage of allowing the control of
both alignment and aspect ratio of the irradiated particles.
In the present work, we have used heavy ion irradiation to
tailor the shape of gold nanoparticles embedded in silica
and to induce anisotropic optical properties.
2. Experimental details

Gold/dielectric nanocomposite films with single and
multilayer structures were deposited onto fused silica
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substrates by a hybrid technique combining pulsed-DC
gold sputtering and plasma-enhanced chemical vapor
deposition (PECVD) with SiH4/O2 chemistry. Single layer
nanocomposite Au/SiO2 films were deposited at room tem-
perature using a method described elsewhere [14]. Subse-
quent annealing at 900 �C for 9 h was used to increase
the size of gold nanoparticles. To fabricate the multilayer
structures, Au/SiO2 and SiO2 layers were deposited alter-
nately during 3.5 s and 60 s, respectively, onto substrates
heated at 340 �C. Gold was sputtered from a pure gold tar-
get in Ar using a pulse frequency of 350 kHz and a pulse
length of 1.4 ls. The peak power delivered to the target
was 500 W. Heating during deposition led to the growth
of gold nanoparticles via surface diffusion. PECVD of
SiO2 was performed using SiH4/O2 chemistry with an RF
input power of 40 W and a self-bias potential of �340 V.
The total pressure of the three gases (Ar, O2 and SiH4)
introduced into the reactor was 60 mTorr. Silica deposition
parameters were kept constant during the growth of the
Au/SiO2 and SiO2 layers. The samples were then irradi-
ated, at liquid nitrogen temperature, with 27.5 MeV In7+

or 15 MeV Cu3+ ions, either perpendicularly or at an angle
(w) of 45� with respect to the sample normal.

The gold amount was determined by Rutherford back-
scattering spectroscopy (RBS) using 2 MeV He2+ ions. Sim-
ulation spectra gave the following results: 2.1 · 1016 at./cm2

for single layer films, and about 1.0 · 1016 at./cm2 per layer
in the multilayer structure. Transmission electron micros-
copy (TEM) was performed at 200 kV. TEM specimens
were prepared using mechanical polishing and ion thinning.
Computer software [20] was used to analyze the size and size
distribution of particles.

Optical transmission spectra from 300 to 800 nm were
obtained at room temperature using an ellipsometer in
order to control the light polarization direction. Transmis-
sion measurements were normalized using the transmission
of fused silica substrate. The geometry of the optical mea-
surements is shown in Fig. 1. The incident angle of light (u)
and ions (w) are defined relative to the sample normal. The
ion beam direction, the incident light direction and the sur-
face normal are in the same plane. The electric field is par-
allel to this plane in P polarization and perpendicular to it
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Fig. 1. Schematic representation of an irradiated sample with single layer
structure. The implantation angle w and the light incidence angle u are
defined relative to the sample normal.
in S polarization. Note that the variation of the angle u
allows one to excite the longitudinal plasmon mode, the
transversal plasmon mode or both.

3. Results and discussion

3.1. Low gold concentration single layer structures

Fig. 2 shows cross-sectional scanning transmission elec-
tron microscopy (STEM) dark field micrographs of
annealed nanocomposite films (a) before and (b) after
irradiation with 15 MeV Cu3+ ions at a fluence of
1 · 1015 ions/cm2. Gold nanoparticles appear bright
whereas the silica matrix appears more or less dark depend-
ing on its thickness. One can see a layer of roughly spher-
ical gold particles embedded in the silica matrix. There is
also a row of gold nanoparticles at the film-substrate inter-
face related to the procedure of preparation. In Fig. 2(a),
we can observe a bimodal particle size distribution. The
mean sizes of small and large particles deduced from
the size distribution histogram (not shown here) are
(6.0 ± 0.5) nm and (11.0 ± 0.5) nm, respectively. The thick-
ness of the gold/silica film is about (270 ± 20) nm deter-
mined from pictures not shown here. Combining this
value with RBS results, we can evaluate the gold volume
fraction equal to 1.3%. The STEM picture of a perpendic-
ularly irradiated (15 MeV Cu3+, w = 0�) sample shows pro-
late ellipsoids (nanorods) aligned in the same direction as
the ion beam (Fig. 2(b)). The spherical gold nanoparticles
were deformed into ellipsoids by ion irradiation. Similar
Fig. 2. Cross-sectional dark field STEM images of an annealed Au/SiO2

nanocomposite film with single layer structure before (a) and after (b)
15 MeV Cu3+ irradiation with a fluence of 1015 ions/cm2. Solid white line
and dashed black line indicate the sample surface and the substrate-layer
interface, respectively.
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Fig. 3. P and S polarization transmission spectra of gold/silica films: as
deposited, annealed non-irradiated, and annealed and irradiated with
15 MeV Cu3+ at a fluence of 1015 ions/cm2.
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Fig. 4. P polarization transmission spectra at various incidence angles (u)
for a sample perpendicularly (w = 0�) irradiated with 15 MeV Cu3+ beam
at a fluence of 1015 ions/cm2.
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deformation phenomena have been observed in irradiated
gold–silica colloids [19] and Co particles embedded in bulk
silica glass [21].

Optical transmission spectra corresponding to as-depos-
ited, annealed, and annealed and irradiated samples are
shown in Fig. 3 (see Fig. 1 for a description of the measure-
ment geometry). As-deposited single layer Au/SiO2 films
show little absorption in the visible region, whereas after
annealing an SPR absorption band appears around
520 nm. As a consequence, as-deposited samples are
brownish but still highly transparent, while annealed sam-
ples exhibit a red-pink color. In the case of an as-grown
single layer structure, the average size of metal clusters is
less than 1 nm and the transmission spectra do not exhibit
an absorption band. Only after the cluster size was
increased (between 2 and 20 nm, see Fig. 2) can the absorp-
tion band be observed [14].

S and P polarized transmission spectra of annealed sam-
ples are identical indicating that the gold nanoparticles are
spherical and thus the composite film is isotropic. For com-
parison, spectra of an ion beam irradiated sample measured
at u = 60�, are presented in Fig. 3. For S polarization, the
spectrum shows a resonance at about 500 nm which is very
close to the SPR of spherical particles. For P polarization,
the SPR is separated into two bands corresponding to the
oscillation of the free electrons along the short and long
axes of the excited ellipsoids. The first SPR band (transver-
sal mode) is located at (500 ± 5) nm and the second one
(longitudinal mode) is at (690 ± 10) nm. These positions
depend on the size and aspect ratio of the nanorods [4,6].
The blue-shift of the transversal mode is smaller than the
red-shift of the longitudinal mode, in part because the small
axis length changes much less than that of the long axis dur-
ing deformation (see Fig. 2). The width of the longitudinal
mode is relatively large, which we attribute to broadening
due to the wide distribution of the aspect ratios.

Fig. 4 shows P polarization transmission measurements
at different light incidence angles (u) for a sample ion irra-
diated perpendicularly to its surface (w = 0). At normal
light incidence, S and P transmission spectra are superim-
posed because they represent the optical responses of the
two equivalent small axes of prolate ellipsoids (see
Fig. 1). S polarization spectra (not shown here) do not
exhibit special features as the angle is varied. However, P
polarization curves show that the amplitude of both SPR
modes (transversal and longitudinal) vary with u. The
splitting of the SPR bands is easily observed at high inci-
dence angle (P30�). The differences in the transmission
amplitudes can be attributed to a change in reflectivity with
u. These observations can be explained by a simple geo-
metrical analysis: S polarization electric field excites the
short axis mode for all angles, while P polarization electric
field excites both modes.
3.2. High gold concentration multilayer structures

This section reports the results obtained for Au/SiO2

films with a multilayer structure. Fig. 5 shows selected
cross-section and plan view TEM pictures of gold/silica
films with multilayer structure before and after ion irradia-
tion. The plan view (Fig. 5(a)) shows a thick region with
two superimposed gold/silica layers and a thin region
(beside the hole) with only one Au/SiO2 layer. One can
see that small gold particles are nearly spherical while lar-
ger ones have an irregular shape (see also Fig. 5(b)). Most
gold particles are well isolated and only some of them are
connected, forming large particles with an irregular shape.
The first inset in Fig. 5(b) shows the electron diffraction
pattern with concentric rings corresponding to (11 1),
(20 0), (22 0) and (222) planes. This indicates polycrystal-
line gold, but it does not suggest any preferred plane
orientation.

Closer examination of TEM images reveals that the
nanoparticles are polycrystalline and that the film has a
well defined multilayer structure. The second inset in
Fig. 5(b) shows the particle size distribution with a Gauss-



Fig. 5. (a) Plan view and (b) cross-sectional TEM images of as deposited
gold/silica multilayer. The first inset in (b): electron diffraction pattern.
Second inset: particle size distribution with a Gaussian fit. (c) Cross-
sectional TEM micrograph of the same sample after irradiation with
2 · 1014 ions/cm2, 27.5 MeV In7+ at 45� incidence.
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ian fit. The mean size of gold particles is (19 ± 1) nm. In
Fig. 5(b), solid, dotted and dashed lines indicate, respec-
tively, the surface, the film-substrate interface and the
interfaces between silica and gold/silica layers. The thick-
nesses of deposited layers were determined as follows:
silica (9 ± 2) nm, gold–silica (19 ± 2) nm, silica (9 ±
2) nm and gold–silica (19 ± 2) nm for a total thickness of
(56 ± 4) nm. By combining these thicknesses with the
RBS results, we determine the gold volume fraction of
the first (8.0%) and second (9.5%) gold–silica layers. After
ion irradiation, the gold particles were deformed into pro-
late ellipsoids (Fig. 5(c)). The gold particles of the two lay-
ers appear aligned in the direction parallel to the ion beam
and are well separated in the direction perpendicular to it.
Some particles smaller than 8 nm remain spherical; this is
probably related to an increasing role of surface energy
as the particles get smaller.

P and S transmission spectra of gold/silica composite
films with multilayer structure before and after irradiation
by 27.5 MeV In7+ ions at a fluence of 2 · 1014 ions/cm2 are
shown in Fig. 6. The as-grown sample strongly absorbs
optical radiation at 602 nm. The SPR is located at the same
spectral position for P and S polarizations and its width is
roughly equal to 190 nm in both cases. The width of the
absorption band is related to a large distribution of particle
size. After ion irradiation the longitudinal band remains
close to its initial position, whereas the transversal band
is blue-shifted from 602 nm to 520 nm. Moreover, the
transversal band has narrowed to 100 nm.

A closer inspection of TEM pictures shows that in the
direction perpendicular to the ion beam the inter-particles
distances increase and their size decreases, which leads to
a blue-shift of the transversal band, as observed. Dilute
solutions of gold particles can appear orange, red, purple
or blue as their size varies from 1 nm up to 500 nm
[4,5,15,16]. As-grown samples exhibit a range of colors
from pseudo-metallic gold to transparent blue in reflected
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Fig. 6. P and S polarization transmission spectra (u = 45�) for as-
deposited and irradiated regions using 27.5 MeV In7+ ions at a fluence of
2 · 1014 ions/cm2 (w = 45�).
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light. After ion irradiation, the nanocomposite films change
their color from blue to pink. A blue color is usually char-
acteristic of particles larger than 60 nm. Since the particles
in our samples are much smaller than this value (from 4
to 32 nm, as determined by TEM), we suggest that the
small inter-particle separation leads to dipole interaction.
After irradiation, this separation is larger enough (see
Fig. 5(c)), leading to a weak interaction and hence giving
rise to a pink color.

3.3. Comparison of SPR properties for single and multilayer

films

The samples shown in this work exhibit an absorption
band associated with the SPR absorption. However, the
position and width of the absorption band depend on the
precise microstructure of the material. For example, for
the single layer sample with a relatively low gold concentra-
tion, the maximum absorption is located at 520 nm,
whereas samples with a higher gold concentration exhibit
a maximum at 602 nm. The size of the gold nanoparticles
before annealing depends on the gold concentration and
on the temperature of the substrate during deposition.
Although the particle size distribution varies somewhat
(2–20 and 4–32 nm, respectively) the shifts and the broad-
ening are too large to be explained completely by the size
effects, such as electron d-screening [22]. We suggest that
the contribution of dipole coupling is important when the
inter-particle distance is small. In fact, for composite mate-
rials, the dielectric matrix can reduce the dipole coupling
between the gold particles or eliminate it completely (if
the particle spacing is larger than twice the particle radius).
When the spacing is reduced, which is the case for our sam-
ples with multilayer structure, dipole interactions become
important and lead to the red-shift and the broadening of
the plasmon band. A similar effect has been observed in
gold–silica colloids with a variable silica shell thickness [5].

Both materials appear to behave in a similar fashion
once exposed to ion irradiation. The multilayer samples,
in spite of the small amount of silica in between the gold
particles, exhibit the same deformation from spherical par-
ticles to prolate ellipsoids. SPR splitting is observed for
both structures. We conclude that along the particle’s short
axis (S), the optical response of single and multilayer sys-
tems is similar. On the contrary, along the particle long axis
(P), we observed a red-shift in the single layer structure,
while no shift is apparent in the multilayer structure.

4. Conclusion

We have prepared gold/silica nanocomposite films with
single and multilayer structures and different gold concen-
trations using a hybrid PECVD/sputtering method. Heat-
ing during or after the growth of Au/SiO2 films allowed
the gold to agglomerate into nearly spherical particles of
2–32 nm in diameter. Ion irradiation with high energy
(P15 MeV) heavy ions (Cu3+ and In7+) deformed the
spherical gold particles into nanorods aligned in the same
direction as the ion beam. The optical properties were
anisotropic and strongly depended on the polarization
and the direction of the nanorods alignment. This ion bom-
bardment approach represents an attractive method to tai-
lor the shape, aspect ratio and alignment of the metal
nanoparticles. By modifying the microstructural character-
istics, one can thus control the SPR properties such as spec-
tral position, amplitude and width.
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