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Optical and microstructural properties of nanocomposite Au/SiO2 films

containing particles deformed by heavy ion irradiation
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Abstract

Gold nanoparticles embedded in a dielectric matrix (SiO2) were prepared by a hybrid technique combining plasma-enhanced chemical vapor

deposition and pulsed DC sputtering. The concentration and spatial distribution of the metal particles were controlled by deposition parameters,

while particle size and size distribution were further adjusted by annealing. Subsequently, the nanocomposite samples were exposed to an

energetic ion beam (30 MeV), a treatment that has been shown to transform spherical particles to high aspect ratio ellipsoids. The films were

studied in detail by spectroscopic ellipsometry and spectrophotometry, and their optical response was correlated with their microstructural

features such as particle alignment in the ion beam direction, as documented by the blue shift of the surface plasmon resonance (SPR). We show

that such process is reversible in a sense that subsequent annealing of ion beam-irradiated particles red shifts the SPR to the initial position.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

New developments in optical technology and telecom-

munications require novel materials for both active and

passive photonics devices; this includes waveguides, inter-

ferometers, and switches. Nanocomposite (NC) films con-

sisting of metal particles such as gold [1–5,9,10,12–15],

silver [5,6,11], and copper [5,7,8,11] embedded in a

dielectric matrix have recently been the subject of many

studies motivated by observed large third-order nonlinearity

as reported by Ricard et al. [16]. This follows complemen-

tary investigations [1,2,17,18] in which NC metal–dielectric

systems have been considered for their interesting color

effects in decorative applications, their adjustable electrical

conductivity, and their magnetic properties (for a review, see

[18]). Surface plasmon resonance (SPR) of gold nano-
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particles is also of great interest in biomedical sensor

applications [19]. NC films can be prepared with various

metal concentrations and particle sizes using different

fabrication techniques; this includes sputtering [3,4,8–

10,12], sol–gel [6], colloidal solutions [5], ion implantation

[7], hybrid methods combining, for example, plasma-

enhanced chemical vapor deposition (PECVD) and sputter-

ing [2,13–15], and other methods [11].

One of the main limitations encountered in the prepara-

tion of NC metal–dielectric systems is the lack of control of

the size and shape of the metal particles in the matrix.

Particle size evolution upon postdeposition annealing has

been extensively studied by Dalacu and Martinu [13–15]

using spectroscopic ellipsometry (SE). The authors demon-

strated that SE is a technique of choice for the character-

ization of such nanostructured films since it allows one to

precisely determine the microstructural features by means of

a nondestructive optical measurement.

In the present paper, we propose a new method that

allows one to further control the shape of the particles of an
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Fig. 1. Illustration of the film preparation steps, evolution of the particle

size and shape, and corresponding microstructural models.
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NC system. As a proof of principle, gold and SiO2 are

described in this work, but other combinations have also

been successfully tested. We show that using a heavy ion

beam irradiation of the NC sample, one is able to change the

particle shape from spheroids to prolate spheroids. This

control of microstructure allows one to select with high

precision the position of the SPR band either by a size-

related red shift or a shape-related blue shift.
2. Sample preparation and characterization

2.1. Film fabrication

The films were prepared by a hybrid process simulta-

neously combining PECVD and pulsed DC sputtering.

The substrates (c-Si and fused silica) were placed on an

RF-powered (13.56 MHz) substrate holder electrode on

which negative substrate bias voltage VB develops. The

working gas flow consisted of 30 sccm Ar, 20 sccm O2,

and 5 sccm SiH4, while the total pressure was maintained

at 8 Pa (60 mTorr). The RF power applied was 40 W

corresponding to VB=�300 V. Gold was simultaneously

sputtered from a 50 mm gold target (99.99% purity)

installed on a magnetron head located at a 15 cm distance

from the substrate. The gold concentration was controlled

by the total power delivered to the target from a pulsed

DC power supply (Pinnacle Plus; Advanced Energy)

using a pulse frequency of 350 kHz. The deposition

conditions were optimized in order to obtain high-quality,

low-absorption (extinction coefficient k smaller than 10�5

at 550 nm) SiO2, as well as high mechanical stability and

hardness (Hz7 GPa). Typical thickness of the films was

about 500 nm.
In order to further modify the film microstructure, the

fabrication process continued with three subsequent steps,

as illustrated in Fig. 1. After the initial deposition (step

1), postdeposition annealing (step 2) was used to control

the particle size. The samples were annealed in the

ambient atmosphere at temperatures ranging from 600 to

900 8C for different times. In step 3, ion bombardment

was used to further modify the particle shape. The

samples were exposed, at room temperature, to a 30

MeV Cu5+ ion beam using a Tandem linear accelerator.

The doses ranged from 1013 to 1015 ions/cm2, with a

beam current of 200 nA. In the case of core–shell

colloidal particles, such treatment has been shown to

elongate the gold particles along the direction parallel to

the ion beam (see Fig. 1c) [20]. Further annealing (step 4)

is then performed in order to study the reversibility of the

ion irradiation process.

2.2. Optical characterization

Optical properties of the films were determined from

spectrophotometry (Lambda-19; Perkin-Elmer) and varia-

ble-angle SE (VASE; J.A. Woollam) measurements. In

order to derive the optical characteristics of the films, we

applied an ellipsometric model consisting of the sub-

strate, the NC layer, and the surface roughness layer (see

Fig. 1c).

In our model, gold permittivity em was described by the

Drude equation by taking into account the intraband

transitions:

em xð Þ ¼ 1�
x2

p

x x þ iCð Þ : ð1Þ

Here xp and C are, respectively, the plasma frequency

and the effective collision frequency. C is defined as:

C ¼ 1

sB
þ AvF

R
ð2Þ

where sB, A, rF, and R represent the free electron relaxation

constant, the broadening parameter, the Fermi velocity, and

the particle radius. The interband region of the spectra was

modeled using Lorentz oscillators:

em xð Þ ¼ el þ
X
k

Ak

E2
k � h̄xð Þ2 � iBk h̄x

: ð3Þ

For the kth oscillator, Ak is the amplitude, Ek is the oscillator

energy position, and Bk indicates the broadening of the

oscillator.

Real n(k) and imaginary k(k) parts of the complex

refractive index of the silica matrix were fitted using a three-

parameter Cauchy dispersion curve:

n kð Þ ¼ Aþ B

k2
þ C

k4
; ð4Þ



Fig. 2. Examples of spectral dependence of the ellipsometric angles w (a)

and D (b) for three different incidence angles: 558, 658, and 758. Squares
indicate experimental data while the full line represents the fit. For better

clarity, only one third of the data points is represented. Extracted parameters

from the fitted data for this particular sample are the following: thickness

350 nm, surface roughness 17 nm, gold concentration 1.8 vol.%, and

particle size 5 nm.
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while the absorption was taken into account by a three-

parameter Urbach absorption tail:

k kð Þ ¼ ae b 1
k�1

cÞð Þ:ð ð5Þ

In Eqs. (4) and (5), A, B, and C are fit parameters, and a,
b, and c are, respectively, the extinction coefficient

amplitude, the exponent factor, and the band edge. Fused

silica substrates were also fitted using the Cauchy dispersion

model. One should note that the absorption due to both the

matrix and the substrate is much lower than the absorption

related to gold.

Effective medium approximation (EMA) is well suited

for modeling our films since the particle size is much lower

than the probe wavelength [17]. For low gold concentrations

(several volume percent), such as in this study, we can apply

the well known Maxwell–Garnett model [21,22]:

eeff � eh
eeff þ 2eh

¼ p
em � eh
em þ 2eh

; ð6Þ

where eeff is the effective permittivity, while em and eh are

the permittivities of the metal and the matrix, respectively. p

is the gold filling factor (vol.%). Surface roughness was

modeled by the use of an EMA layer consisting of 50%

void/50% NC layer. In such way, we could derive from the

combined spectrophotometry and SE measurements the film

thickness, gold concentration, particle size, optical proper-

ties (n and k), and roughness.

The deformed particles with a nonspherical shape were

accounted for in the ellipsometric model by using a

depolarization factor for prolate spheroids (aNb=c; see

Fig. 1c):

Lz ¼
1� e2

e2
1

2e
ln

1þ e

1þ e

�
� 1

� �
;

�
ð7Þ

with

e2 ¼ 1� b2=a2: ð8Þ

Here, Lx=Ly and Lx+Ly+Lz=1, while z is normal to

the film surface. The depolarization factor was incorpo-

rated in the Maxwell–Garnett model by calculating the

polarizability of an ellipsoid and its local electric field

[23,24]:

e j
eff � eh

Lje
j
eff þ 1� Lj

� �
eh

¼ p
em � eh

Ljem þ 1� Lj
� �

eh
: ð9Þ

The index j in Eq. (9) stands for the three directions x, y,

and z.

2.3. Complementary microstructural characterization

In addition to optical measurements, the film micro-

structure was evaluated by transmission electron microscopy

(TEM; CM30 Philips microscope) on samples prepared by
ion polishing (PIPS), atomic force microscopy (AFM; Digital

Instruments), X-ray diffraction (XRD; Philips X’Pert-MPD),

and Rutherford backscattering (RBS; 2 MeV He ions).
3. Results and discussion

Fig. 2 shows an example of ellipsometric results in terms

of measured and fitted ellipsometric angles w and D for a

typical annealed film (after step 2) with p=1.8 vol.%.

Agreement between the experimental data and the fit is

excellent over the whole spectrum for all three angles. The

measurement at a 558 incidence angle is noisier since SE

measurements are less sensitive when c is close to 08
(corresponding to D close to 1808 for the 558 angle). Typical
roughness values are in the range of 10 nm, in good

agreement with AFM measurements. Combined SE and

RBS (not shown here) data provide information on the gold



Fig. 4. Transmission spectra for a 1 vol.% gold-containing SiO2: full line—

as-deposited film; dashed line—after 900 8C annealing for 2 h; dashed/

dotted line—after 3.5�1015 ions/cm2 ion beam irradiation without

annealing.
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concentration in the films with about 0.2 vol.% precision in

the range from 0.5 vol.% up to 20 vol.%.

An example of optical transmission of an as-deposited

specimen is shown in Fig. 3a. The SPR cannot be

distinguished in the spectra since the gold particle size is

lower than 1 nm. Indeed, for very small particles, the

collective conduction electron response vanishes as a

consequence of the disappearance of the free electron gas.

Such small particles could not be seen with TEM even at
�550,000 magnification. However, XRD measurements

revealed some evidence of crystalline gold.

In order to obtain particle sizes larger than 2 nm, as

required for the development of nonlinear optical properties

[3,4,11,12], we annealed the films for 2 h at various

temperatures. We found that a minimum anneal temperature

(TA) of 600 8C is needed to activate the diffusion process,

which causes the particles to grow. This temperature is

comparable to the melting temperature of gold nanoparticles

predicted by simulations [25] and confirmed experimentally

[14].

As particle size increases (TA increasing), one can observe

a red shift of the SPR (as indicated by the arrow in Fig. 3a).
 

Fig. 3. Evolution of SPR upon annealing. (a) Optical transmission for films

annealed for 2 h at different TA. (b) SPR shift as a function of annealing

time at 900 8C.
This red shift is taken into account in the Lorentz oscillators

presented in our ellipsometric model. The physics behind the

model can be explained in the following way: in the case of

small particles of noble metal, d-electron screening red shifts

the SPR. Noble metal atoms possess a region of nonoverlap

between the d-electron wave function and the conduction

electrons. Inside the particle, this nonoverlap is averaged

over the unit cell. This statement is not true anymore on the

surface of the cluster. As a consequence, if the surface-to-

volume ratio decreases, the screening of the d-electrons is

enhanced; hence, a red shift is obtained for bigger particles

[26,27]. As particle size increases, we also observed a

narrowing of the absorption band, which can be attributed to

Landau damping and a narrowing of the particle size

distribution [28]. In the ellipsometric model, this effect is

taken into account by the size dependence of the effective

collision frequency in the Drude equation.

We systematically studied the effect of annealing time on

the position of the SPR. It can be seen in Fig. 3b that the

SPR is red-shifted toward a plateau for increasing annealing

times. This can be attributed once again to the growth of the

particle size by a diffusion process. It is also interesting to

note that after 10 h, the SPR wavelength stops changing,

indicating saturation in the particle growth. Fitting the data

using an exponential behavior, we obtained a time constant

of 2.7 h for this thermally activated process (at TA=900 8C).
In this work, we studied another way to vary the particle

size and shape, namely sample irradiation by an energetic

ion beam. Observation of irradiated but not annealed

samples (steps 1 and 3) shows that ion beam irradiation

causes growth of the particle size as it can be observed from

the presence of the SPR in Fig. 4. This result strongly

suggests a very high local temperature within the irradiated

NC material. Calculations using the SRIM software [29,30]

show that the penetration depth of copper ions into the

sample (30 MeV) is around 12 Am (0.5 Am thick layer of

NC and 11.5 Am in the FS substrate). It is therefore possible



Fig. 6. SPR shift after second annealing. Two identical samples were

prepared (steps 1 and 2). The first sample was ion-irradiated (1014 ions/cm2;

step 3), while the second one was kept as a reference. Both samples where
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that the local temperature elevation could be restricted to

this depth, an effect of particular interest for the deposition

on thermally sensitive substrates. This method can also be

used in conjunction with other materials combinations (e.g.,

copper or silver nanoclusters in a silicon nitride matrix),

with a lower risk of thermal oxidation of the metal.

Theory predicts a blue shift of the SPR if the particles

deform from spheres to ellipsoids aligned in the direction of

the propagation of light (in other words, the ellipsoid’s

smaller axis is parallel to the incident electric field). Using

normal incidence irradiation and normal incidence spectro-

photometry, we were able to reproduce this shift experimen-

tally. This is illustrated in Fig. 5 featuring the SPR shift as a

function of dose for samples with three different p values

( p=0.5 vol.%, 1 vol.%, and 2 vol.%). One can readily see that

the absorption peak is indeed blue-shifted for higher doses.

This suggests that the particle dimension perpendicular to the

optical transmission axis becomes smaller. For samples

where a longer annealing time was used, the particles became

initially larger, and the peak was red-shifted when compared

to shorter initial annealing times (compare the 2 and 5 h

annealing for p=1 vol.%). One can conclude that the

deformation is not a function of the initial particle size.

The deformation effect seems not to be dependent on the

gold concentration, at least for low fillings—an effect that is

compatible with the deformation mechanism proposed ear-

lier [20]. According to Roorda et al., the ion impact causes

strain in the plane perpendicular to the ion beam. Such

induced stress then deforms the softer gold particles in the

direction parallel to the beam. Our observation in Fig. 5 that

the shift saturates as the ion doses increase supports the

following explanation: for a constant number of incident ions

per unit of time, as the number of ions passed through the

layers increases, the strain in the matrix subsequently

increases and the forces acting on the gold particles cause

them to deform, while relaxing the stresses in the matrix. At
Fig. 5. SPR shift as a function of dose for three different gold

concentrations ( p=0.5 vol.%, 1 vol.%, and 2 vol.%). The films were

annealed at 900 8C for different annealing times prior to ion irradiation as

indicated.

then annealed at 900 8C (step 4). Final SPR position is the same for both

samples. (a) Optical transmission measurements for both samples.

(b) Position of the SPR after each step described in Fig. 1.
one point, the deformation of the particles is such that it

accommodates the effect of the constant flux of ions, and the

matrix is left with enough room in the in-plane direction to

relax. Any additional ions have no further deformation effect

since a steady state has been reached, at least from the optical

point of view. One should point out that the films fabricated

in our study contained a much higher gold concentration than

those of colloids prepared by Roorda et al. In addition, our

films consist of gold particles embedded in a continuous

matrix contrary to the Au–silica core–shell particle they

studied earlier. Still, the effects observed seem similar.

So far, we have demonstrated that we are able to red shift

the SPR with an appropriate annealing, while ion irradiation

allows one to blue shift the SPR. In order to further enhance

our control on the position of the SPR, we tested

postirradiation annealing (step 4). In order to do so, we
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have deposited two identical samples (step 1). Both samples

were then annealed at 900 8C for 5 h (step 2). One of the

samples was implanted (step 3) while the other was kept as a

reference. Fig. 6a and b present the SPR position after these

different treatments for both samples. After the first

annealing, the SPR position is at 522 nm (for both samples).

Ion irradiation (step 3) blue shifts the SPR up to 508 nm as a

consequence of shape deformation as described previously.

One should notice the significant difference of SPR depth

between the reference and the irradiated sample in Fig. 6a.

This difference is predicted by the generalized Maxwell–

Garnett model including the depolarization factor.

Further 2 h annealing at 900 8C was performed on both

samples (step 4). This step red shifts the SPR to 526 nm as a

consequence of particle growth. Interestingly, the final SPR

position is the same for both the ion-irradiated and the

nonirradiated sample. We suggest that the final annealing

(step 4) changed the shape of the particle from prolate

spheroids back to spherical. Small amplitude difference

between the spectra of both samples after final annealing

(Fig. 6a) can be attributed to a slight difference in thickness.
4. Conclusions

The results of this work can be summarized as follows.

We produced high-quality gold/silica nanocomposite films

deposited by hybrid PECVD/sputtering deposition. As-

deposited samples (step 1) contained particles smaller than

1 nm as determined by TEM, and they exhibited no SPR.

High-temperature annealing at 900 8C (step 2) led to a

particle size increase above 2 nm, as predicted theoretically.

It also gave rise to SPR and to its red shift. Irradiation with

high-energy (Cu5+; 30 MeV) ions (step 3) led to two main

effects: (1) for unannealed samples, large-enough particles

were formed, exhibiting SPR; and (2) for annealed samples,

particles were deformed, leading to a blue shift of the SPR.

Subsequent annealing (step 4) of samples after ion beam

irradiation red-shifted the SPR, most likely because the

particles readopted their initial spherical geometry. The

combination of annealing and ion beam irradiation thus

appears suitable for reproducible adjustment of the SPR

position.
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