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Abstract. Precipitation of silver clusters in silica is achieved by different methods: ion implantation, ion
beam mixing of superimposed layers and ion irradiation of films deposited by means of co-sputtering or
sol-gel technique. Main features of the nanoparticles depending on the preparation method are investigated
by TEM. The optical extinction resonance of these clusters is analysed in terms of sizes and interaction
between the clusters on the basis of calculations. We found that resonances in sputtered and gel films with
low metal concentrations are well described by plasmon polaritons in isolated clusters and calculations
based on Mie theory allow the study of their growth under irradiation. This theory is not appropriate to
describe the optical response of silver clusters in silica implanted with Ag concentrations higher than 5 at.%
or in ion beam mixed films, because of the interaction between clusters. Using an effective medium model,
it is demonstrated that the random dispersion of clusters in implantation films causes fluctuations and,
on average, an increase of the clusters polarization. On the contrary, the particular arrangement of the
clusters with a bimodal size distribution in ion beam mixed films induces a screening effect between the

clusters of largest size.

PACS. 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals —
78.40.-q Absorption and reflection spectra: visible and ultraviolet

1 Introduction

Noble metals have been implanted in insulators for many
years with the purpose of obtaining metallic clusters with
high filling factors close to the surface, expecting that
these implantation films exhibit a stronger non-linearity
of refractive index than colloid films synthesized by other
processes [1]. However, the potential applications of high-
dose implantation films are limited by their cost and the
inhomogeneity in size and depth distribution of the metal
clusters. Recently, ion beam mixing of oxide/metal/oxide
superimposed layers has been proposed as an alternative
method to achieve the same purpose, with ion fluences an
order of magnitude lower [2]. In the case of noble met-
als, the result of irradiation is not a real mixing, due to
their insolubility in most of the oxides considered (SiOq,
Al O3, TiOg9, ZrOs), but a lateral diffusion of the metal
atoms to form spheroidal clusters of sizes 2-3 times the
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metal layer thickness. However, Rutherford backscattering
spectra (RBS) and TEM images recorded after irradiation
with increasing ion fluences evidence that the metal atoms
ejected from these large clusters by collisions diffuse over
significant distances with respect to the cascade dimen-
sion before precipitating again. The new clusters formed
by this mixing-unmixing process are very small (~1 nm),
arranged in a concentric halo around the central cluster
and their number increases in proportion to the ion flu-
ence, ¢ as the number of displaced atoms [2]. On the other
hand, the ion irradiation of other types of films, with a well
defined interface to the substrate and an appropriate re-
fractive index, is more suitable than implantation or mix-
ing for fabricating wave-guides. Examples presented here
are the irradiation of co-sputtered SiO5:Ag films in non-
equilibrium solid solution as well as gel films containing
Ag introduced by adding a salt to the precursor.

It is well-known that clusters of free-electron metals in
dielectric matrices exhibit optical absorption bands in the
visible ascribed to their surface plasmon resonances [3].
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The main features of these bands are related to the ma-
trix refractive index and to the characteristics of the clus-
ters: size, shape and spatial distribution. Therefore, sev-
eral models have been developed to connect the optical
absorption spectra with the properties of the clusters.
Among them, Mie theory [3] permits to calculate the mean
energy and shape of the resonance as a function of the ma-
trix and cluster size, provided that clusters are spherical
and isolated (i.e. interacting effects may be neglected).
The effect of other parameters, as the cluster shape and
the clusters interaction, may be analyzed by means of an
effective medium theory presented here.

The purpose of present paper is to correlate the mod-
ifications of absorption resonances as a function of the
ion fluence in films prepared by the previously described
methods with the microstructural changes induced by the
irradiation. We discuss if the analysis of absorption bands
allows a quantitative assessment of the cluster growth. Ef-
fects of the electromagnetic interaction between clusters in
films with high volume fractions of metallic phase are also
investigated. The validity of those calculations is analyzed
for the different types of structure, stating the parame-
ters that mainly governs the shape of optical absorption
spectra.

2 Experiments and calculations
2.1 Preparation of films and irradiation

Implantations of 106, 2 x 106, 5x 106 and 10'7 ions/cm?
were performed in silica (Herasil grade) at an energy
of 150 keV. The ion current was limited to 0.3 gA cm™2
and the sample holder cooled with water in order to pre-
vent a target heating over 20 °C (also applied for other
irradiations). RBS analyses of these samples demonstrated
a Gaussian distribution of Ag concentration, peaking at a
depth of 76 nm and having a width of 19 nm, for the flu-
ences of 1 to 5x 1016 (concentrations of 3, 6, 15%) in agree-
ment with TRIM calculations [4]. No significant sputtering
occurred for the highest fluence, but the Ag concentra-
tion, 28%, was more homogeneous in the outer 40 nm of
the implanted layer.

Samples for ion beam mixing experiments were pre-
pared by successive deposition of Ag and SiOs layers,
using electron-gun evaporation, onto silica substrates at
high vacuum of 10~° Pa base pressure. They were irra-
diated with incremented fluences of 4.5 MeV Au ions,
easily delivered by the used accelerator and produc-
ing as many collisions as ionizations over their path
of about 1 pm: densities of energy transferred to nu-
clei and electrons are comparable and of the order
of 300 eV/10'® atoms/ion/cm? [4]. We studied single
metal layers, buried beneath 100 nm SiOs, instead of mul-
tilayers with a more homogeneous depth distribution of
clusters, because this enabled us to correlate the modifi-
cations of optical transmittance with the known mixing
kinetics in this type of specimens [2]. Spectra from a 8 nm
thick Ag layer have been chosen here as an example.
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SiO9:Ag films with homogeneous Ag atomic concentra-
tions of 0.5 to 2.5% were deposited by co-sputtering under
an Ar pressure of 0.5 Pa. It is worth to note that the stoi-
chiometry of the oxide matrix found by means of RBS and
nuclear reaction analysis is Sig.310¢.¢9. Indeed, a deple-
tion in oxygen concentration favors the Ag precipitation
before any treatment [5] and a precipitation was already
observed in presently studied films. The thickness of films
for transmittance measurements was 750 nm. Some of the
samples were annealed, for 1 h at temperatures ranging
from 500 to 900 °C in vacuum, for a purpose of cluster
sizes comparison.

Tetraethoxysilane (TEOS) and silver fluoroborate
mixed in solution were used to synthesize silica gels
with 0.1 to 1.5 at.% Ag in solution. The solutions were
spun at a speed of 3000 rpm on silica wafers for obtaining
films with a thickness of the order of 500 nm (maximum
thickness for good adhesion). RBS analyses of these films
put into evidence depth gradients of Ag concentration,
generally with maxima at the interfaces and a plateau in
the bulk of the film. This inhomogeneity is typical of noble
metals in gel films [6].

Plane-view and cross-sectional TEM imaging was used
to study the variations of size and density of clusters as
a function of the ion fluence @. The deposition of co-
sputtered and gel films thinner than for optical measure-
ments, on rock salt or silicon, simplifies the preparation
process for plane-view imaging, since it is sufficient to dis-
solve the substrate in water or a solution of 10% HF in
water, and improves the statistics in measurements of clus-
ter size. Nevertheless, the gradients of Ag concentration
in the vicinity of the substrate interfaces in gels and the
preferential nucleation of Ag clusters on defects (voids,
scratches) [5] make them less reliable.

Measurements of optical transmittance were made
from 200 to 800 nm using a Cary UV-VIS-NIR dual beam
spectrometer.

2.2 Calculations

Two types of calculations, based on Mie theory and on a
effective medium model were used, depending on the fill-
ing factor, geometry and spatial distribution of clusters.
The Mie theory [3], allows to calculate the exact optical
response of the system by solving the Maxwell equations
in the medium, provided that the clusters are spherical
and isolated from each other. A detailed description of
this theory may be found in reference [3]. Here we sum-
marize some results of these calculations for clusters of
increasing size, to avoid digressions in the following discus-
sion. In the case of Ag, clusters behave as electric dipoles
when their radii R are below 40 nm. Absorption by mul-
tipoles of higher order and scattering do not contribute to
the optical extinction. Within this “quasi-static” regime
of resonance, the extinction cross-section oey; of a single
cluster (which in this case is identical to the absorption
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cross-section) approximates to:

Im(e)
[Re(e) + 2Re(em)]* + Im(e)?
(1)

where w is the angular frequency of incident light, ¢ the
speed of light in vacuum, ¢ is the complex dielectric func-
tion of the metal, €,, that of the matrix, Re and Im their
real and imaginary parts. In the case of Ag, the integral of
the o function over the energy range of the plasmon reso-
nance increases linearly with R up to sizes of about 10 nm
whereas it decreases by a factor 2 for sizes in the range 10
to 30 nm (this point is often disregarded in calculations
of the optical density). Consequently, for a set of clus-
ters smaller than 10 nm, changes in the volume fraction
of metallic phase caused by thermal or irradiation treat-
ment can be assessed unambiguously by measurements of
the optical density. Moreover, the relevant dimension to
be averaged for plasmon resonances in films with a dis-
tribution of cluster sizes is not the radius of clusters but
their volume.

When the interaction between clusters cannot be ne-
glected, because of the high filling factor (as it is generally
the case in ion implanted and ion beam mixed layers) it is
necessary to apply an effective medium theory, which sub-
stitutes the inhomogeneous matrix-cluster system with a
homogeneous medium (with an “effective dielectric func-
tion”) that has the same optical response. Application of
this type of theory presumes that the problem of the in-
teraction between each cluster and the incident electric
field can be simplified by considering that the cluster be-
haves as a dipole (this is true for all the presently stud-
ied systems according to the results of Mie calculations
reported above). Although the effective medium theories
are not so exact as the Mie theory, their calculations are
much easier, and therefore it is possible to take into ac-
count other factors affecting the mean energy and width
of resonance peaks: the shape of clusters which are not
necessarily spherical, their interaction depending on the
spatial arrangement and the filling factor. In the model
presently used [7], the fundamental expression of electro-
dynamics for the polarizability « of clusters is modified
by introducing in the latter expression a parameter 3 to
account for the dependence of o on the cluster shape:

9 4T R3
_ W 32 AT

Oext (R? w) c m 3

Vie—c¢
- VE—em) (2)
€m + B(e —€m)

where V is the cluster volume. The value of § is equal
to 1/3 for a cluster with a spherical shape. As for the Mie
calculations performed in this study, the dielectric func-
tion of small metal clusters is corrected for the variation of
the electron mean free path with the radius R, according
to the formula proposed by Hovel et al. [8]:

w? w?

R) = epu p _ P
elw, B) = evunw) + w2 +iwyy  w?+iw(yo + Avr/R)

(3)
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Fig. 1. The electric field acting on a particle 7 is calculated
using an imaginary sphere to cut the space in two parts. The
electric field Eciose created by close clusters (inside the sphere)
depends on their spatial distribution, whereas for the other
clusters, the field Eremote is P/3em. The local field is the sum
of Eext + Eclose + Eremote~

wp, vr and 7o being the plasmon frequency, the Fermi ve-
locity and the relaxation frequency (or damping constant)
of the bulk metal respectively and A a phenomenological
parameter including details of the scattering process. Ex-
perimentally, the value of A is 1 for silica glasses and ce-
ramics [8].

The local field at a certain cluster position, Ejq, is the
sum of the external applied field Eext, plus that created
by the rest of the clusters. The latter may be calculated
by using the Lorentz formalism, as shown in Figure 1.
The polarization P of the considered cluster by the effec-
tive medium is parallel to the direction x of the applied
field Eqy and no preferential orientation of the individ-
ual dipoles is expected in the y or z-directions. Thus, like
Ecxt, Eioc is also in the z-direction and its magnitude is
given by:

Eloc =

P 1 307, Djx Pja
ex D - = — —a_ 4
¢+ 3em * ATe ; [ 7. r3 (4)

j ij

as Pjy Yij + Pjz2i; =~ 0 when the summation is extended
to a large number of clusters. We define here the param-
eter K as:

Djx
2 (5)

_ E 23
K= _ l Y 3
j 1,

ij

3K /4 is the ratio of the contribution to the local elec-
tric field of close clusters, with dipolar moments p; and
at distance 7;; of the considered cluster 4, to that of clus-
ters outside the Lorentz sphere (Fig. 1). As the former is
largely dependent of the spatial distribution of the clus-
ters, whereas the latter is almost independent, the pa-
rameter K describes the effect of the local arrangement
on the interaction between the clusters. Replacing K in
equation (4), we obtain for the polarization of a set of
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clusters with a number density N:

NOéEext
K
17N04(ﬁ+ )

4mem

P=NaBEq = (6)

When the clusters are regularly spaced on a cubic lattice
the value of K is zero and the degree of polarization is
determined by the filling factor f = NV.

Assuming that the matrix-clusters system behaves as
an effective medium with a complex dielectric function &ef,
the magnitude of the polarization of this medium should
be P = (€t — €m)Fext and hence:

Na
1 - Na (54 + 722)

(7)

Eof = Em T+

4mem

The absorption coefficient k of the material (optical den-
sity OD) is derived by writing € = (n + ik)%:

E(cm™')= @E(e\/) \/fRe(eef)Jr V/Re(er)2+1Im(eqr)2.

he
(8)

It must be noted that the calculated functions eq;(F)
and k(E) are found identical to those obtained with the
Mie model for the particular case K = 0, § = 1/3 and
filling factors f below 5%.

All simulations presented hereafter are normalised to
the height of experimental spectra for 2 reasons:

(i) calculations of Mie type concern a single cluster;

(ii) the thickness of implantation and mixed films is un-
defined so the concept of absorption coefficient loses
part of its meaning.

A constant refractive index n,, of 1.475 was used in
all calculations since this value was measured by spectro-
scopic ellipsometry for silica and silica gel films without
silver.

3 Results and discussion
3.1 Co-sputtered films

TEM images show that clusters are already present in
these films before ion irradiation, because of the intrusion
of the surface by the plasma [5]. Their density is generally
homogeneous, but images of cross-sections put into evi-
dence that they are aligned perpendicular to the surface,
most probably at the boundaries between matrix columns
which are typical of sputtered coatings [5]. Their size is
very small and from TEM images only a rough estimate
of about 0.3 nm or less can be given for the radius. Af-
ter ion irradiation, narrow cluster size distributions are
observed (see micrograph and size distribution in Fig. 2).
The mean radius is found to be between 1 and 2 nm for flu-
ences above 10 ions/cm?, depending on the Ag concen-
tration. The sample shown in Figure 2 was chosen because
it exhibited a concentration gradient from 1.0% Ag at the
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Fig. 2. (Left) TEM image of the cross-section of a co-
sputtered SiO2:Ag film with a concentration gradient of 2.0
to 1.0 at.% Ag from the interface to the surface, after irradi-
ation with 8 x 10" Au ions; (right) histogram of cluster sizes
resulting from 1000 measurements in the whole thickness of
the film. The mean radius (R) and straggling in the distribu-
tion 0 R indicated in the figure are those found with a Gaussian
fit of the histogram (continuous line).

surface up to 2.0% close to the interface. Increases of the
number density and mean size of clusters with depth are
observed accordingly in the image. The number density
varies by 30% between the two interfaces and the mean
size increases from 1.4 + 0.4 nm in the third part of the
thickness close to the surface to 1.84+0.4 nm in the vicinity
of the substrate interface.

Figure 3 shows optical absorption spectra of samples
having a homogeneous concentration equal to the mean
concentration in the sample of Figure 2. A resonance is
observed even in the spectrum from the unirradiated sam-
ple. For fluences @ below 10'* ions/cm?, the peak slightly
shifts towards lower energy with the increasing @ and its
shape changes very little. For larger fluences, the peak re-
mains centred at a constant energy and becomes narrower.

The filling factor in these films is below 5%. As al-
ready stated, simulations based on the effective medium
model show that, for a such a low filling factor, interaction
effects can be neglected. Thus, the features of resonance
peaks are mainly determined by the cluster size and shape.
The resolution of the used microscope does not allow us
to define the shape of the clusters, so the most simple case
of spherical clusters will be assumed. Without performing
calculations, one can deduce from the decrease of the peak
width for @ values above 10'* ions/cm? that the clusters
grow, since the Mie theory predicts a strong decrease of
this width with the increasing size up to 5 nm. In addition,
the integral of the resonance peak rises at most of 10% up
to the fluence of 10 ions/cm? then remains constant and
equal to that measured for films with the same Ag con-
centration annealed at temperatures 7' in the range 600
to 800 °C (a slight evaporation of Ag occurs at 900 °C),
in which all Ag is undoubtedly precipitated. We conclude
from this result that almost all Ag is already precipitated
at low irradiation fluence, since the integral of geyt is pro-
portional to the total volume of metallic phase when the
radius of clusters is less than 10 nm, and some of the clus-
ters grow at the expense of others.



J.C. Pivin et al.: Optical properties of silver clusters formed by ion irradiation

255

Table 1. Values of mean radius R; and straggling d R1 obtained by fitting the distribution of sizes observed in TEM for a
few sputtered and gel films (equal to the value found by arithmetical averaging within 1-5%), radius Rz obtained by averaging
the volumes, uniform radius Rs giving the same shape of resonance than the distribution and radius R4 permitting to fit the

absorption resonance recorded from a similar specimen.

specimen Si02:Ag0.5%, SiO2:Agl.0%, SiO2:Agl.0%, SiO2:Agl.5%, TEOS:Ag0.3%, TEOS:Ag0.3%,
5x 10" jons 5 x 10" jons  10'° ions 8 x 10" fons 2 x 10" ions 1.5 x 10'® ions
Ri1 +6R; (nm) 0.39+0.11 1.05 4+ 0.30 1.48 +£0.48 1.60 £ 0.46 0.90 £0.30 1.45+0.45
R> (nm) 0.50 1.25 1.82 1.85 1.10 1.75
Rs (nm) 0.50 1.30 1.80 1.90 1.15 1.80
Ry (nm) 0.45 1.05 1.50 1.50 0.90 1.40
a) 0.5-R=05 resonance was estimated (Tab. 1). The comparison of sim-
1 -R=0.65 ulations shows that assuming a uniform size R3 leads sys-
2 2 -R=0.80 tematically to overestimate the mean radius by about 20%
4 -R=1.05 . . .
_ 6 -R=118 with respect to the value R; found by arithmetical aver-
2 10 - R=1.40 aging of the radii or by fitting the distribution as done
> in Figure 2. However, the agreement between the uniform
g size giving the same resonance than the histogram and
= the radius value Ry found by averaging the volumes is
§' very good. Therefore, assuming a uniform size for fitting
spectra should permit to assess quantitatively changes of
the mean volume with the Ag concentration and ion flu-
ence. Moreover, the determination of the size distribution
corresponding to each spectrum would make little sense
0 \ \

2 3 4 5
Energy (eV)
b) ‘13=1014
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Fig. 3. (a) Optical density of Ag clusters in a co-sputtered
SiO2:Ag film containing 1.5 at.% Ag, after irradiation with
fluences indicated in multiples of 10'* ions/cm? (continuous
lines) and Mie simulations fitting spectra (dotted lines). Spec-
tra are shifted vertically for the sake of clarity. (b) Optical
density spectra of the same film as-deposited and irradiated
with low fluences (continuous lines) and fits using the model of
effective medium (dotted lines) with f = 1.5%, K = 0, values
of the radius and of the shape factor indicated in the figure.

In order to fit the experimental spectra, Mie resonances
for incremented cluster sizes should be weighted by the
size histogram of clusters observed in TEM. Simulations
have been performed applying the few size histograms
which were available and the uniform size giving the same

taking into account the uncertainties on sizes measured
by TEM, due to the limited resolution and to artifacts
when these measurements are performed on plane view
specimens (linked to effects mentioned in Sect. 2.1).

The absorption spectra of sputtered films irradiated
with ion fluences over 10'* ions/cm? are well fitted by
plasmon polariton peaks of isolated clusters with spher-
ical shape, up to the threshold of absorption by bound
electrons at 3.8 eV (see Fig. 3a). The slight discrepancy
between the spectra and simulations at higher energies
is ascribed to the crude assumption made in equation (3)
that the dielectric susceptibility, Xinterband, Of these bound
electrons in small clusters is the same than in the bulk
metal. When comparing the uniform size R4 used for fit-
ting the spectra to values of mean sizes R;, Re measured
by TEM, a better agreement is found with value R; than
with the expected value Ry (Tab. 1). This result points
to an overestimation of the size of small clusters from
TEM images.

According to the simulations, the mean size of clus-
ters increases approximately as the ion fluence then levels
off at a fluence increasing with the Ag concentration (see
Fig. 4). Theoretically, for particles of a phase B grow-
ing by thermal diffusion in a matrix A, a linear increase
of the size with time is expected when the diffusion rate
of B atoms is much higher than the rate of adsorption
or of desorption at the particle/matrix interfaces [11]. Let
us note that, in the case of irradiation, one must distin-
guish the radiation-induced diffusion over short distances
during collision cascades from the radiation-enhanced dif-
fusion occurring after the ballistic process, when the cre-
ated defects are mobile [12]. The mobility of Ag atoms in
the silica matrix is increased in present conditions of ir-
radiation, since irradiation induces the growth of clusters.
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Fig. 4. Variations of the clusters size as a function of the
fluence in the sputtered film of Figure 3 (full circles) and in
the gel film of Figure 5 (open circles). Linear fits of the growth
kinetics are shown with a continuous line for the sputtered film
and a dotted line for the gel film.

The adsorption rate of Ag atoms when they reach an inter-
face is certainly instantaneous, taking into account their
low solubility in silica and their tendency to precipitate
during the films deposition. A “desorption” necessarily
occurs since solute Ag atoms are very few at all stages of
the irradiation, according to the integral of plasmon res-
onances. This desorption is an energy-consuming process
produced by nuclear collisions and by ionic excitations of
atoms located at the interface. It has the effect of dissolv-
ing preferentially the smallest clusters in the distribution
of sizes, because the desorption rate per unit area of inter-
face is independent of the cluster size and the area/volume
ratio varies in inverse proportion to R. Consequently, the
found linear kinetics of cluster growth is ascribed to a lim-
itation of the Ag flux between the clusters by the desorp-
tion rate. It is also worth to note that radiation-enhanced
diffusion in the co-sputtered films can be supposed to oc-
cur preferentially along the columns formed during depo-
sition of the film.

According to the fits of peaks, the equilibrium size
of clusters at fluences above 10 ions/cm? varies only
by 60% and their volume by a factor 4 with the Ag con-
centration in the film, whereas the integral of the plasmon
peak is proportional to this concentration. Thus, mea-
surements of optical absorption confirm TEM results: the
number density of clusters grows as much as the mean
cluster volume in the considered range of concentrations.
The equilibrium size is found to be equal to the mean size
obtained by annealing a film of same concentration for 1 h
at 750 °C (double of that in a film annealed at 500 °C and
half of that in a film annealed at 900 °C). The fluctuations
of cluster sizes in annealed films should however be con-
trolled by TEM.

For all the studied concentrations, the peaks recorded
from as-deposited films or films irradiated with fluences up
to 10'* appear shifted towards higher energies with respect
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to Mie resonances of equal width (i.e. equal radius R) in
silica. Such an effect could be due to several factors:

(a) a refractive index of the matrix lower than 1.475;

(b) a strained lattice of the metal inducing a modification
of wp and V in formula (3) [9,10];

(¢) a non spherical shape of the clusters.

Vapor deposited films often exhibit a nanoporosity,
modifying the refractive index according to the formula:

(ny —1)/(n* 1) =1-p,

where ny, is the index of the porous films, n that of the fully
dense material and p the porosity (in volumic %). How-
ever, the refractive index of pure silica films deposited with
the presently used equipment is exactly equal to 1.475, as
established by spectroscopic ellipsometry measurements.
Simulations have been performed, varying the parameter
[ (and keeping the value of K equal to zero, since no in-
teraction effect was expected) and good fits were obtained
for B values decreasing from 0.45 to 0.35 with the increas-
ing fluence (see Fig. 3b). According to other theoretical
expressions of the polarization for spheroidal clusters [3,
13,14], these values for § would imply that some of the
clusters are elongated parallel to the columns observed in
TEM and acquire a more stable spherical shape under ir-
radiation. This hypothesis seems more plausible than a
decrease of the compression of the metal lattice, since this
compression is generally correlated to the surface curva-
ture of the clusters and the cluster size varies little in the
sputtered films for the range of fluences where the reso-
nance energy differs from values obtained with the Mie
model.

3.2 Gel films

Ag precipitates in siloxane gels derived from TEOS and
other Si-alkoxides at room temperature under the effect
of day light, at a rate increasing with the Ag concen-
tration [6,15]. The aim of irradiation or heat treatments
is twice:

(i) to cross-link the polymeric structure and evolve hy-
drogen in order to form a chemically resistant oxide;

(ii) to promote a faster growth of the clusters and stabilize
their size.

The depletion in H and compaction of the gel network
under 4.5 MeV Au irradiation is completed for a fluence
of 2 x 10 cm™2 and the gel is converted into pure sil-
ica [16].

The distributions of cluster sizes found by TEM are rel-
atively narrow, especially with respect to those reported
for similar films subjected to heat treatments (ranging
from 5 to 50 nm in films annealed at 500 °C) [15]. Clusters
with a mean size of 0.5 nm and a size straggling of 0.3 nm
are observed in as-deposited films with Ag concentrations
below 2 at.%. Figure 5 shows that the size reached at satu-
ration of the irradiation effect in a film containing 0.3 at.%
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Fig. 5. TEM image of a silica-gel film containing 0.3 at.% Ag
(molar ratio 1%), after irradiation with 1.5 x 10'®> Au ions and
histogram of cluster sizes. The mean radius (R) and straggling
in the distribution R indicated in the figure are those found
with a Gaussian fit of the histogram (continuous line).

Ag is 1.45 + 0.45 nm and the clusters seem to be spher-
ical. The mean size and number density of clusters vary
with the Ag concentration like in co-sputtered films but
clusters are bigger in silica gel films at same concentration
and fluence.

Optical absorption spectra from sol-gel films differ
from those of sputtered, ion implanted or ion beam mixed
films by a noticeable background of absorption, related to
defects in the pristine siloxane structure as well as in the
glassy product of irradiation. These defects are of different
natures, the most important being oxygen deficient centres
exhibiting an absorption peak around 5.1 eV [17] and car-
bon clusters formed from residual ethoxy-groups [16,18].
The absorption by silica defects must be subtracted from
spectra because it affects the fitting of the Ag plasmon
resonance. For simplifying the correction procedure, the
tail of matrix absorption below 4 eV was presumed to be
a linear function of the energy and the slope was varied to
enable fitting of both the Ag plasmon peak and the mag-
nitude of interband transitions in the Ag clusters by the
Mie or effective medium models. A more complex mathe-
matical expression of the matrix absorption would not be
very useful, as we do not expect to simulate perfectly the
interband transitions by using formula (3) in the case of
clusters with quantum sizes. The used procedure reliably
removes the undesired background on both sides of the
plasmon peak if the residual absorption levels around 2
and 4 eV are consistent with the height of the plasmon
peak. The cluster size and volume fraction derived from
fits are therefore less questionable than those obtained by
TEM observations of this type of films, when they are not
fully stabilized by irradiation at high fluences and chemi-
cal reactions with solvents used in the preparation of TEM
specimens liable to occur, as also a growth of clusters un-
der electron irradiation.

In the optical absorption spectra corrected for the ma-
trix absorption shown in Figure 6 a progressive narrowing
of the resonance peak is observed with the increasing ion
fluence, indicating that the mean cluster size increases.
However, the volume of metallic phase remains almost
constant since the integral of the peak varies little for flu-
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Fig. 6. Optical density of Ag clusters in the same gel film
than in Figure 5, after irradiation with fluences indicated in
the figure in multiples of 10 ions /cm?. The Mie simulations
fitting spectra are shown with dotted lines. The spectra are
shifted vertically for the sake of clarity.

ences above 104 ions/cm?. The position of the maximum
shifts towards larger energies up to the fluence of 104,
remaining at 3.1 eV for larger fluences.

The interaction between clusters can be neglected since
the filling factor is very low. The observed shift of the
mean energy of the resonance at low fluences is in per-
fect agreement with Mie calculations for very small sizes
(contrary to the case of co-sputtered films), as shown in
Figure 6, and there is no reason to vary other parameters
than the cluster size in the fitting procedure. The uni-
form size deduced from the fits compares fairly well to
the mean size of clusters observed by TEM when images
are available and Mie calculations permit to assess more
precisely minute changes in this mean size with the irra-
diation fluence than TEM. According to the calculations
the mean cluster size increases more or less in propor-
tion to the fluence then it stagnates for fluences higher
than 5 x 101 Au ions/cm? (Fig. 4). Thus the growth pro-
cess seems to be the same than in co-sputtered films.

3.3 lon implanted silica

Figure 7 shows TEM micrographs of silica implanted
with the lowest (a) and highest (b) Ag fluences. It is
observed that clusters are already formed for a fluence
of 1016 ions/cm? and their size is relatively uniform, with a
mean value of 1.4 nm and a standard deviation of 0.5 nm.
For the fluence of 10'7 ions/cm?, the frequency of clus-
ters decreases monotonously with increasing size, ranging
from 2 to 20 nm. The equivalent size of clusters found by
averaging their volumes is 9 nm whereas the mean size
obtained by averaging the radii is 6 nm. Equivalent sizes
for the fluences of 2 x 1016 and 5 x 1016 atoms/cm? should
be around 2-3 and 4-5 nm, respectively, assuming that
the size increases approximately as the Ag concentration.
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Fig. 7. TEM images of silica samples implanted with (a) 10'¢
and (b) 10'7 Ag /em? (plane sections).
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Fig. 8. Spectra of optical density (continuous lines) recorded
from silica samples implanted with 150 keV Ag ions at fluences
indicated in the figure (unit 10'® ions /cm?). The resonance
recorded for the fluence of 10*7 Ag ions is compared to cal-
culations using the model of effective medium with (dashed
line) f = 30%, R =9 nm, § = 1/3 and K = 0, (dotted line)
the same values of f, R, 0 and the distribution of K values
filled in grey in (b). The resonance in the specimen implanted
with 5 x 10'® Ag has been fitted with (dotted line) f = 15%,
R =5nm, § = 1/3 and the K distribution filled in white in (b).
Spectra of samples implanted with 10'® and 2 x 10'® Ag/cm?
have been fitted (dotted lines) using Mie calculations with clus-
ter sizes of 1.0 and 1.35 nm respectively.

Optical absorption spectra from ion implanted sam-
ples with 150 keV Ag ions are presented in Figure 8a. As
it can be observed, increasing the ion fluence induces a
widening of the peak and a shift towards lower energies
for ion fluences over 2 x 106 cm~2, although an increase
of the cluster size in the range of 2 to 20 nm should in-
duce a narrowing of the resonance peak and no significant
change of its position. The shape of clusters does not devi-
ate significantly from sphericity. Taking into account that
the filling factor f is almost equal to the Ag concentration,
since Ag precipitates are already observed for the lowest
fluence, and that f reaches 28% for the highest fluence,
an interaction between clusters is very probable. In fact,
increasing f above 10% in calculations based on the model
of effective medium results in a red shift of the resonance
and the appearance of a tail on its high energy side.
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Fig. 9. TEM image of a SiO2/Ag 8 nm/SiO film ion beam

mixed with 1.6 x 10'® Au ions (plane section) and histogram
of cluster sizes deduced from measurements on 20 images.
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Absorption spectra of samples implanted with the low
fluences of 106 and 2 x 10'® Ag could be fitted with plas-
mon resonances of isolated clusters with spherical shape,
assuming uniform sizes of 1.0 and 1.35 nm respectively
(Fig. 8a). However, these sizes are smaller than that di-
rectly obtained from TEM measurements for the fluence
of 1019, or the expected size for the fluence of 2x 106, Con-
trary to the case of sputtered and gel films, the size dis-
tribution, correlated to the Gaussian profile of Ag concen-
tration, could induce a widening of the resonance because
of its extent. But the effect of the interaction between
clusters could also be already significant for the fluence
of 2 x 106,

Simulations have been performed with filling factors
of 15% and 28%, corresponding to the measured Ag con-
centrations at the mean range of ions for the fluences
of 5 x 1016 and 10'7 Ag/cm?, assuming that the clusters
are spherical and that their spatial arrangement has no
effect on their polarization (factors 5 =1/3, K = 0). The
obtained resonances are much narrower than the recorded
peaks, as shown in Figure 8a for the sample implanted
with 107 Ag ions. Since the clusters seen in TEM im-
ages (Fig. 7b) are big enough for being sure that they are
spherical, the broadening of peaks must be attributed to
fluctuations of their local arrangement, corresponding in
the model to variations of the parameter K. The shape
of the K values histogram allowing to fit the peaks (see
Fig. 8b) is very similar to that obtained by direct calcu-
lation assuming a random dispersion of the clusters, al-
though in the present case, we find that the maximum lies
on a positive value instead of zero. Therefore, we conclude
that the clusters are arranged such that, on average, they
increase the polarization of their neighbours.

3.4 lon beam mixed layers

At ion fluences above 5 x 10® ions/cm? the large clus-
ters formed by lateral segregation in this type of spec-
imen are well separated and surrounded by a halo of
smaller clusters resulting from the mixing process (see
Fig. 9). For Ag layers of 1 to 15 nm thickness the large
clusters have mean sizes of 2.5 times the layer thickness.
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Fig. 10. Spectra of optical absorption recorded from SiO2/Ag
8 nm/SiO; films irradiated with 4.5 MeV Au fluences indicated
in the figure in multiples of 10'® ions/cm?.

This size remains constant at fluences in the range 5x 10'°
to 2 x 10 jons/cm? and the number of halo-clusters in-
creases in proportion to the fluence [2].

Figure 10 shows the raw absorption spectra recorded
from a 8 nm thick Ag layer embedded in silica, irra-
diated with incremented fluences of Au ions. The opti-
cal resonances in samples irradiated with fluences lower
than 5 x 10 ions/cm? will not be analyzed because of
the incomplete transformation of the Ag layer into spher-
ical balls. Once this transformation is achieved, the mean
energy of the plasmon peak shows no change. As the ion
fluence increases, a narrowing of the peak is observed to-
gether with an increase in the peak height. This modifica-
tion of the absorption resonance is ascribed to the precip-
itation of an increasing number of halo-clusters since the
size and shape of the large clusters change very little.

The optical absorption spectra of samples irradiated
with fluences above 5 x 10'® ions have been compared to
Mie simulations for isolated clusters applying the experi-
mental size distribution determined by TEM and neglect-
ing the decrease of the integral of oey for clusters larger
than 10 nm. The simulated peak, shown in Figure 11a for
a sample irradiated with 1.6 x 10'¢ ions/cm?, is much nar-
rower than the experimental one and is situated at lower
energy. Clusters with radii smaller than 5nm contribute by
less than 5% to the simulated peak. Halo-clusters formed
by the mixing process have a maximum size of 2 nm, i.e.
they do contribute even less. Remarkably, a better fit of
the experimental Ag resonance is obtained by assuming
that clusters are monodisperse with a size of 2.85 nm
while the equivalent size for the Mie calculation, found
by weighting volumes by the size histogram, is 8.9 nm.
This fact may illustrate how doubtful can be a cluster size
estimation by resonance peak analysis, without control by
TEM observation.

The width of resonances should remain almost con-
stant for spherical cluster with sizes above about 7 nm, ne-
glecting interaction effects. But the large clusters observed
in Figure 9 cannot be considered as isolated. The result
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Fig. 11. Comparison of spectra of optical density (contin-
uous lines) recorded from SiOz/Ag 8 nm/SiO2 films mixed
with 1.6 x 10'® and 6 x 10*® Au ions (shifted by +0.5) to (i) a
Mie simulation with the size distribution of Figure 9 (dashed
line), (ii) simulations using the model of effective medium (dot-
ted lines) with f = 30%, R = 20 nm, 8 = 1/3 and the distri-
butions of K values shown in (b). The K distribution filled in
grey is related to the film irradiated with 1.6 x 10'¢ ions.

of a simulation based on the effective medium model, us-
ing a filling factor consistent with RBS results and TEM
images (f = 30%), assuming that clusters are spherical
and neglecting their arrangement (8 = 1/3, K = 0), is
shifted to lower energy with respect to the experimental
spectrum. Contrary to ion implanted films, the mean value
of K in ion beam mixed samples is negative and the distri-
bution becomes narrower with the increasing ion fluence
(Fig. 10b). Our interpretation of this effect is that the very
small clusters arranged in a spherical halo around each
larger cluster act on the local electric field as a uniform
charge distribution p at the surface of a sphere (depolar-
ization field E = —(47/3)|p| [19]).

4 Conclusion

A careful examination of the distribution of cluster sizes
and of their spatial arrangement by means of TEM is nec-
essary for interpreting optical properties of metal:insulator
colloids. However, after TEM analysis, further informa-
tion about the clusters may be obtained from the study
of optical absorption spectra. When the cluster size dis-
tribution is narrow and their filling factor lower than 5%,
calculations based on Mie theory can be used to determine
their mean size and study their growth under irradiation.
This method is particularly useful when the size is not
easily measured from TEM images. The analysis of reso-
nances using Mie calculations permitted to establish that
the growth of clusters in co-sputtered and gel films is con-
trolled by the rate of dissolution of the smallest clusters.
Clusters formed by ion implantation or ion beam mix-
ing are not big enough to require consideration of the con-
tribution of quadrupole absorption and scattering to their
resonance. However, the filling factor and the local ar-
rangement (K parameter in the effective medium model)
of the clusters affect the resonance damping. In ion im-
planted layers this damping increases as the variations of
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sizes and distances between clusters with the Ag concen-
tration. On the contrary, the interaction between the large
clusters formed by lateral segregation in ion beam mixed
layers is screened because of the precipitation of a spher-
ical halo of small clusters.
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