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Abstract

Silver nanoparticles have been synthesised by ion implantation in soda-lime silicate glass at 60 keV at a dose of
7.0� 1016 ion/cm2 with a current density of 10mA/cm2 at a temperature of 501C. The size distribution of the metal

particles was monitored by optical transmittance and reflectance registered from both the implant and rear face of the
samples, together with atomic force microscopy measurements and Rutherford backscattering spectroscopy. The
differences between the data indicate the asymmetry in the size distribution with depth. Annealing of the glasses was

made by pulses from a high-power KrF excimer laser. Pulsed laser treatment has been used at a wavelength of 248 nm
and a pulse length of 25 ns. The laser was partially focused on the sample area to yield a pulse fluence, of 200mJ/cm2.
Several pulses of the equal energy density were accumulated in the same area of the sample. Changes induced by pulsed

laser exposure suggest that there are both reductions in average size of the silver nanoparticles, and some longer range
dissolution of silver into the glass. The treatments have reduced, but not removed evidence for a non-symmetric depth
distribution of the silver particles. The present work discusses the possibilities of metal regrowth changes for control
and modification of metal nanoparticle sizes. r 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The interaction of high-power laser pulses with
dielectrics containing metal nanoparticles for
modification of their optical properties has been
the subject of intense investigation for the last few
years. This interest was conditioned by both a
development of microelectronics based on compo-

sites with nanoparticles and also on a need for a
fundamental understanding of the influence of
high-power light on the properties of non-uniform
composite media. In particular, such research is
directed to the changes in the shape, the size, the
size distribution, and the structure of the nano-
particles. As an example, it is possible to mention
experiments with the Nd :YAG (355, 532 or
1064 nm) laser treatment of an aqueous solution
with silver particles produced by a chemical
reduction method [1] or photochromic alumino-
silicate glass containing metal nanoparticles [2]
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and a study of silver clusters embedded into the
soda-lime glass formed by helium-ion irradiation
of ion-exchange waveguides [3,4]. Also there is
information about annealing of plasma metal/
polymer layers by a Nd :YAG laser (1064 nm) [5].
The work relates to many composite materials that
are of interest in studies of laser treatments of
insulators containing metal nanoparticles, for
example, as produced by ion implantation for
different optical devices [6,7]. Depending on the
laser wavelength, the power density or the pulse
length, composite materials made by ion implan-
tation can be successfully modified. It was shown
that Nd :YAG laser irradiation in the visible and
near-IR region converts implanted spherical tita-
nium silicide particles into ellipsoidal ones in silica
and soda-lime glass [8], or that there are changes of
the internal crystallographic structure of im-
planted iron particles after ruby laser (690 nm)
treatment [9].
The main feature of all the experiments de-

scribed above is that the laser light was applied
directly into the spectral region of transparency of
the dielectric matrix, and consequently, the intense
laser pulses were primarily absorbed by the metal
particles. Contrary to that, some years ago [10], a
new approach for annealing was demonstrated,
when float glass with silver particles was irradiated
by a laser light at wavelengths of glass absorption
in the ultraviolet region. When applying high-
power excimer ArF (193 nm) laser pulses, a
decrease of the reflectance intensity of composite
samples was observed. Potentially, this new
technique gives a variety of possibilities for
controlled change of optical properties of im-
planted dielectrics, as suggested for the case of the
combined laser annealing of float glass implanted
with metal ions [11,12]. However, a number of
questions regarding mechanisms of such modifica-
tions and interactions of high-power light with
non-uniform composite materials are now just
beginning to be understood.

2. Experimental

The implantation of soda-lime silicate glasses
(SLSG) has been performed with Ag+ ions at

60 keV, to a dose of 7.0� 1016 ion/cm2 at a beam
current density of 10 mA/cm2 using a Whickham
ion implanter. The bulk temperature of the
samples (3� 3 cm2) was maintained at about
501C during the implantation. The implantation
was carried out in a controlled vacuum of
10�5 Torr. The approximate chemical composition
of the glass (from Societa Italiana Vetro) is 70%
SiO2, 20% Na2O, and 10% CaO.
Pulsed laser treatment has been made by a KrF

excimer laser (ATLEX 210) with a wavelength of
248 nm and pulse length of 25 ns full-width at half-
maximum, which was partially focused on the
sample area of 10� 10mm2. Three pulses of equal
energy density of 200mJ/cm2 were accumulated in
the same area of the sample at a repetition rate of
1Hz. Pulse-to-pulse energy variation was typically
within 72%, and the energy density was deter-
mined with a laser power meter DGX FL150A-
EX-RP (OPHIR). Reproducibility of the laser
effect was checked with five equivalent samples,
which were implanted and treated by laser pulses
at same conditions. Data corresponding to one
sample are presented later in the article.
Depth analyses were made by Rutherford

backscattering spectrometry (RBS) with an ana-
lysing beam of 4He+ with an energy of 1.89MeV,
at a total dose of 50 mC using a Van de Graaff
accelerator. The backscattering collection angle
and detector acceptance angles were y ¼ 1501 and
O ¼ 0:33msr. The energy resolution was 21 keV,
B10 channels, and beam currents were limited to
about 10 nA. Some spectra were converted to
depth scale from the channel numbers using RBS
‘Data Furnace’ computer programme from the
University of Surrey [13].
Optical reflectance and transmittance spectra at

normal incidence of the light, with an analysing
beam of 4mm diameter, were recorded with a
Monolight fibre-optical system in the range from
350 to 800 nm at room temperature. The repeat-
ability of the optical spectra for the analysed
samples was about 2%.
Topographic profiling of the as-implanted and

laser treatment surface was performed with an
atomic force microscope (AFM) P4-SPM-MDT,
working in tapping mode. Vertical displacement of
the sensitive cantilever in the microscope was
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registered by deflection of the lower power laser
beam reflected from the probe tip. The samples
were clamped on a tube piezoscanner providing a
scanning area of 3.7� 3.7 mm2 and they were
measured in an air environment. The constant
force-operating mode was employed and a con-
ventional feedback loop circuit was used to
maintain the constant force at less than 100 nN.

3. Results and discussion

3.1. Non-uniformity in structure of the glass with
ion-implanted metal nanoparticles

Low energy implantation of metal ions, as in
our case, leads to a non-uniform distribution in the
glass, which is different from the Gaussian profile
traditionally predicted by statistical theory, pri-
marily because of the effective sputtering from the
substrate surface during the irradiation [14,15]. As
seen in Fig. 1, the silver depth concentration in the
SLSG derived from experimental RBS spectra
shows a maximum near the implanted surface of
the sample with some penetration to about 65 nm.
This characterises the implanted sample as a depth
non-uniform metal/insulator object [16].
An excess of metal atoms in the glass, above the

solubility limit, causes nucleation of the nanopar-
ticles. As usual, a size distribution of metal
nanoparticles is present. Added to this distribution

in the implanted sample, there is a distribution of
particles in the depth. Since the increase of metal
concentration in the depth profile and the sputter-
ing yield depend on implantation time, the metal
particle nucleation and growth will also vary with
time and depth. It is obvious that during the
implantation the size of the growing particles with
depth is ‘‘proportional’’ to the metal filling factor,
because they are both determined by the ion
concentration profile. Consequently, according to
Fig. 1 the large silver nanoparticles (or/and the
higher filling factor) in the glass are close to the
implanted surface with small ones in the interior of
the implant zone. These features are also con-
firmed by an electron microscopy study for similar
implantations of metal ions into glass [17].
Noble metal nanoparticles in a dielectric me-

dium show optical absorptance and reflectance
determined by collective electron oscillations
called the surface–plasma resonance [18]. Trans-
mittance and reflectance data of the non-im-
planted and implanted glass are presented in
Fig. 2. The transmission spectrum of implanted
glass is maximised near 430 nm and the shape of
the spectral curve is almost symmetrical. The
reflectance spectra of same sample are more
complex and, although the transmission must be
the same whether the glass is viewed from the
implanted or the reverse face, the shapes of the
reflectivity curves differ. Overlapping peaks of

Fig. 1. The depth distribution of silver derived from the RBS

spectrum for ion implantation with a dose of 7� 1016 ion/cm2

into the soda-lime silicate glass.

Fig. 2. Optical transmittance and reflectance of the silver

implanted and original soda-lime silicate glass. Reflectance

was measured from both the implanted and rear faces of the

sample.
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reflectance spectra measured from the implant face
of the samples exhibit a shoulder at about 430 nm,
on the side of a clearly determined maximum at
490 nm, whereas reflectivity from the rear face
appears to have a simpler peak at longer wave-
lengths near 500 nm. The contrast between the
spectrum available from transmittance and reflec-
tance of the implanted glass is recognised as
coming from the non-uniform silver profile and
size distribution of the nanoparticles in the
implanted glass (Fig. 1). Since the distribution
pattern is not symmetric, the reflectivity deter-
mined from the ion implanted and rear faces of the
sample differ (Fig. 2), and the reflected intensity
from a particular layer depends on the their local
absorption in the depth [6].
The AFM images of the non-implanted and

implanted samples are shown in Figs. 3a–c. As
seen from these figures, compared with the initial
glass, the implanted surface is smoother (rough-
ness), which is typical for irradiated glasses [19].
However, there are many hemispherical hills on
this surface with an average diameter of approxi-
mately 100–150 nm. There are no such protrusions
on the unimplanted sample. The reason for the
existence of surface hills is assumed to be from a
sputtering of irradiated glass during implantation,
which leads to unequal ejection of ions of different
elements from the surface, exposing the synthe-
sised nanoparticles in the sub-surface glass. The
sputtered glass thickness is typically of the order of
tens of nanometers for the present ion dose [15],
and hence, the synthesised buried metal nanopar-
ticles appear near the glass surface in the
implanted sample (Fig. 1).

3.2. Excimer-laser treatment of the glass with
ion-implanted metal nanoparticles

In general, the mechanisms of laser processing
depend on the parameters of the laser beam and
the physical–chemical properties of the material.
The primary interactions between light and matter
are non-thermal and lead to an electronic or
vibrational photoexcitation. A prediction of how
the laser processing will develop through thermal
(photothermal) or non-thermal (photochemical)
processes depends particularly on the values of the

relaxation times involved. In laser processing for
the present composite materials, the relevant
excitations and conversions can be classified into
those of the glass-substrate and the metal nanosize
inclusions. Irradiation with a high-power excimer
laser at the wavelength of 248 nm (5 eV) couples
directly through the spectral absorption of the
SLSG, as the glass has a smaller energy bandgap
(B3.5 eV). This creates electron–hole pairs by
exciting an electron from the valence into the
conduction band. In metals, both conduction and
valence-band electrons may participate in laser
excitations. The number and energy of absorbed
photons immediately establishes the temperature
rise in a laser-irradiated metal, whereas the
number of valence to conduction-band excitations
establishes the initial density of electron–hole pairs
in an insulator [20]. In a metal, the time between
electron–electron collisions is of the order of
10�14–10�13 s and electron–phonon relaxations
are typically one to two orders of magnitude
slower [21]. In non-metals, interband electronic
excitations range from 10�12 to 10�6 s [20]. Over-
all, most of these times are short in comparison to
the pulse duration (25 ns) of the laser used here,
and so the laser energy can be viewed as relaxing
directly into a heating of the metal/glass compo-
site. Thus, our following consideration of the laser
modifications will be based on the effects of
thermalisation processes.
Consequences of the excimer-laser pulse with

nanosecond pulse width and high beam intensity
are heating, melting and/or vaporisation (ablation)
of material on a time scale of nanoseconds to
microseconds. The excimer-laser treatment has
been applied to many glasses [22,23], but there is
less information on high-power pulse laser inter-
action with insulators containing metal nanopar-
ticles. In the present study, the energy density was
lower than the value of the ablation threshold for
the SLSG, which was determined to be about 5 J/
cm2 [23]. Also, the excimer laser is characterised by
a UV-wavelength, which is much longer than the
typical sizes of the nanoparticles formed by ion
implantation. Hence, present metal/glass compo-
sites may be considered similar to that of a
homogeneous material for light propagation [18].
This is a simplification, which is true generally for
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low intensity light, but it gives an estimate of the
optical penetration depth (a�1) of the laser pulses
into the composite material, where a is the linear
absorption coefficient. An intense laser pulse is
absorbed and relaxed into heat in the surface

SLSG layer of a thickness of a�1; which is several
microns [11], i.e., deeper than the thickness of the
implanted layer (Fig. 1).
Applied laser pulses did not change the reflec-

tance and transmittance spectra of the non-

Fig. 3. An atomic force microscope image of the surface of soda-lime silicate glass: (a) the glass before treatment; (b) the glass after

Ag-ion implantation; (c) the glass after ion implantation followed with laser pulses. In (c), magnification is increased ten times in the

direction perpendicular to plane of the figure according to (a) and (b) ones.
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implanted SLSG. The result of pulse laser treat-
ment on the optical spectra of the implanted glass
is presented in Fig. 4. The location of the
transmittance minimum shifts slightly towards
shorter wavelengths, and the transmittance in
peak position increases from 16% to 23%
(Fig. 4a). Remarkable change was found in the
reflectance spectra, where in the case of the
implanted surface, the peak of the overlapping
bands shifts continuously from 490 to 450 nm with
modifications in the shape of the envelope of the
bands, which become narrower (Fig. 4b). The
reflectance intensity falls from 38% to 27%.
However, for reflectance from the rear face of
the same sample (Fig. 4c), there is only a decrease
of the intensity to a 13% maximum, which is at the
same initial wavelength as in the implanted
sample.

In practice, for the size evaluation of the metal
nanoparticles, Mie theory is often employed,
which is used also to describe qualitatively the
laser modification of the metal-nanoparticle sizes
in the implanted glass. However, Mie theory is
really only properly applicable for highly sepa-
rated and non-interacting particles, i.e., if the
metal filling factor is extremely small (from 10�3 to
10�5) [18]. As seen from Fig. 1, this value is much
smaller than in real implanted samples. For
composite materials with large filling factors, and
when electrodynamic particle–particle interactions
are dominant, alternative effective-medium the-
ories (Maxwell–Garnett, Bruggeman, etc.) should
be considered [18]. According to these models, the
measured optical intensities corresponding to the
implanted glass (Figs. 2 and 4) are determined
mainly by the near-surface layer, where there is the
largest metal filling factor, and also the largest
nanoparticles (Fig. 1). The smaller filling factors
(and smaller nanoparticles) that exist at the other
depths effectively only influence a smearing of the
optical spectra. Moreover, consistent with effec-
tive-medium considerations, a decrease of the
filling factor is accompanied by movement of the
optical peak position to shorter wavelengths, as is
observed in Fig. 4. Thus, a decrease of the filling
factor in the composite resulting from laser
treatment suggests that there is a size reduction
of all the silver nanoparticles, and again the
biggest nanoparticles are localised near the SLSG
surface. The difference between reflectance spectra
from implanted and rear faces of laser-treated
sample (Figs. 4b and c) emphasises the existence of
a non-symmetrical depth distribution of the silver
nanoparticles as being similar to the distribution in
the implanted sample [24].
RBS measurements (Fig. 5) show that the laser

treatment causes a loss of 30% of the entire silver
content in the samples, because of some evapora-
tion of silver from the sample. Reduction of total
silver concentration (filling factor) in the glass
leads to decrease in the reflectance intensities
measured both from implanted and rear side of
sample (Fig. 4). These data are consistent with an
earlier observation of the thermal metal dissolu-
tion from the heated surface of the float glass with
implanted silver nanoparticles after excimer-laser

Fig. 4. Optical spectra of the soda-lime glass after silver

implantation and the implantation followed with laser treat-

ment: (a) transmittance; (b) reflectance measured from the

implanted face; (c) reflectance measured from rear faces of the

sample.
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irradiation [10], and with a later study of silica
glass with implanted bismuth particles [25]. At the
same time, as seen in Fig. 5, the concentration
peak position was not shifted, but the distribution
of silver atoms is broadened compared with that of
the as-implanted sample and is explained by
diffusion into the depth of the SLSG. All these
processes decrease the filling factor.
The assumption about the size-reduction is in

agreement with AFM measurements of laser-
treated samples. As presented in Fig 3c (note an
increased magnification of ten times in the direc-
tion perpendicular to plane of the figure), it is seen
that there are a lot of clearly defined hills (believed
to be silver particles) on the glass surface whose
size is one order smaller in contrast to large hills
on the implanted glass surface in Fig. 3b. The
silver accumulate effect on the laser-irradiated
surface of glass is a result of melting implanted
composite layer, some desorption of glass material
under the laser pulses, which exposes the melted
metal particles after their solidification.
Hence, the first of the conclusions from the

present data on excimer-laser treatment of im-
planted glass is the reduction of the size of the
silver nanoparticles, and second is the existence of
some asymmetry in their depth distribution
(Figs. 4b and c).
To recognise the mechanisms by which the

changes occur for strongly absorbed excimer-laser
pulses, the thermal propagation after the laser-
irradiation must be considered. The laser heating is

traditionally characterised by the heat diffusion
length, lðtÞ ¼ ðDtÞ1=2; where D is the heat diffusiv-
ity, and t is the laser pulse duration. In the present
experiment with laser pulses of 25 ns, the heat
propagation is approximately lðtÞ ¼ 115 nm, that
is shorter than a�1; i.e., the temperature rise is no
longer controlled by the diffusion of the heat.
However, lðtÞ surpasses the depth of the implanted
silver nanoparticles. As was estimated earlier [11],
the temperature at the surface of laser-treated
soda-lime glass reaches values exceeding 7001C
which is equivalent to the SLSG melting tempera-
ture. Under these temperature conditions, there is
also a possibility of melting small silver particles,
because their melting temperature is drastically
decreased, for example, to B4001C for sizes
o30 nm, compared with the bulk metal melting
temperature of 9601C [26]. As was noticed above,
the time scale of electronic relaxation and energy
transfer to the lattice vibrations in the metal
particles is several orders faster than in the
surrounding glass medium. Therefore, during the
interaction of the excimer-laser pulse with the
metal/glass composite, the silver nanoparticles are
heated and melted more quickly than solidification
of the melted glass can occur. Atomically dispersed
silver released from nanoparticles enters into the
glass melt, and immediately diffuses throughout all
the heated thickness of the laser treated substrate.
In principle, in time, this could lead to a uniform
metal distribution, where the silver atom concen-
tration exceeds the solubility value in the solid
glass. However, following glass solidification
spreading from the depth to the surface, as heat
from the laser pulse penetrates into the depth of
the sample, the cooling part of the annealing cycle
will stimulate new nucleation and regrowth of
metal particles. In this case, the possibility of
regrowth of metal particles will depend on
competition between regrowth and the cooling
speed of the moving solidification front, resulting
in a new non-uniform size distribution of new
metal nanoparticles over a depth scale similar to
that after ion implantation. Obviously, under
some conditions, the metal particles may be
dispersed into separate metal ions and/or into
such small units that they cannot display nano-
particle type optical properties. The present

Fig. 5. The RBS spectrum for the silver-implanted glass before

and after laser treatment.
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consideration of the melting of the metal nano-
particles is also suitable for a description of the
reflectance modification discussed in the previous
article [10]. In alternative interpretations of the
data in that article, the authors of [27] preferred to
see the data as evidence for en evaporation of
metal atoms from the surface of nanoparticles,
which resulted in shrinkage of the average size.
Similarly, in [25], for the case of the implanted
bismuth nanoparticles in silica-glass, treated with a
KrF excimer laser, the melting of the particles was
completely ignored, though the melting point of
the bismuth nanoparticles is very low (B1401C for
the size of 20 nm [28], and primarily the feature
was thought to be the thermal evaporation atoms
from the particles. Evaporation is of course one of
the thermal consequences from high-power laser
processing and leads to some ablation of the metal
and film surface, and dissolution of metal inclu-
sions on non-metal substrates, for example in [27].
However, in the case of implanted composite
material, the metal nanoparticles are not only
localised immediately at the glass surface, but also
extend into the depth of heated solid media.
Hence, processes of atom evaporation from the
nanoparticles will be very different from those
limited to particles on the outer surface. Therefore,
the description of the size modification of the
implanted metal nanoparticles based on a particle-
melting approach seems reasonable.

4. Conclusions

Metal ion implantation in glass invariably
results in a very wide distribution of nanoparticle
sizes that vary with the depth. As firstly shown
here, subsequent high power excimer-laser pulse
treatments of the ion-implanted layer may be used
to melt, and/or regrow, the metal nanoparticles
within the insulator medium. Overall, this results
in a tighter distribution of small particles. The
laser treatments have slightly reduced, but not
completely removed evidence for a non-symmetric
depth distribution of the silver particles. The
silver-insulator composite material is complex,
and so a much wider range of laser pulse
conditions, and more data on the cooling rates

are required to fully model the changes in the size
distributions which can occur.
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