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Precipitation of silver nanoparticles in glass
by multiple wavelength nanosecond laser irradiation

J.-P. BLONDEAU", O. VERON

Institut PRISME, Orleans University, 21 rue de Loigny La Bataille, 28000 Chartres, France

The effect of a multiple high power Nd:YAG laser radiation on silver ion-exchanged glasses for coloration application is
investigated. Exposure time, laser spot size, energy density and wavelength have been varied in order to modify the size
and the distribution of the metallic nanoaggregates which are formed under the laser irradiation. These parameters are
directly correlated to the coloration change. Optical absorption spectroscopy has been used to confirm the formation of the
nanoaggregates by plasmon resonance apparition and the intensity and the shift of the resonance have been observed with

the laser irradiation parameters variation.
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1. Introduction

Metallic nanopowders have been widely studied
because they have interesting physical properties which
are considerably different from the bulk phase. These
nanoscale materials are expected to have many potential
applications such as heterogeneous catalysts, surfaces of
heat exchangers, memory devices, gas sensors, optical
waveguides or optical switches [1-4]. Especially,
extensive studies have been conducted on silver nanosized
particles owing to their commercial applications for
construction of medical tools and appliances and
healthcare products [5,6]. Such heterogeneous materials,
being composed of metallic nanoclusters in amorphous
matrices, are fabricated by a variety of methods. The most
successful are low energy ion-beam mixing [7], sol—gel [8],
direct metal ion implantation [9], annealing of ion-
exchanged glasses in hydrogen atmosphere or evaporation-
condensation [10-12]. In recent years, great effort has
been taken to the processing of such nano composites
using pulsed laser irradiation of ion-exchange glasses.The
electric field intensity of a focused laser beam can reach
even 100TW/ecm® in the case of femtosecond lasers.
Therefore various microstructures are created when the
laser pulse is focused into transparent materials due to
multiphoton processes. A number of experimental works
with pulsed Nd:YAG laser irradiation concern metal
polymer nanostructures, photochromic glasses, optical
waveguides which all consist in the ion-exchange process
in sodalime glasses [13—16]. In this work we investigate
the effect of high power laser irradiation on sodium-silver
ion exchanged glasses at room temperature which
promotes the formation of silver nanoparticles by diffusion
and aggregation. The second harmonic and the fourth
harmonic of the Nd:YAG laser at respectively 532nm and
266nm was selected as a light source. Modification of the
structure of the dielectric medium is investigated by UV—

Visible absorption measurements. Three principal
parameters are varied during our investigations: the
immersion time T, the fluence of the single laser shot E
and the number Nb of laser shots which determines the
total fluence Er deposited to the sample. Note that P
represents the power density.

2. Preparation of the sodium-silver ion
exchange glasses

Soda lime glass slides (76 x25x 1 mm®) with a
homogeneous composition of 71.67 % SiO, 14.93 % Na,O
4.28 % K,0 5.40 % CaO 3.72 % BaO were prepared by a
silver-sodium exchange process and immersed for 7= 1 to
390 minutes in a molten salt bath of molar concentration
10 % AgNOs; in NaNO; at 7=400°C. In these conditions
the sodium ions at the glass surface are replaced by silver
ions.
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Fig. 1. Silver oxide concentration profile versus the ion
exchange depth..
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Silver oxide concentrations profiles c(x, 7) observed by
SEM in EDS configuration and have been plotted as a
function of ion exchange depth [Dot graph in Fig. 1] and
lead to a maximum depth of 25 pm in agreement with the
theoretical law [Curves in Fig. 1] of temporal variation
(diffusion profile in an infinite medium with a fixed
concentration in x=0 and constant in time):
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In our case, 7 corresponds to the immersion time, and the

silver diffusion coefficient D in soda lime glass depends

on the bath temperature 7 according to the Arrhenius law.
E

a
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where E, is activation energy, D, is the pre-exponential
factor and k3 is the Boltzmann constant.

The diffusion coefficient plotted in Fig.2 is decreasing
until one hour before reaching a steady state when all the
sodium sites are replaced by silver near the glass surface.
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Fig. 2. Silver diffusion coefficient versus time.

The optical absorption spectra in the range of 250—
700nm of the ion-exchange samples for different times of
dumping t are plotted in Fig. 3. The absorption of the
prepared glasses increases significantly in the blue region
due to the introduction of silver ions and to the formation
of Ag-O bonds. The atomic silver and hole trap center at
non-bridging oxygen (NBO) near Ag' ions have,
respectively, absorption wavelengths of approximately 240
and 305nm [17,18] that induces the high increase of
optical absorption spectra below 400nm. For longer times

we note a significant growth of absorption around 400nm
correlated to the formation of silver nano aggregates
associated to a silver plasmon resonance appearance.
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Fig. 3. UV-Visible spectra of samples exchanged in
10%AgNO;-NaNO; at 400°C for various times.

3. Precipitation of Ag nanoparticles by laser
irradiation

The ion-exchange glasses were irradiated by the
second and fourth harmonic (A=532 photon energy 2.33
eV and 266nm photon energy 4.66 eV) of the pulsed
Nd:YAG laser.The laser delivered pulses of energy up to
150mJ at 1064nm of about 4ns duration, at a repetition
rate of 10Hz and of the Gaussian cross-sectional area. At
532nm the beam is either directly injected through the
glass sample with an energy density E of 0.55)/cm’ and a
12.6mm? spot surface or focused through a 50cm focal
lens an energy density of 1.6J/ cm® and a 4mm? spot
surface. At 266 nm the beam is injected through the glass
sample with an energy density of 0.12J/cm?> and a
12.6mm? spot surface . The increasing number of shots
typically range from 10 to 400 allow to vary the total
deposited energy on the ion exchange sample.

In every case, the formation of silver nanoparticles
can be described as follows:

Glass +nhow > h* +e”

Agt +e — Ag’ (n>2) 4)

mAg’ — (A4g"°),,

where n is the number of photons; h is a hole; ¢ is an
electron; and m is the number of Ag atoms forming the
nanoparticle.

Laser irradiation induces a wide absorption band
centred at about 425nm which is assigned to plasmon band.
This band results from the light absorption by Ag
nanoparticles and direct excitation of the surface plasmon
waves [19,20].

Fig. 4, Fig.6 and Fig.7 show the evolution of the
absorption spectra during the irradiation process (the
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growth of the total fluence Er is due to the increasing of
the number of shots from 10 to 200) for a fixed exchange
time t=60mn respectively for A=532nm (E=1.6J/cm® and
E=0.55J/cm?) and A=266nm, E=0.12J/cm. The coloration
change from yellow to brown is visible in the Fig.5 and
correlated to the increasing number of shots.
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Fig. 4. Silver exchanged sample for t=60min after
A=532nm irradiation with pulse energy = 64mJ,
E=1.6J/cm? by shot (10 to 200 shots).

Fig.5. Silver exchange sample after YAG nano second laser
irradiation at 532nm; E=1 6J/cm’ for 10 to 200 shots.

447
3 L L
P=139.3MW.cm™ 1 55.7J.cm”
2 111.4J.cm™
— -2
:,: 3 222.8J.cm
8 2
]
o
c
@
o
.
3 1-
e
<
0 T T T
300 400 500 600 700
A (nm)
Fig.6. Silver exchanged sample at ™=60min after
A=532nm irradiation with pulse energy = 70mJ,
E=0.55J/cm? by shot.
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Fig.7. Silver exchanged sample at ™=60min after
A=266nm irradiation with pulse energy = 15mJ,
E=0.12J/cm? by shot.

We observe an increase of the absorption intensity for
total fluence under E;=80J/cm’ (see Fig.4 for A=532nm
and E= 1.6J/cm”) and a decrease above which is correlated
to a particle growth and a dissolution mechanism for the
highest energy.

According to a lorentzian fit in Fig. 8 the evolution of
the maximum resonance wavelength is plotted in Fig.9 for
all the exchange times and show a blue shift trend with
increasing energy for all cases which is correlated to a
particle dissolution. The red-shift for the last exchange
time could be justified by the following reasons, a matrix
effect due to ablation of the glass and the difficulty to fit
the curve because intensity becomes lower.
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Fig. 8. Example of lorentzian fit of the absorption curve.

This trend is also observed in Fig.6 for A=532nm and
E=0.55J/cm* and Fig.10 where the increasing energy
lead to a blue shift of the maximum resonance wavelength.

For A=266nm and E=0.12J/cm’ in Fig.7 and Fig.11
we observe a red shift of the maximum resonance
wavelength which means that we are only in a growth
regime without dissolution.

This wavelength is in the absorption window of the
glass and metal (Silver interband transition located at
318nm) and far from the plasmon resonance of silver
which is around 410nm and lead to a limitation of the
thermal phenomena. The plasmon resonance apparition
occurs for lower energy when the sample is irradiated by
an UV beam (266nm) that means that the irradiation
mechanism is more efficient.
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Fig. 9. Peak position evolution for YAG irradiation at
A=532nm, pulse energy = 64mJ, spot surface =~ 4mm?,
E=1.61J/cn’, P=402.4MW/cni’.
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Fig.10. Peak position evolution for YAG irradiation at
A=532nm, pulse energy = 70mJ, spot surface = 12.6mm?,
E=0.55)/em’, P=139.3MW/cm’.
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Fig. 11. Peak position evolution for YAG irradiation at
A=266nm, pulse energy = 15mJ, spot surface = 12.6mm?,
E=0.12J/cm’, P=29.8MW/cn’.

From a theoretical point of vue the absorption peaks
are due to the surface plasmon resonance of silver cluster.
The particle size distribution is dominated by a mean size
R with volume fraction N which gives the absorption
intensity as a function of the absorption cross section ot

AR = N.o(A,R).I (5)

where N is the particle density in the matrix, and / is the
thickness of the sample.

According to Drude model [21], absorption cross-
section o(4,R) of silver nano-clusters at wavelength
A varies with particle mean size R as:

187V n &,
A (g+2n) ' +&

o(A,R) = [em™'](6)

where the metal dielectric function is given by
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¥ is the particle volume, linked to its size R; @, the angular
frequency in rad/s; @, the plasmon resonance frequency;
nis the refractive index of the matrix; and /3, is the
effective damping parameter for the free electrons in the
bulk metal.

Taking into account the interband transitions of the
metal in the expression of 7 and the effect of reduction of
electron mean free path when confined in particles whose
size is smaller than the bulk mean free path (= 52nm for
pure silver at 273 K [22]), we have

2

E(@,R) = €110 + E1prde = Etper T1— #(pw,]e)z
w, I’
g, (o,R) = Eotter T E2prude = Eotnter T w(w2 + F(a),R)Z)
(10)
with
V.,
F(R)=T}, +4 ?f (n

g and & are the real and imaginary parts of the dielectric
function of the nanoparticles; &,,,,,, and &,,,,.. are the real

and imaginary part of the frequency dependent dielectric
function of bulk silver due to the inter-band transitions;

A is a model-depending parameter
(4=2.00[23]+0.25 [24]);

T3 18 the absorption coefficient of the plasmon electron
and the second term in the expression of 7~ is used to
introduce a size-dependent term in the damping frequency
with the nano-particle size R; V;is the Fermi’s velocity of
electrons in bulk silver (V;= 1.39x10®* cm.s" in the case of
silver) [21].

4. Discusssion

According to the MIE theory [25] the appearance of
the plasmon resonance band around 420 nm suggests that

the pulsed laser processing of glasses leads to the
formation of silver nanoparticles. The blue shift observed
for irradiation at 532nm in the absorption coefficient band
certainly results in a decrease in the mean size of these
nanoparticles with the increasing energy or can be
attributed to a decrease in the filling factor of the glass by
the formation of the nanoparticles; in fact a decrease of the
fraction of silver which leads to the formation of the
nanoparticles.

The increasing energy leads first to the growth of
particles and in a second time to a size reduction . It can
be attributed to dissolution effects in agreement with the
absorption curves by a move of the resonance towards the
shorter wavelength.

At 266nm the irradiation only leads to a plasmon
resonance red shift and a particle growth.

The power by pulse is an important parameter for the
space- selective precipitation of silver nanoparticles in
glass. Its principal effect is to locally warm up the sample
to promote the reduction of Ag" ions to silver atoms and
the growth of the silver nanoparticle.

The various parameters immersion time t, power by
shot P, and total deposited energy Er from the number of
shots Nb and available laser energy, are thus directly
correlated and must be precisely adjust not to destroy the
sample by surface breakdown and laser induced plasma.

5. Conclusions and trend

The laser irradiation of silver ion-exchanged glasses is
a relatively new and original method to generate a space-
selective precipitation and aggregation of metal
nanoparticles inside a vitreous matrix, to modify their
optical characteristics and allow a process control.

The silver nanoparticles produce the absorption bands
with maximum at about 420nm which are attributed to the
surface plasmon resonance (SPR).

The absorption spectra change with the immersion
time but also with the laser intensity, fluence, and with the
number of the laser shots due to the heat treatment effects.
Modifications of the extinction spectra are related to
variations of the damping constant I', predominantly with
the size and the shape of the nanoparticles.

When the samples are irradiated at 266nm the SPR
apparition is obtained for lower energies than at 532nm
due to the interband transition of the metal which occurs in
the UV region (310nm for silver) and to the glass
absorption, and a limitation of the thermal effects.

With increasing the laser intensity and the irradiation
time, the colour of the irradiated area has changed from
yellow to brown.

The linear optical properties of mnano composites
containing silver nanoparticles embeddedin a host
dielectric medium are due to the excitation of SPR. The
SPR is responsible for the enhancement of the local
electromagnetic field in the particles, which amplifies their
non linear properties as compared to those of bulk metal.
Thus it is advisable to study such materials in terms of
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their nonlinear properties and to correlate them with their
morphologic parameters.
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