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Abstract In this work, we investigated the effect of
nanosecond laser irradiation at 532 nm on precipitation
of Ag nanoparticles (NPs) in soda lime glasses doped
with silver in the Ag+–Na+ ion-exchange process.
Formation and subsequent modification of Ag NPs
during laser irradiation were studied by on-line extinc-
tion measurements making use of the localized sur-
face plasmon resonance (LSPR). These investigations
were further completed using scanning and transmis-
sion electron microscopies to examine the average size
and distribution of nanoparticles within the sample.
It has been shown that formation of NPs, its kinetics
and the particle size strongly depend on the fluence
and the total number of deposited laser pulses. It
has been found that Ag NPs form after some specific
number of pulses and they rapidly grow in size and
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number until some maximal value of extinction has
been reached. Further irradiation of such samples only
results in destruction of precipitated NPs due to photo-
breakup, laser ablation confirmed by strong plasma
emission observation. Moreover, due to strong irradi-
ation, the host matrix can also be affected by changing
its refractive index which manifests as the blue shift of
the LSPR.
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Introduction

Large interest in metal nanoparticles (MNPs) and their
composites is dictated by their potential technological
and biomedical applications such as optical elements
[1–3], sub-wavelength optical devices [4, 5], optical data
storage [6] or chemical and biological sensing and label-
ing [7, 8]. These applications are based on specific opti-
cal properties of MNPs that differ drastically from those
of bulk metals. The unique optical properties of such
noble MNPs as silver, gold or copper are dominated
by coherent oscillations of conduction-band electrons
in response to the electric field of the electromagnetic
radiation of light. This resonant excitation is known
as localized surface plasmon resonance (LSPR) which
appears in the UV/visible spectral range. The LSPR
characteristics like amplitude or spectral location and
bandwidth strongly depend on the nanoparticle size,
shape, as well as on its local environment [9].

Ion-exchange technique [10, 11] combined with elec-
tron beam irradiation [12], thermal annealing [13, 14]
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or laser irradiation [15, 16] provides simple method for
MNP synthesis in glasses. After inclusion of metal ions
into the glass matrix in the process of ion-exchange
with alkaline ions of glass, the formation of MNPs
involves reduction of metal ions followed by diffusion
and aggregation of metal atoms [17].

A relatively new approach of producing MNPs in
glass involves laser irradiation. Contrary to most of
methods, except electron beam, laser irradiation can be
space selective, so the growth of MNPs can be locally
photoactivated. Reduction of metal ions and aggrega-
tion of atoms have been achieved using cw sources
[18, 19] or nano- [20] and femtosecond [21] laser pulses
of UV and visible wavelengths. The effect of irradiation
strongly depends on pulse duration, laser fluence and
radiation wavelength. In the case of femtosecond lasers,
high-intensity pulses can induce non-bridging oxygen
hole centres, E’ centres (hole and electron pairs), as
well as they can cause photo-ionization of metal ions
such as Ce3+, Sb2+ or Fe2+ [22]. Besides of trapping
of electrons and holes by sites to form colour centres,
some electrons are trapped by metal cations which
leads to formation of neutral metal atoms. However,
for ultrashort laser pulses, since the heat transfer from
electrons to the glass matrix is very limited, diffusion
and subsequent aggregation of silver atoms need either
additional annealing [23, 24] or laser pulses of high
fluence [21, 25]. Similarly, in the case of nanosecond
laser radiation, both reduction of cations and aggre-
gation of metal atoms can be achieved during single
pulse provided its intensity is high enough to create free
electrons and holes [26].

Although all of these processes have been exten-
sively studied, the complete mechanism of the growth
of metal NPs in glass by laser irradiation is not yet
fully recognized. In great part, this is due to the lack of
methods enabling to characterize the composite sam-
ples during precipitation of NPs. Thus, on-line extinc-
tion measurements would bring a lot of information
about these processes, for instance on the kinetics of NP
growth as it was inferred from ex situ measurements by
De Marchi et al. [27].

In this paper, we investigate the precipitation of Ag
NPs in soda lime glass (containing silver ions) as the re-
sult of irradiation by nanosecond laser pulses at 532 nm.
The optical characteristics such as the extinction and
plasma emission spectra were measured during laser ir-
radiation of the glass samples, i.e. in real-time of the NP
precipitation process. The standard optical microscopy,
photometry and electron microscopy (scanning (SEM)
and transmission (TEM)) were used to investigate the
samples after irradiation.

Experimental

In our experiments, we used commercial soda lime glass
slides (76 × 76 × 1 mm3) with composition (percent
mole) of 72.2 SiO2, 1.2 Al2O3, 14.3 Na2O, 1.2 K2O,
6.4 CaO, 4.3 MgO, 0.03 Fe2O3 and 0.3 SO3. The ion-
exchanged (I-E) samples were obtained by immersing
for 10 min the glass slides in a molten salt bath of
NaNO3−AgNO3 (10%mol) at temperature of 320◦C.
During immersion, part of sodium ions at glass surface
is replaced by silver cations from the solution, and
Ag–O bonds are formed to a depth of about 6 μm
below the surface. The thickness of the layer with Ag
ions was estimated using SEM patterns in the back
scattering mode [26]. Due to high extinction of glass
layers containing MNPs, in order to eliminate the in-
terference effects between two surfaces during optical
measurements, one of these surfaces was polished to
remove the ion-exchanged layer.

The experimental setup used to study precipitation
of Ag NPs is shown in Fig. 1. The I-E glasses were
irradiated by the second harmonic (λL = 532 nm, EL =
2.33 eV) of the pulsed Nd:YAG laser. The laser deliv-
ered pulses of 6 ns duration (full width at half maxi-
mum) at the 10-Hz repetition rate, with maximum pulse
energy of 130 mJ and of approximately gaussian cross-
sectional area. The laser beam was focused to the spot
of about 3.6 mm diameter onto the sample surface using
45 cm focal length lens. The maximal fluence (FL) of
the single laser pulse was about 1.4 J/cm2, and it was
attenuated using a polarizer and a half-wave plate.

Fig. 1 Experimental setup for irradiation of the I-E glass samples
and for on-line extinction and plasma emission measurements
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The laser irradiated area of the sample was simulta-
neously illuminated by a collimated white light beam
from a halogen lamp with the spot diameter of about
2 mm. The light transmitted through the sample was
coupled into a fibre and then to the spectrometer
equipped with an image intensified charge-coupled de-
vice (ICCD) camera. The extinction measurements of
the glass samples were performed for the spectral range
between 380 and 490 nm with resolution of 0.82 nm.
The measurements were carried out 100 μs after each
laser pulse with 26 ms integration time. Such timing,
controlled by digital delay pulse generator, ensured that
neither luminescence from Ag NPs nor plasma emitted
light was collected. In order to avoid saturation of the
ICCD, a glass-coloured filter was placed in the path of
the white light beam to attenuate the intensity of the
red part of the spectrum of the halogen lamp.

The system of the fibre coupler and the spectrom-
eter with the ICCD camera was also used to investi-
gate plasma emission during laser irradiation. Emitted
light was acquired for 100 μs starting 1 μs after each
pulse to avoid collection of strong continuous plasma
radiation. During laser irradiation, the surface of the
sample as well as total plasma emissivity and its spatial
distribution were monitored by another CCD camera
synchronized to the Nd:YAG laser. Additional, more
precise measurements of the extinction of the central
part (1 mm diameter) of the irradiated samples were
performed ex situ using commercial spectrophotome-
ter (SHIMADZU 1200 PC). The measurements were
carried out in the 320–850-nm spectral range with the
resolution of 1 nm. Besides optical measurements, the
samples with precipitated silver nanoparticles were in-
vestigated by SEM coupled with EDX analysis and
TEM to verify the size of Ag NPs and their spatial dis-
tribution within the sample. Samples for transmission
electron microscopy were prepared by gently scratching
the sample surface. The powder we obtained was then
crushed, diluted in ethanol, and deposited onto a holey
carbon film, supported by a copper grid. Bright field
imaging and electron diffraction studies were carried
out with a Philips CM20 electron microscope operating
at 200 kV. Finally, profilometric measurements were
performed with DEKTAK 150, VEECO device.

Results and Discussion

The extinction measurements were performed for the
glass samples before and after ion-exchange process
to examine the presence of the LSPR and thereby
formation of silver nanoparticles, and the results are

presented in Fig. 2. As one could expect, no LSPR
was detected for pure glass and ion-exchanged samples,
although small increase of extinction was observed in
the latter case. This effect is due to Ag+ implemented
in the silica matrix which can form colour centres [6],
whereas most of irradiated I-E samples reveal con-
siderable increase of their extinction. This increase is
the effect of laser scattering from the surface of the
modified glass sample but predominantly it is due to
the LSPR of Ag NPs which is located near 440 nm.
The extinction of the irradiated I-E glasses manifests
strong dependence on the number and the fluence of
deposited laser pulses. Figure 3 presents extinction of
the ion-exchanged samples after irradiation by different
number of laser pulses with the fluence of 1.35 J/cm2.
After applying 25 pulses, the extinction increases at
all wavelengths and the LSPR peak is already well
pronounced. This peak is further enhanced until 50
pulses are deposited and subsequent irradiation makes
the LSPR contribution only to diminish.

Variations in extinction directly influence the colour
of the samples as it is shown in insets of Fig. 3. First,
for low number of pulses, only the central part be-
comes yellowish and the colored area expands with the
number of pulses. When the magnitude of the LSPR
is maximal (after 50 pulses), the whole irradiated area
of the sample gets dark yellow with well-defined brown
ring at the border of the laser beam, while continuing
irradiation the colour of the central part of the irradi-
ated area gets less and less intense and finally becomes
transparent with the border still dark brown.

Such extinction variations can be explained by for-
mation and modification of silver nanoparticles which
are responsible for the LSPR and their presence was
confirmed by TEM measurements (see Fig. 4). In

Fig. 2 Extinction spectra of glass samples before and after ion-
exchange as well as after laser irradiation by 50 laser pulses with
FL =1.35 J/cm2
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Fig. 3 Extinction spectra and corresponding images (in insets) of the I-E glass samples after irradiation by the specific number of pulses
with fluence of 1.35 J/cm2

this figure, the selected grain shows numerous silver
nanoparticles (in black) in the glass matrix. Their size
is in the 5–10-nm range with larger NPs also observed.
Electron diffraction confirms the crystalline nature of
the silver particles and their nanometric scale. A careful
analysis of the pattern allows the identification of four
dhkl reflections observed at 2.36 Å, 2.04 Å, 1.44 Å and
1.23 Å which correspond to the expected 111, 002, 022
and 311 indexation planes of the Ag metallic struc-
ture (crystallizing in the FM-3M space group with a =
4.085 Å), respectively. The observed nanostructures
can be undoubtedly identified as metallic silver NPs.

Fig. 4 Bright field TEM image of Ag nanoparticles observed in
the I-E glass after irradiation by 160 laser pulses with the fluence
of 1.35 J/cm2. The corresponding electron diffraction pattern is
embedded

The LSPR resonance was clearly observed only after
irradiation by a specific number (from 25 to 160) of
laser pulses. For 25 laser pulses, the maximum of the
LSPR occurs at 440 nm. After 30 pulses, the magnitude
of the LSPR is even higher, but its maximum is red-
shifted by about 6 nm. Extra 20 pulses result in further
enhancement of the LSPR which is already observed
over the whole irradiated area (see insets in Fig. 3).
Nevertheless, accumulation of 50 pulses leads to the
formation of the brown ring around this area. This
effect can be associated with ablation of the sample in
the hot central parts interacting with the laser beam and
condensation of silver cations and atoms in the cooler
outer regions where they cluster and form nanoparti-
cles. Such processes finally result in bleaching of the
sample after next several hundreds of laser pulses since
a large part of silver is removed and therefore only very
weak LSPR is observed.

Figure 5 presents on-line measured extinction spec-
tra depending on the number of deposited laser pulses
with different fluences per pulse. The strong impact
of the laser fluence on the LSPR and its evolution
is apparent. First of all, under conditions of our ex-
periment, no LSPR is observed using the pulses with
fluence lower than about 0.3 J/cm2. It is also evident
that the higher the fluence, the lower is the number
of pulses required to induce measurable increase of
extinction. For instance, approximately 210 pulses of
FL = 0.54 J/cm2 are required to raise extinction by
0.1 while the same change is achieved with only 30
pulses of FL = 1.35 J/cm2. Moreover, different evolu-
tion of extinction spectra is observed while irradiating
the samples with pulses of low (< 0.5 J/cm2) and high
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Fig. 5 Extinction of the I-E samples as a function of the number of laser pulses and wavelength obtained for various fluences of the
single pulse

fluence with abrupt change of its position in the second
case. All aforementioned effects are also evident by
monitoring the total extinction, i.e. integrated over the
measured spectral range with substracted extinction of
pure glass (see Fig. 6). Threshold number of pulses de-
creases with the fluence while the rate of precipitation
of NPs is increasing. It is also evident that for lower
fluences, extinction remains high or even increases after
large number of pulses while high fluence results in
sample bleaching.

According to the Mie theory, variations of the LSPR
spectra result from variations of the size and the num-
ber of silver NPs contained in the glass matrix. Figure 7

Fig. 6 Total extinction after subtraction of extinction of the pure
glass as a function of the number of laser pulses deposited onto
the I-E samples

shows the average radius and the concentration of Ag
NPs depending on the number of deposited laser pulses
and their fluence. The radius and concentration were
calculated by fitting the optical spectra as it is discussed
in [28, 29]. The average size of NPs is consistent with
TEM results.

As it is shown in Fig. 7, both the concentration
of Ag NPs and their size are rapidly increasing after
some specific number of pulses and until the maximum
value of the extinction (the first maximum, see Fig. 6)
is reached. From microscopic point of view the laser-
induced precipitation of Ag NPs in glass matrix can
be explained by photonic and thermal processes. Since
the photon energy (2.33 eV, λL = 532 nm) is lower
than the absorption edge of the glass (3.65 eV), the
multiphoton processes must play the principal role in
formation of silver nanoaggregates which is confirmed
by strong spatial (within the laser beam) dependence of
this process [6, 24].

Fig. 7 The average radius of Ag NPs (f illed symbols) and con-
centration of NPs (empty symbols) as a function of the number of
laser pulses deposited onto the I-E samples with fluences of 0.35,
0.69 and 1.35 J/cm2
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Fig. 8 Plasma intensity (integrated over the spectral range of
380–490 nm) recorded 1 μs after laser pulse as a function of the
number of laser pulses irradiating the I-E sample. The fluence of
the single pulse was 1.22 J/cm2

After each laser pulse, some number of nucleation
centres are formed through the reduction of Ag+ to
Ag0 atoms [18, 30]. The existence of the threshold
number of laser pulses (at given fluence) above which
the LSPR is observable suggests that density of nucle-
ation centres in the central region of the laser-treated
zone exceeds the threshold density. For such density,
nucleation centres, Ag0 and Ag+ cations, are close
enough to each other to agglomerate via diffusion. The
laser energy, absorbed by conduction electrons of NPs,
can be transferred to the glass matrix, since the pulse
duration is long enough. This can cause local heating
of the sample that facilitates silver diffusion. Although
low repetition rate of laser pulses precludes accumu-
lation of the heat in the irradiated area, nevertheless
Ag+ cations can migrate to nucleation centres during
the single laser pulse, and the agglomeration of Ag
atoms and cations can occur resulting in precipitation
of NPs. The rate of the aggregation is enhanced af-
ter first NPs are formed, and the LSPR absorption

band appears which makes laser radiation to be more
and more absorbed resulting in increase of temporary
temperature in the irradiated area of the sample. This,
in turn, rises the diffusion rate of Ag ions and atoms so
that the growth of NPs is accelerated. As the process
of irradiation continues, NPs start to decrease in size
and number which is caused predominantly by high
absorption which results in photo-fragmentation and
laser ablation [31] accompanied by plasma generation.
Despite absorption of laser radiation by the I-E glass
samples is relatively low, the presence of silver NPs
makes it to grow significantly even at the wings of
the LSPR which results in heating and vaporization
of the NPs. The latter should occur when absorbed
energy exceeds the latent heat of vaporization, Lv of
the NP. The threshold fluence, Fth, above which bulk
silver evaporates can be calculated for metals from the
formula [32]:

Fth = ρ Lv a1/2τ 1/2 , (1)

where ρ is density of the sample, a is its thermal
diffusivity (a = κ/ρCp, κ and Cp are the thermal con-
ductivity and the specific heat, respectively) while τ is
duration of the laser pulse. For the laser wavelength
of 532 nm and 6 ns pulse, Fth is about 2.6 J/cm2 for
silver and is much lower than the threshold fluence
for soda lime glass (<20 J/cm2) [33]. Although, in this
experiment, the laser fluence was below Fth, the plasma
was already observed during irradiation of the I-E
samples by pulses with fluences higher than only about
0.5 J/cm2. The plasma intensity (from pulse to pulse)
was directly related to concentration of Ag NPs (see
Figs. 5 and 8). The lowering of the threshold fluence
for laser ablation process can be explained by increased
absorption of laser radiation due to the presence of
silver NPs as compared to bulk silver.

The ablation process manifests itself by the spectral
lines of Ag in the plasma spectrum (see Fig. 9). Besides

Fig. 9 Plasma spectrum emitted after the 37th laser pulse with fluence of 1.22 J/cm2
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(a) (b) (c) (d)

Fig. 10 An image (a) and distributions of Ag (b), Na (c) and Si (d) relative concentrations (percent mole) obtained using SEM for the
I-E sample irradiated by 1,000 laser pulses with fluence of 1.35 J/cm2

NP precipitation and modification, laser radiation and
plasma can strongly affect the glass matrix, promot-
ing some thermal effects and defragmentation of NPs
which results in change of its refractive index. This way
we can explain large blue shift of the second maxima
of the LSPR (see Fig. 5), i.e. by lowering the refractive
index of the host matrix during its interaction with laser
pulses. Since mutual interaction between plasma and
NPs is not yet well recognized, this issue needs further
investigations.

Since most processes involving interaction between
laser pulse and the I-E sample like ablation or silver
migration take place on or near the surface, addi-
tional SEM and EDX measurements were performed
to examine the surface quality and constitution after
irradiation, and the results are presented in Fig. 10.
It is clear that unlike Na and Si, concentration of Ag
increases moving outwards the centre of the irradiated
area which corresponds to brown rings as observed in
insets of Fig. 3. However, these results are strongly
affected by the roughness of the surface of the irradi-
ated zone. Poor quality of the surface was confirmed by
the profilometric measurements.

Summary and Conclusions

In this work, we have investigated the effect of nanosec-
ond laser irradiation on precipitation of Ag nanopar-
ticles in soda lime glasses doped with silver in the
Ag+–Na+ ion-exchange process. The growth of Ag
NPs and the rate of their modification during laser
irradiation were studied by on-line extinction measure-
ments making use of the localized surface plasmon res-
onance. These investigations were further completed
using scanning and transmission electron microscopies
as well as photometric measurements of the irradiated
samples. TEM served to verify the average size of

nanoparticles and their distribution while SEM and
EDX was used to determine concentrations of vari-
ous elements in specific regions on the surface of the
samples.

It has been shown that the process of formation of
NPs, its rate and the average size of NPs strongly de-
pend on the fluence and the total number of deposited
laser pulses. It has been found that Ag NPs start to form
after some specific number of pulses, and they rapidly
grow in size and number until some maximal value
of extinction has been reached. Most likely aggrega-
tion begins when some minimal number of nucleation
centres and Ag0 has been created but also when their
diffusion length, during the pulse, is comparable to the
distance between Ag atoms. The rate of diffusion rises
with temperature of the sample which is significantly
increased during the laser pulse, in particular in regions
with NPs as they can absorb a lot of energy from the
pulse through the LSPR.

Further irradiation of the I-E samples only results
in their destruction via photo-breakup, laser ablation
and migration of Ag ions and atoms outside the laser
irradiated area. The laser ablation was clearly indicated
by plasma emission and Ag spectral lines observed in
its spectrum. Moreover, the host matrix is also consid-
erably affected, and the sudden change of its refraction
manifests as the abrupt blue shift of the LSPR.

Finally, the on-line extinction measurements have
proved to be the valuable method in studying the
process of nanoparticles precipitation and seems to be
the mean to achieve controlled metal aggregation in
transparent host matrices.
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