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Plasmonic silver nanostructures in surfaces of soda-lime silicate glasses were generated using
Agt < Na' ion exchange and UV laser irradiation (ArF laser, 193 nm) with different number of ns laser
pulses (from 2 to 5000). To identify the correlations between the optical properties (surface plasmon
resonance (SPR) parameters) and atomic structure of silver nanoparticles and their agglomerations,
characterization of the samples was performed by HRTEM, XRD, optical absorption in visible range and
Ag K-edge EXAFS spectra. Analysis of the optical spectra was performed using a Mie theory approach,
accounting for the most plausible defect centers in silicate glass like hole trap centers and non-bridging
oxygen hole centers. Processing of Ag K-edge EXAFS yielded values of Ag-Ag and Ag-O interactions
averaged over ionic and neutral states of silver. The consistent treatment of HRTEM and XRD data, the
behavior of features in optical spectra and the obtained dependence of Ag-Ag and Ag-O structural pa-
rameters upon the number of laser pulses enabled to suggest a mechanism of plasmonic Ag nano-
particles formation in silicate glass under UV laser irradiation.
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1. Introduction

Formation of metal nanoparticles in dielectric matrices has been
extensively studied because these nanocomposite materials exhibit
linear and non-linear optical properties, which are determined by
the surface plasmon resonance (SPR) of nanoparticles [1—5]. Silver
nanoparticles in glasses are attracting particular attention since the
wavelength of their SPR (4y) is distinctively separated from the
wavelengths of interband absorption [5], making such materials
promising candidates for applications in optoelectronics and
nanoplasmonics. Typically, silver nanoparticles in sodium silicate
glasses are prepared by Agt < Na' ion exchange process and
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subsequent thermal treatment [6—9]. However, this method does
not allow creating nanoscaled arrays of particles localized in a
certain way.

In our previous work [10] to obtain spatially specific precipita-
tion of nanoparticles (e. g. line structures) in glass surfaces laser
irradiation by means of ultraviolet laser irradiation (193 nm and
405 nm) below the ablation threshold was implemented. Usually,
an IR laser was used for particles formation providing the diffusion
and reaction processes on the basis of heating of the glass. Besides,
silver nanoparticles in soda-lime glass were formed by visible and
UV laser radiation [4,11—13] between 244 and 1064 nm. Here, a UV
laser of 193 nm was used to produce high-resolution patterning
with the minimum of damage to the glass surface. However, UV
radiation, depending on the laser parameters, can lead to the
reduction of size or dissolution of nanoparticles [14] and to their
instability even at room temperature. These processes can occur
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since UV irradiation of glass induces the creation of various defect
centers [15,16], which results both in the enhancement of particles
formation and in the recombination processes giving a decrease in
particles concentration. It was also shown that using pulsed UV
laser the formation of stable nanoparticles can be obtained in some
cases without additional thermal treatment [17]. Therefore, to
obtain stable nanoparticles with specific characteristics of the SPR
such as Ay, full width at half maximum (FWHM), dephasing time, it
is necessary, to examine the dependences of these characteristics
upon the parameters of the laser irradiation and to obtain values of
these parameters that provide stability of the forming nano-
particles in glasses. These characteristics of the SPR depend in turn
on the size, form, atomic structure of nanoparticles and dielectric
properties of the surrounding matrix [18,19].

In this work, the formation of silver nanoparticles near the
surface of sodium silicate glasses is performed by excimer laser
beam irradiation (ArF, 193 nm) with different numbers of nano-
second pulses (from 2 to 5000) and is studied using X-ray diffrac-
tion (XRD), optical absorption spectroscopy, high-resolution
transmission electron microscopy (HRTEM) and Ag K-edge
extended X-ray absorption fine structure (EXAFS). In Sec. 2 the
procedure for silver particles preparation by excimer laser radiation
is presented together with description of optical, HRTEM, XRD and
EXAFS measurements. Analysis of HRTEM micrographs and XRD
profiles, interpretation of optical absorption spectra, which was
performed taking into account the properties of color centers in
silicate glasses and the results of application of Mie theory [20], are
presented in Sec. 3 together with the structural parameters of Ag-
Ag and Ag-O interactions obtained from EXAFS. The consistent
analysis of XRD data, changes in optical absorption spectra and
corresponding dependencies of Ag-Ag and Ag-O bonds parameters,
derived from EXAFS of samples treated with different number of
laser pulses, enabled us to propose a mechanism of silver nano-
particles formation in sodium silicate glass under UV laser
irradiation.

2. Experimental
2.1. Synthesis of samples

For this work, soda-lime silicate float glass of the following
composition (main components in weight-%): 72.3% SiO,, 13.3%
Nay0, 4.3% MgO, 8.8% Ca0, 0.5% Al,03, 0.4% K,0 was used. At first
the glass slides (thickness 1 mm) were doped with silver ions by
means of a silver/sodium ion exchange (Ag™ < Na™). To this end,
the glass slides were immersed into a molten 95 wt.-% NaNOs/
5 wt.-% AgNOs salt bath at a temperature of 330 °C for 20 min. Then,
ion exchanged glass slides were irradiated by an ArF-excimer laser
(Lambda Physik LPX 315; wavelength 193 nm, 20 ns pulse duration)
on the tin bath side to form silver nanoparticles. The tin side of the
float glass was used for particle formation because of the amount of
Sn*2 ions in addition to Fe?* jons [21,22]. The iron concentration is
constant inside the whole glass matrix. These Sn and Fe ions are
able to act as reducing agents in order to create neutral Ag atoms
that is a precondition for the formation of Ag nanoparticles [10]:

Fe2t + Agt — Fe3t + Ag® (1)
Sn?t + 2 Agt — Sn*t + 2 Ag (2)

Furthermore, there is an increased absorption of the UV laser
light due to tin ions. That’s why the irradiation of the tin bath side
yields more significant laser marks and an increased absorption
band in comparison to the same experiments at the air side (Fig. 1).
This effect is similar for all other pulse numbers. The laser
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Fig. 1. Optical absorption spectra of the base glass, the ion-exchanged glass and as a
result of the laser irradiation of the air side and the tin bath side of Sample 5000.

irradiation was performed at a fluence of approximately 100 m]/
cm? and a pulse repetition frequency of 10 Hz. The number of laser
pulses was varied from 2 to 5000. The size of the laser spots was
approximately 5 x 5 mm? to 10 x 10 mm?. For clarity and simplicity
of notations, the samples prepared by means of 2, 5, 10, 20, 100,
500, 1000 and 5000 laser pulses will be referred to as Sample 2,
Sample 5, Sample 10, Sample 20, Sample 100, Sample 500, Sample
1000 and Sample 5000 respectively.

Fig. 2a shows a microscope image of a cross-sectional prepara-
tion to demonstrate the penetration depth of the silver ions after
the ion exchange (pale yellow area) as well as the zone of formation
of silver nanoparticles (dark yellow and brown area). It’s apparent
that the penetration depth of the silver ions due to the ion exchange
is approximately 5 um and the silver nanoparticles are formed in a
very thin surface layer of approximately 2 pm only.

2.2. Characterization of nanoparticles by optical spectroscopy and
HRTEM

Absorption spectra were measured with a UV/Vis/NIR spec-
trometer (Perkin Elmer, Lambda 900) in the range from 250 nm to
800 nm. To compare the experimental absorption spectra with
simulations according to Mie theory, the extinction coefficient k(4)
as a function of wavelength A was calculated according to eq. (3):

k(2) = (In10)- 3)

OD(’.{) - ODbasic glass (A)
d

where OD(A) denotes the measured optical density and OD(2)pgsic
glass represents the optical density of the untreated float glass. By
assuming a thickness d of 2 um the extinction coefficient of the
particle layer can be calculated.

HRTEM examination to evaluate size, size distribution and
penetration depth of silver particles was done for two selected
samples (Sample 10 and 5000) by means of a FEI Titan 80—300
operating at 300 kV. To this end, cross-section preparation was
applied including mechanical grinding, polishing and ion beam
etching.

2.3. XRD and EXAFS measurements
X-ray powder diffraction data were collected at the Swiss-

Norwegian Beamline (BMO1B) of the European Synchrotron Radi-
ation Facility (ESRF) using 0.50523 A radiation. The samples, having
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Fig. 2. (a) — Microscope image of the cross-sectional glass sample (thickness of 9 um) as result of silver/sodium ion exchange (330 °C, 20 min) and subsequent ArF laser irradiation;
(b) — optical spectra measured by a microscope spectral photometer (size of the measured area: 0.5 x 40 pm?) of region of particle formation (I), of penetration depth of Ag ions (II)

and unmodified base glass (III).

a rectangular shape, were oriented perpendicular to the 1 x 1 mm?
X-ray beam. A CMOS-Dexela 2D detector was placed at 244.4 mm
distance from the sample. The setup allowed to collect scattered
photons in the 20 range up to 50°. For each sample, 20 images with
5 s acquisition time were collected alternating with 20 dark images.
Subsequent averaging, dark current subtraction and integration
was performed in PyFAI software in order to obtain I(26) profiles.
Jana2006 code was used for simulation of theoretical XRD profiles
and comparison with experimental data.

Ag K-edge EXAFS spectra were acquired at the Structural Ma-
terials Science beamline of the Kurchatov Synchrotron Radiation
Source (NRC “Kurchatov Institute”, Moscow, Russia) in fluorescence
yield mode using a Si avalanche photodiode as a detector at room
temperature. The incident intensity was monitored with an Ar-
filled ion chamber. In order to improve the signal-to-noise statis-
tics several scans for each sample were measured and averaged.
The total data collection time was 3—4 h per sample.

For some samples Ag K-edge EXAFS were re-measured at BMO1B
beamline of ESRF in transmission mode using ionization chambers
from 25.4 to 26.1 keV. The samples were positioned in the same
geometry as described for the XRD experiments. Energy scanning
was performed in continuous scanning mode. A silver foil was used
as reference sample and was measured simultaneously with every
sample for energy calibration.

3. Results and discussion
3.1. TEM and optical spectroscopy

Fig. 3a shows a TEM image of Sample 5000. It is obvious that the
sample contains two different types of Ag precipitations. There are
separated small Ag nanoparticles of sizes between 1 and 3 nm and
larger species of sizes >5 nm, which consist of agglomerations of
smaller Ag nanoparticles (see Fig. 3b and 3c). All small silver
nanoparticles must have a crystalline structure [23]. Fig. 3b and 3c
demonstrate varied distances between small single Ag particles
inside the agglomerations. In either case, one can expect in-
teractions among these nanoparticles. The particle density N(R) of
single Ag particles (1—3 nm sizes) surrounded by the glass matrix
and of the larger agglomerations (5—16 nm) is shown in Fig. 4a. It is
quite obvious that the total particle density Ny of separated nano-
particles (that is the total number of particles per volume) is much
higher than that of the larger agglomerations. It has to be also noted
that some increase in the density of the small particles has been
observed during TEM investigations due to the electron beam
irradiation. The final particle density of smaller particles was of the
order of 10'® cm3, so that the real concentration as generated by

laser irradiation should be less. HRTEM investigations of Sample 10
showed similar results with respect to both the size and volume
concentration Cy of separated Ag nanoparticles (approximately
0.3-1072 — 0.5-1072) that is the volume of nanoparticles in com-
parison to the total volume.

Fig. 4b represents a fit of the size distribution of agglomerations
assuming a log-normal distribution with size parameter Ry (mean
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Fig. 3. TEM images for Sample 5000. (a) — Micrograph showing two types of crys-
talline Ag species: separated small nanoparticles (1-3 nm) and larger agglomerations;
(b) and (c) — images of larger precipitations containing Ag demonstrate an inhomo-
geneous structure that can be interpreted as agglomerations of smaller Ag
nanoparticles.
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Fig. 4. (a): Particle size distributions obtained by TEM investigations of Sample 5000;
(b): fit of the size distribution of the agglomerations (radius > 2.5 nm) in Sample 5000
according to a log-normal function. In (a) and (b) the step function as a result of
counting the nanoparticles has been normalized.

size), width parameter ¢ and particle density No:

e 22 (4)

where the values of R and Ry are multiples of 1 nm. Concerning
Sample 5000, the fit yields a size parameter of Rg = 5 nm, a width
parameter of ¢ = 0.33 nm, a particle density of Ng = 1.33-10'® cm 3
and a volume concentration of Cy = 1.1-10~2 of agglomerations. It
should be noted that the values for Ny and Cy refer to the particle
layer in the glass surface. The thickness of this layer is approxi-
mately 2 pm. Compared to Sample 5000, investigations of Sample
10 showed a diminished mean radius (Ry = 4.1 nm) as well as a
reduced volume concentration (Cy = 0.6 x 10~2) of agglomerations
as calculated by a log-normal distribution according to Eq. (4).
These results suggest that the size of agglomerations and their
volume concentration increases with increasing number of applied
UV laser pulses.

The extinction spectrum of Ag/Na ion-exchanged glasses (at the
float side) is displayed in Fig. 5a and the spectra of Samples 10, 100,
500, 1000 and 5000 are presented in Fig. 5b. It should be noted that
the extinction due to the base glass has been subtracted for all
samples. The extinction spectra of ion-exchanged glasses should
contain silver ions and neutral atoms, but Fig. 5a reveals that some
defects are created in addition to these Ag species. Furthermore, it
is obvious that up to 100 pulses (Samples 10 and 100) the spectra
are characterized by a broadened absorption band with a
maximum at ~450 nm, which should be attributed to various defect
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Fig. 5. Optical absorption spectra of the Ag/Na ion-exchanged glass samples
(measured data — solid lines) together with theoretical calculations (dotted lines)
assuming the simultaneous existence of silver ions, atoms, nanoparticles and hole trap
centers. (a) — Spectrum of ion exchanged sample without laser irradiation; (b) —
spectra of ion exchanged glass and Samples 10, 100, 500, 1000 and 5000; (c) — optical
spectrum of Sample 5000 together with simulated spectra of the considered Ag species
(dashed line represents the summation of all contributions).

centers, Ag ions and atoms, clusters and only some nanoparticle
species. That means, the UV irradiation creates manifold defects
and given that, it is difficult to identify the corresponding absorp-
tion phenomena. On the other hand, the spectra of Samples 500,
1000 and 5000 show a well-defined absorption peak that should be
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dominated by SPR of silver nanoparticles with a decreasing amount
of defect centers. The maximum of this plasmon resonance is
shifted from 450 nm (500 pulses) to 435 nm (5000 pulses) with
increasing number of applied UV laser pulses.

In order to identify the mechanisms of formation of Ag nano-
particles and possible aggregates therefrom, the measured extinc-
tion spectra should be simulated by absorption processes of
possible defects generated by UV irradiation as well as by different
configurations of Ag species, formed as the result of incorporation
of silver by the Ag/Na ion exchange process. Thus, the optical
spectra were simulated assuming the existence of silver ions
(maximum of absorption at A < 240 nm [24,25]) and of silver atoms
(absorption at A < 350 nm [26]) as well as of silver nanoparticles.
Such calculation based on Mie theory [20] allowed to describe the
experimental data in the low-wavelength range between 300 and
400 nm by the Ag ions and atoms and for longer wavelengths by the
SPR of Ag species. However, the corresponding mean sizes of Ag
nanoparticles were calculated as 30 nm, 24 nm and 14 nm for
Samples 500, 1000 and 5000, respectively. These sizes of particles
were not confirmed by the TEM experiments.

These calculations indicate the existence of clusters of nano-
particles forming coagulation aggregates. Kreibig and Quinten
[20,27] have proposed a quasi-static approximation for many-pairs
samples of Ag spheres with statistically isotropic distribution of
orientations of pairs. The resulting absorption spectra should be
calculated for a well-defined ratio R/D of radii (R) of nanoparticles
to the center to center distance (D) between neighboring clusters or
particles. Based on the TEM results, we calculated a mean value
over all Ag particles for Sample 5000 of approximately R/D = 0.35.
In addition, we assumed the existence of hole trap centers (HTC) at
the non-bridging oxygen atoms when a Si-O-Si bond breaks due to
irradiation with UV light [15,28,29]. Such hole centers generate
absorption peaks at 430—450 nm and 620 nm. The results of sim-
ulations are shown in Fig. 5c using a mean Ag particle size of 3 nm.
The volume concentration of the silver aggregates increases from
Cy = 1.6-1073 (Sample 100) to Cy = 5.8-10~3 (Sample 5000). These
values are much smaller than those obtained by the TEM images
because of the increase of the density of the small particles due to
the electron beam irradiation during the TEM investigations, as
already mentioned. As a result of the simulations only the volume
concentration of the silver aggregates increases with the number of
laser pulses, while the particle radius R and the center to center
distance D remain constant. The obtained agreement between the
simulated and the measured data permits to conclude that these
calculations allow to describe the essential processes of formation
of Ag particles in float glass surface containing silver, by means of
ArF laser irradiation.

3.2. XRD characterization of samples

XRD patterns of Samples 2, 5, 10, 5000 are presented in Fig. 6a.
The dominant peak in all patterns at angle 26 ~8° corresponds to
the silicate glass matrix. The weak features at 14, 20 and 24° are
indicative of f.c.c. silver. The last was confirmed by comparison of
experimental data for Sample 5000 with simulated patterns of f.c.c.
silver shown in Fig. 6b. The peak width in the theoretical patterns
was chosen according to the Debye-Scherrer equation and corre-
sponds to particle sizes of 1.5 nm (blue) and 3 nm (orange). Com-
parison of theoretical and simulated patterns indicates that the
angle positions of the main features of experimental spectra are in
agreement with the theoretical ones.

The low signal to background ratio of the observed patterns
does not allow performing Rietveld analysis. However, qualitative
comparison of the widths of the features in the experimental XRD
profiles with those in the theoretical ones (Fig. 6b) indicates that

the crystalline size (particle size) of the silver nanoparticles probed
by XRD does not exceed ~ 1.5 nm, which corresponds to a particle
size D ~ 2 nm according to [30]. The ability of XRD to distinguish
metal nanoparticles of such a small size is confirmed by the results
of [31] where clearly-defined XRD reflections of f.c.c. silver were
observed in silver nanoparticles with an average size of 2—4 nm,
while nanoparticles ranged in 1-1.5 nm in diameter were not re-
flected in diffraction.

3.3. Discussion of particle sizes and expected bond lengths

The simulation of optical spectra in silicate glasses after
Ag" < Na' ion exchange and subsequent UV laser irradiation
demonstrated that it is necessary to account for different plausible
constructions of the silver atoms (e. g. color centers), which can be
formed and absorb in the visible range at A ~420—460 nm. The most
suitable constructions are the well-known hole-trap centers (HTC)
[28,29,32], clusters of neutral silver atoms Ag’, (n = 2—15 atoms)
[33] and small silver nanoparticles of sizes < 1.5 nm, which cannot
be observed by XRD. Furthermore, NBOHC should be considered as
a result of excimer laser irradiation. These defects show absorption
processes at 420 nm and 627 nm [17].

HTC and NBOHC defect centers exist to a small amount in sili-
cate glass, especially in the near-surface region, independent of any
irradiation processes. However, the formation of the new centers
can be strongly enhanced by irradiation with UV, light, X-rays or y-
rays, which break Si—O—Si bonds [28]. Assuming the generation of
additional HTC and NBOHC centers by UV laser irradiation and
taking into consideration their corresponding optical absorptions,
the optical spectra can be explained.

To examine silver particles formation under laser irradiation of
glass in the presence of other species of silver (in small clusters,
HTC and NBOHC defect centers) it is necessary to have estimates of
corresponding Ag-Ag nearest neighbors distances (Rag_ag), which
can help to reveal if nanoparticles contribution (with Rag
Ag ~ 2.87 A) [23] are distinguished or not from these species by
EXAFS analysis. The calculated values of Rag_ag in small clusters of
silver atoms are presented in Sec. 3.4. To estimate values of Rag-ag in
HTC and to reveal the stability of such a center, modeling by density
functional theory (DFT) was performed.

HTC centers in Ag™ — doped silicate glasses are characterized by
a wide absorption line peaking at ~430—450 nm and a weaker line
at ~620—650 nm [29]. According to the results of [28], one can
suggest that in silicate glass the HTC are located near the network
tetrahedrons SiO4 with two or three non-bridging oxygen atoms
and Ag* ions in the immediate neighborhood. Such a tetrahedron
captures a hole forming different HTC, which are schematically
presented in parts (a) — (c) of Fig. 7. Among them, structures (b)
and (c) contain Ag™-Ag® bonds, the presence of which can be
confirmed by EXAFS at least indirectly. To reveal the stability of HTC
structure (b) with two silver ions and to estimate the corresponding
values of Ag-Ag and Ag-0O distances, DFT modeling was performed
using PBE exchange correlation functional [34] and Pople basis set
6-31G. The applied finite cluster approach [35] is efficient for
charged systems since there is no need to introduce energy cor-
rections to compensate for the interaction of charged neighbor
cells, as is required when periodic boundary conditions are
implemented. The obtained HTC structure presented in Fig. 7d,
corresponds to scheme (b), and is characterized by the values of
Rpg' ag =32 A and Rpg o =205 A. In this structure the hole is
localized on O1 and O2 atoms.

For NBOHC centers, it is not known if silver ions or atoms are
involved in defect configurations formed in Ag+ — doped glasses.
However, it has been found that a NBOHC can act as reducing agent
for silver ions [36]. That yields an increased number of nuclei for
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Fig. 6. (a): XRD patterns of samples after irradiation with 2 (black solid line), 5 (orange dashed line), 10 (blue dash-dotted line), and 5000 (red dotted line) UV laser pulses; (b):
comparison of experimental pattern of Sample 5000 (red solid line) with theoretical patterns with peak widths corresponding to a grain size of 1.5 nm (blue dashed line) and 3 nm
(light-brown dotted line). Dashed lines correspond to the positions of the silver f.c.c. reflections. Cell parameter for XRD simulations: a = 4.045 A according to the results of EXAFS
analysis (vide infra). For visualization purposes, a smooth background line was subtracted from the experimental curve in part b. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

the precipitation of crystalline Ag nanoparticles similarly to the
reaction with Fe and Sn ions. Therefore, these reactions cause a
strongly enhanced concentration of Ag particles of small sizes and
the formation of larger aggregates therefrom, these are the ag-
glomerations as discussed above.

3.4. Structural parameters of Ag-Ag and Ag-0 bonds obtained from
EXAFS

In Fig. 8 the magnitudes of the Fourier-transforms (FT) | F(R) | of
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experimental Ag K-edge EXAFS in Sample 20 (low number of pul-
ses) and in Sample 5000 (largest number of pulses) are compared.
As can be seen, the magnitude of the first peak, which corresponds
to the contribution of Ag-O interactions, decreases with increasing
number of laser pulses, while the magnitude of the second peak
attributed to the contribution of Ag-Ag bonds, increases.

To confirm these qualitative conclusions, experimental Ag K-
edge EXAFS in Samples 2—5000 were processed by the technique of
[23], which enables to reduce the effect of correlations among
fitting parameters on the determined values of structural

04 o3

Fig. 7. Models of HTC structure in Ag* doped silicate glass: (a)—(c) — schematic illustration according to [28], where 01, 02 in (a)—(c) and O3 in (c) are the non-bridging oxygen
atoms; (d) — atomic structure obtained by DFT calculations, which corresponds to scheme (b).
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Fig. 8. FT magnitudes |F(R)| of experimental Ag K-edge EXAFS in Sample 20 (solid
curve) and in Sample 5000 (dashed curve).

parameters by using interdependencies between all correlating
parameters of a fitting model, obtained at different weights k"
(n = 0,1, 2) for oscillatory part x**P(k) of EXAFS and at different 4k
intervals for Fourier transformation. The fit of F(R) of EXAFS spec-
trum can be performed using the following expression for y(k):

x(k) = Apg_aAg Xag-ag + Aag-0"Xag—0 + Xag (5)

where yag.ag — is the contribution of one atomic pair Ag-Ag
without the reduction factor Sj(Ag-Ag) [37] and Xag-0o — is the
contribution of one atomic pair Ag-O without S§(Ag-O). These
reduction factors are included into the amplitudes Apgag= Cag-
g Nag-ng S§(Ag-Ag) and Aag-0 = Cag-0*Nag-0*S§(Ag-0), where Cag-ng
and Cag.o are the fractions of Ag atoms in the sample bonded
respectively with Ag and O atoms. Nag_ag and Nag_o are respectively
the number of Ag and O atoms neighboring to the absorbing Ag
atom. In (5), Xag is the contribution of photoelectron scattering on
the second and more distant coordination shells of the absorbing
Ag atom. Determining structural parameters for the nearest
neighbors of absorbing Ag atoms in the studied glass samples using
the FT of EXAFS, allows to neglect the contribution of the last term
Xag(k) in (5). This can be done because in the small noble and
transition metals NPs (D < 3 nm) the percentage of the near surface
atoms is larger than those which can be attributed to the core [30].
Because of the increasing number of defects in the near surface
region of NPs, the nearest surrounding of these atoms is charac-
terized by the strong dispersion of the radii of the second and more
distant shells and hence, in the reduction of their contributions in
relation to the nearest neighbor ones, especially within the R-range
of the nearest neighbors of the absorbing atom [38,39]. The fit of
F(R) of Ag K-edge EXAFS in the studied samples was performed by
such a “nearest neighbors” approximation in (5). Comparison of the
experimental Ag K-edge XANES in Ag-foil and in the studied glass
samples revealed no significant (>1 eV) energy shifts in the posi-
tions of their K-edges and therefore the functions (k) of the foil
and of Samples 2—5000 were obtained in identical k-scales with
the zero at the inflection point Ey = 25513 eV. The R-space fit,
performed in the range 0.5—3.5 A gave average values of the
following structural and non-structural parameters: partial am-
plitudes Aag_ag, Aag-o and corresponding Debye-Waller (DW) pa-
rameters J,Z\ngg, aigfo, interatomic distances Rag-ag, Rag-o, and
energy-shift parameters eg(Ag-Ag), eo(Ag—0) [37]. For all samples,
the obtained values o3, ,, =~ 0.008 A* and g3, o~ 0.006 A*
remained stable, while t%le values of parameters ey changed within

the ranges: eg(Ag-Ag) = 4.5 + 1.5 eV and ep(Ag-0) = —1.8 + 0.3 eV.

Fig. 9 shows the dependences of amplitudes Apgpg and Apg.o
upon the number N of laser pulses. As can be seen, both curves are
approximately linear functions of Ig(N). However, Aag-ag increases
with N, while Aag_o decreases. The corresponding conclusions can
be made for the dependences of the fractions of Ag atoms in the
sample bonded with Ag atoms (Cag-ag) and with O atoms (Cag-0).
This can be done, since i) according to XRD data, single particles
sizes are not changed significantly with increasing N and, therefore,
it is reasonable to use Nagag = const; ii) in Ag K-edge EXAFS
analysis of silver nanoparticles one can neglect the interaction of
surface Ag atoms of particles with oxygen atoms of the glass matrix
[23] and therefore, it is also reasonable to use Nag.o = const irre-
spective of the number of laser pulses N.

In Fig. 10 the dependences of interatomic distances Rag-ag and
Rag-o upon the number N of laser pulses are presented. These two
curves are very informative since each of them reflects the
decrease in the amount of initially dominating silver ions owing to
their reduction to neutral atoms Ag® according to the reaction
Agt + e — Ag® by capturing electron from non-bridging oxygen
bonds in a SiO4 tetrahedron, which can be formed also under UV
radiation [15,17]. Thus, considering the dependence of Rag.o upon
N, one must take into account that the value Rago = 2.1 A in
Sample 10 (N = 10 pulses) is typical for the bonds Agt—0 and
Ag>t—0 in different silver oxides, varying from 2.05 to 2.1 A
[40,41], whereas the value Rago = 2.15 A in Sample 5000
(N = 5000 pulses) is closer to interatomic Ag’—0 distances (2.16 A)
and longer ones, between Ag atoms of the particles surface and
the nearest O atoms [42].

Interpretation of the dependence of Rag-ag upon the number N
of laser pulses (solid curve in Fig. 10) seems to be more complicated
because in the glass samples after Agt < Na' ion exchange and
irradiation with a small number of laser pulses one can expect the
predominance of Ag-Ag interactions. These can be attributed to the
most plausible color centers in glass: dimers Ag™—Ag™, Agt—Ag®
[32] and HTC [28], simultaneously with clusters of neutral atoms
Ag®, and small silver nanoparticles. The available data [43] and the
results of DFT modeling of HTC of Sec. 3.3, enable us to conclude
that the centers containing two silver ions are characterized by
values of Rag-ag distributed from ~2.9 to 3.3 A. However, in small
clusters Ag®, (n = 2—15 atoms) the value of Rpag-ag increases from
2.69 A for n =2 [41] to 2.75 A for n = 15 atoms [44], reaches ~ 2.87 A
in small silver nanoparticles of sizes D < 5 nm [23] and is then
approaching its crystalline limit (2.89 A) in nanoparticles of sizes
D > 10 nm [30]. According to these data, the interval of Ag-Ag
distances between the nearest neighbors can be approximately
divided into two parts with a boundary at Rag.ag ~2.85—2.9 A,
where the low-Ragag region can be attributed to Ag®—Ag? bonds,
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Fig. 9. Dependences of amplitudes (A) of Ag-Ag (solid curve) and Ag-O (dashed curve)
interactions upon the number N of laser pulses.
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Fig. 10. Dependences of interatomic distances (R) of Ag-Ag (solid curve) and Ag-O
(dashed curve) bonds upon the number N of laser pulses.

while the higher Ragag region corresponds to Agt—Ag*
interactions.

By using such a partition of Ag-Ag distances and accounting for
the simultaneous presence of both ionic and neutral silver atoms
constructions in the samples, one can conclude that the obtained
largest value of Rag_ag = 2.86 A for samples 10 and 20 (low numbers
of laser pulses) is the result of the averaging over the predominant
number of Ag*—Ag" interactions and the small enough number of
Ag®—Ag® bonds, belonging to the silver clusters and small nano-
particles. The decrease of Rag_ag With increasing number N of laser
pulses can then be explained as a decrease in the number of silver
ions due to their reduction, simultaneously with an increase of
contribution of neutral silver atoms constructions (small clusters
and nanoparticles) to the formation of the average EXAFS signal.

4. Conclusions

The study of silver nanoparticles formation in soda-lime glass,
doped by silver through Ag* < Na™ ion exchange and irradiated by
UV laser with varied number of pulses, was performed by the
methods, which provided the obtaining of complementary infor-
mation: i) on the formation of silver NPs and their following ag-
gregation (optical spectroscopy measurements, considering SPR);
ii) on NPs sizes and size distribution (HRTEM and XRD); iii) on the
parameters of atomic structure of silver NPs and Ag-O bonds (XRD
and EXAFS spectroscopy). Analysis of HRTEM micrographs, changes
in XRD patterns, in optical absorption spectra and EXAFS in glass
samples, laser irradiated with increasing number of pulses from 10
to 5000, lead to the following conclusions:

— in soda-lime silicate glasses after Agt < Na™ ion exchange at
330 °C during 20 min, approximately 50% of the sodium ions are
replaced by silver ions. Besides the silver ions, there exist silver
centers containing Ag® species and very small (<3 nm) silver
nanoparticles;

— irradiation of such glass-samples with a UV laser leads to the
formation of separated crystalline silver nanoparticles with the
size < 3 nm inside the glass matrix as well as larger agglomer-
ations (>5 nm) of small particles, detected by HRTEM. The
number of such aggregates increases with the increasing num-
ber of laser pulses, simultaneously with a reduction in the
number of silver ions, which is reflected in Ag-Ag and Ag-O
structural parameters obtained from EXAFS.

— a broad line at ~450 nm in optical absorption spectra of glass
samples, prepared with a small number of laser pulses (<100)
can be attributed to the SPR and to absorption by HTC and
NBOHC species formed under UV irradiation. The increasing
number of larger Ag agglomerations or the increasing size of

such aggregates with increasing number of laser pulses up to
5000 leads to the formation of a distinct SPR line at ~435 nm;
— DFT modeling of a HTC with two nearest silver ions in silicate
glass yielded an estimate of structural parameters of the HTC,
including the interatomic Ag-Ag and Ag-O distances.

The combination of the used methods seems to be promising in
the study of laser irradiated Ag® atoms and Ag particle formation to
achieve an enhanced control of the SPR parameters in metal-doped
glass modifications for photonic applications.
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