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Synthesis of silver nanospheroids in silver-containing nanoporous glass
under the effect of nanosecond laser pulses

A.L. Sidorov, T.V. Antropova

Abstract. Experimental evidence is presented that nanosecond
laser irradiation of nanoporous silicate glass containing subnano-
metre Ag, molecular silver clusters leads to the formation of sphe-
roidal silver nanoparticles in the glass pores. Their shape has been
confirmed by numerical simulation and electronic-microscopic
images. The main processes induced by laser irradiation are local
heating and the photoionisation and photofragmentation of the
molecular silver clusters, followed by the aggregation of the frag-
ments of the molecular clusters into nanoparticles.
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1. Introduction

Composite materials containing metal nanoparticles in which
plasmon resonance is possible [1, 2] are widely used in chemi-
cal and biological sensors [3—5], nonlinear optical devices
[6, 7] and nanoplasmonics [8, 9]. Laser irradiation of metal-
containing composites makes it possible to modify their struc-
ture and the geometry and size of metallic nanoparticles and,
therefore, to control the optical properties of the composites.
As shown earlier [10—12], pulsed laser irradiation of solid or
liquid composites containing metallic nanoparticles leads to
photodestruction of the nanoparticles and a decrease in their
size or to their transformation into subnanometre molecular
clusters. Conversely, laser irradiation and subsequent heat
treatment of glass containing silver ions lead to the formation
of silver nanoparticles in the glass [13, 14].

Silicate nanoporous glasses (NPGs) containing intercon-
necting pores [15—17] are convenient matrices for the synthe-
sis of nanoparticles. Each glass pore can be thought of as a
nanoreactor in which one can run multistep chemical reac-
tions and modify particular properties of the synthesised
nanoparticles and nanostructures using external influences
(irradiation, heat treatment and others). Producing metallic
or semiconducting nanoparticles or nanostructures in NPG,
one can prepare novel functional materials for electronic,
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optoelectronic, photonic and sensing applications. Heating
an NPG-based composite to 900-950°C causes the glass
pores to collapse, and the NPG converts into monolithic
quartzoid glass containing inclusions in the form of nanopar-
ticles.

As shown by Burchianti et al. [18], laser irradiation of
rubidium-containing NPG leads to either the formation or
photodestruction of rubidium nanoparticles (depending on
laser irradiation conditions). Marmugi et al. [19] showed that
laser irradiation of potassium-containing glass led to the for-
mation of spheroidal potassium nanoparticles. They pro-
posed using the observed effects for optical information
recording. The effect of laser irradiation on silver halide-con-
taining NPGs has been the subject of several studies [20—22].
CW laser irradiation (at A = 1.07 um and 355 nm) produces
colloidal silver nanoparticles in such NPGs. Nanosecond
laser pulses (4 = 1.06 um) incident on NPGs containing silver
and copper halides were observed to modify the zone under
irradiation due to the formation of metallic nanoparticles.

In this paper, we examine effects resulting from the irra-
diation of silver-containing NPGs with nanosecond laser
pulses, analyse the influence of such irradiation on the optical
properties of the NPGs and discuss the mechanisms respon-
sible for the formation of silver nanoparticles.

2. Experimental

In our experiments, we used silicate NPGs containing inter-
connecting pores 3.5 nm in average size. The glasses were pre-
pared at the I.V. Grebenshchikov Institute of Silicate
Chemistry, Russian Academy of Sciences. Their porosity was
20% to 25%. It is worth noting that pores 3.5 nm in size con-
tain secondary silica nanoparticles, which determine the vol-
ume of the free space in the pores. SiO, accounts for more
than 95% of the NPG network. Electron-microscopic images
of the NPGs were presented previously [23]. Glass samples
had the form of polished plates 10 x 10 x 1 mm in dimensions.
The glass pores were filled with an aqueous silver nitrate solu-
tion (0.025: 1) by immersing the NPGs in the solution for 3 h.
Next, the samples were dried in the dark for 10 h and then
illuminated with a mercury lamp for 20 min at room tempera-
ture. As a result of silver nitrate photolysis, the initially
colourless samples turned dark grey. The gaseous photolysis
products (nitrogen oxides) were removed from the pores in a
natural way.

The glasses were irradiated by frequency-doubled (1 =
532 nm) LS-2131M multimode Nd:YAG laser (Lotis TII,
Belarus) pulses. The laser pulse duration was 9 ns, the pulse
repetition rate was 10 Hz, and the pulse energy was 75 mJ.
The laser fluence was determined by the number of laser
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pulses, N. The average laser pulse energy density on the sam-
ple surface was 2.9 J cm. The irradiated zone diameter on
the sample surface was 1.4 mm. The samples were irradiated
at room temperature in air. Preliminary experiments showed
that energy densities from 3 to 3.5 J cm™ caused no disinte-
gration of or structural changes in the NPGs. The reason for
this is that the network of the NPGs consists of SiO,, which
has a high optical damage threshold.

Optical density spectra were measured on a Lambda 650
spectrophotometer (PerkinElmer, USA), and Raman spectra,
on an inVia Raman microscope (Renishaw, UK). All spectro-
scopic measurements were made at room temperature.
Electron-microscopic images of silver nanoparticles in the
NPGs were obtained on an EM-160 transmission electron
microscope.

3. Experimental results

Figure la is a transmitted light photograph of an irradiated
zone on silver-containing NPG. It is seen that laser irradia-
tion causes a significant change in the colour of the NPG:
from dark grey to yellow. In the spectral range 550—600 nm,
the transmittance of the central part of the irradiated zone is
increased twofold, with a dark peripheral part of the irradi-
ated zone.
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Figure 1. (Colour online) (a) Transmitted light photograph of an irra-
diated zone on silver-containing NPG and (b) normalised transmittance
profile across the irradiated zone in the spectral range 550—-600 nm; N
= 600 pulses.

Figure 2 shows optical density spectra of the NPG before
and after UV irradiation with the mercury lamp and after
laser irradiation to various fluences. It is seen that the mer-
cury lamp irradiation leads to a uniform increase in optical
density in the spectral range 250—700 nm, with a slight maxi-
mum at 4 = 350 nm. Comparison with previously reported
data [24—28] leads us to conclude that a major contribution
to absorption in this case is made by subnanometre Ag, (n =
2—15) molecular silver clusters. Absorption in the short-
wavelength part of the spectrum is due to the presence of Ag,
and Ag, molecular clusters, and longer wavelength absorp-
tion is due to Agz and Ag, (n = 5) molecular clusters. The
formation of molecular silver clusters in the NPG is the result
of AgNOj; photolysis under the effect of the UV radiation
from the mercury lamp. Absorption can also be contributed
by silver oxide, Ag,O.

Pulsed laser irradiation produces a strong absorption
band in the range 320 —500 nm in the optical density spec-
trum. The band has a flat top and consists of a few absorption
bands. Absorption bands of such shape are typical of absorp-
tion in the plasmon resonance region of nonspherical metallic
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Figure 2. Optical density (D) spectra of silver-containing NPG (/) be-
fore UV irradiation, (2) after UV irradiation and (3-6) after laser ir-
radiation; N = (3) 50, (4) 350, (5) 450 and (6) 620 pulses.

nanoparticles [1, 2] — silver nanoparticles in our case. The
intensity of the absorption band rises with increasing laser
fluence. It is seen in Fig. 2 that the increase in absorption in
the spectral range 350—500 nm is accompanied by a decrease
in absorption at A > 480 nm. Figure 3 shows the optical den-
sity at A = 400 and 550 nm as a function of laser fluence. With
increasing laser fluence, the optical density at A = 400 nm rises
by a factor of 3.5. This is due to the increase in the concentra-
tion and size of silver nanoparticles. However, since the aver-
age pore size in the NPG does not exceed 3.5 nm, the size of
the silver nanoparticles also cannot exceed this value. With
increasing laser fluence, the optical density at A = 550 nm first
increases twofold and then drops by a factor of 4 relative to
the initial optical density.
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Figure 3. Optical density D atA = (/) 400 and (2) 550 nm as a function
of laser fluence.

Consider the shape of the absorption band of the silver
nanoparticles in the plasmon resonance region (Fig. 2).
Spherical metallic nanoparticles less than 20 nm in diameter
are known to have one, symmetric and narrow, absorption
band in the plasmon resonance region, with one maximum
[1, 2]. The present experimental spectra differ significantly in
shape from the absorption spectrum of spherical silver
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nanoparticles in the plasmon resonance region. The experi-
mental spectrum in Fig. 2 can be represented as a combina-
tion of two Gaussian absorption bands [Fig. 4, curves (2),
(3)]. Such a spectrum is typical of metallic nanospheroids
with axes @ = b # ¢. In our case, the two absorption bands cor-
respond to electron plasma oscillations along the major and
minor nanospheroid axes. Since the average size of the
nanoparticles does not exceed 3.5 nm, the quasi-static dipole
approximation [29] can be used for numerical simulation of
their optical properties. In this approximation, the absorp-
tion cross section g, of a nanoellipsoid can be represented in
the following form [1, 2, 29]:

0, = kImé,

where ¢ is the polarisability of the nanoparticle and k = 2r/A.

(3]
0, (arb. units)
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Figure 4. (/) Experimental absorption spectrum of the silver-contain-
ing NPG at N = 620 laser pulses, (2, 3) decomposition of the experi-
mental spectrum into Gaussians and (4) calculated absorption cross
section g, of a silver nanospheroid with an axial ratioa:c=1:1.3 in the
glass. Inset: electron-microscopic image of silver nanoparticles in the

NPG.

The polarisability components of a nanoellipsoid with a, b
and ¢ axes along the three coordinates (i = 1,2, 3) can be rep-
resented in the form [29]

= &= &,
O = dabe s e, — e’
b d N
Li = u ) = s Zj = b
2 fo 22+ V(@ + ) (B> + x)(c* + x) .

Here, ¢, and ¢, are the dielectric permittivities of the
nanoparticle material and ambient medium, respectively,
and L, is the depolarisation factor for the three coordinates.
Since the nanospheroids are oriented at random in the NPG,
their absorption cross sections should be averaged over the
three coordinates. In numerical simulation, we used the dis-
persion of optical constants of silver from Irani et al. [30]
and ¢ = 3.5 nm. It is seen in Fig. 4 that, at an axial ratio a: ¢
= 1:1.3, the calculated spectral dependence of the absorp-
tion cross section for a nanospheroid [curve (4)] correlates
well with the experimental absorption spectrum [curve (/)].
The broadening of the experimental spectrum compared to

the calculated one is due to the scatter in the geometric shape
of the actual silver nanoparticles in the NPG. Further evi-
dence for the spheroidal shape of the silver nanoparticles is
provided by the electron-microscopic image of the irradi-
ated zone on the NPG surface in the inset in Fig. 4. It is
seen in this micrograph that the nanoparticles have the
shape of oblong spheroids with a characteristic size between
3 and 5 nm.

The fact that laser irradiation produces not spherical but
spheroidal nanoparticles is easy to explain. The pores in the
NPG are not spherical but have the form of extended chan-
nels. Therefore, the transverse growth of nanoparticles is lim-
ited by the pore walls and, accordingly, the preferential
growth direction is along the channel axis.

Additional information about the processes involved in
the formation of nanoparticles can be gained from the Raman
spectra presented in Fig. 5. The Raman spectrum of the sil-
ver-free NPG has the form of a broad band centred near
2000 cm™! [Fig. 5, spectrum ( 1)]. It is known that, under nor-
mal conditions, NPG contains monolayers of physisorbed
and chemisorbed water [31]. Thus, the band in question is
attributable to a v, + L, combination of vibrational modes of
water molecules [32]. This band, with different intensities, is
also present in the other spectra in Fig. 5. The main OH
stretching bands lie in the frequency range 3000—3700 cm™!
[32—-34] and are not shown in Fig. 5. The origin of the weak
and broad band centred at 500 cm™' has not been identified.
After the formation of molecular silver clusters in the NPG,
its Raman spectrum showed five additional bands, at 160,
330, 780, 1330 and 1600 cm™! [Fig. 5, spectrum (2)]. The first
two bands are attributable to Ag, molecular silver clusters
with n < 10 [35]; the third band, to the Ag;H™ hydride anion
complex [36]; and the fourth and fifth bands, to the Ag;H™*
hydride cation complex and the AgsH neutral hydride com-
plex, respectively [36]. It is also known that molecular silver
clusters can form charged and neutral complexes with OH
groups, such as Ag,(OH), [37] and Ag,O.H, [38], but their
Raman spectra have not yet been studied. Laser irradiation
considerably reduces the intensity of all the Raman bands
[Fig. 5, spectrum (3)]. The decrease in the intensity of the
bands related to the molecular silver clusters and their com-
plexes points to a reduction in their concentration as a result
of a transformation of the nanoparticles. Silver nanoparticles
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Figure 5. Raman spectra of silver-free NPG (/) and silver-containing
NPG before (2) and after (3) laser irradiation; N = 620 pulses.
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are known to have vibrational bands due to acoustic modes
[39, 40], but they lie in the frequency range 20—100 cm™,
which is beyond the working range of the Raman spectrome-
ter used in this study.

The present results demonstrate that the irradiation of
silver-containing NPGs with nanosecond laser pulses leads
to a transformation of subnanometre molecular silver clus-
ters into silver nanoparticles. The main processes induced by
laser irradiation are local heating and photoionisation of the
molecular clusters as a result of light absorption. As seen in
Fig. 2, the optical density at A = 532 nm is 0.8, so both pro-
cesses have rather high efficiency. Heating and photoionisa-
tion lead to fragmentation of some molecular clusters and
generation of free electrons and silver ions, which remain in
the pores of the NPG. A laser pulse is followed by recombi-
nation processes and neutralisation of silver ions. Since this
causes Coulomb repulsion to disappear, silver atoms can
attach to molecular clusters, increasing their size and
improving their stability. This accounts for the increase in
optical density in the spectral range 480—700 nm at rela-
tively low laser fluences (less than 50 pulses). At the same
time, silver oxide is not formed in the pores because it is
thermally unstable. The increase in the size of molecular
clusters with increasing laser fluence eventually results in the
formation of silver nanoparticles, in which plasmon reso-
nance is possible. Further raising the laser fluence leads to
an increase in nanoparticle size and concentration, which is
accompanied by an increase in the intensity of the absorp-
tion bands in the plasmon resonance region [Fig. 3, curve
(1)]. At the same time, the concentration of molecular clus-
ters in the irradiated zone decreases. This leads to a reduc-
tion in absorption in the spectral range 480—700 nm [Fig. 3,
curve (2)]. Since the transverse laser beam profile is bell-
shaped, the laser fluence in the peripheral part of the irradi-
ated zone is relatively low. Because of this, there is only an
increase in the size of molecular clusters in this region, with-
out formation of silver nanoparticles, which accounts for
the presence of a dark ring around the zone under irradia-
tion (Fig. 1). As mentioned above, NPG usually contains
adsorbed water monolayers. The photocatalytic decomposi-
tion of the water during laser irradiation is accompanied by
hydrogen release in the glass pores. This also may contribute
to the reduction of silver ions and charged molecular silver
clusters after a laser pulse.

Our results can be compared to those reported by
Marmugi et al. [19], who observed the formation of potas-
sium nanospheroids in NPG under laser irradiation. It is also
worth noting that laser irradiation of monolithic glass con-
taining silver nanoparticles leads to the opposite effect: pho-
todestruction of nanoparticles [10—12].

4. Conclusions

The present results demonstrate that the exposure of NPG
containing molecular silver clusters to nanosecond laser
pulses leads to the formation of spheroidal silver nanopar-
ticles in the glass pores. This significantly changes the opti-
cal properties of the NPG, producing a broad, strong band
in the plasmon resonance region, between 350 and 500 nm,
in the optical absorption spectrum of the glass. At the same
time, the absorption in the spectral range 480—700 nm drops
by a factor of 4. Local formation of silver nanoparticles in
NPG under laser irradiation can be used for producing

chemical and biological sensors, including microfluidic
ones, as well as in nonlinear optical and nanoplasmonic
devices. The ability to control the optical properties of sil-
ver-containing NPGs by laser irradiation can also be used
for optical information recording, including digital informa-
tion in higher order codes.
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