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Abstract.  It is shown that pulsed irradiation (a wavelength of 
10.6 mm and an energy density of 0.6 – 8.5 J cm–2) of glass with a 
waveguide layer containing silver ion leads to the formation of a 
ring, surrounding the irradiated zone and consisting of silver 
nanoparticles deposited on the glass surface. The possible process 
of formation of silver nanoparticles under laser irradiation is dis-
cussed.
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1. Introduction

Methods of laser-induced evaporation and ablation find wide 
application in surface nanostructuring and producing 
nanoparticles of different materials [1]. These methods allow 
the production of dielectric [2], semiconductor [3] and metal-
lic nanoparticles [4]. Nanoparticles of noble metals (Ag, Au, 
Pt) and copper, possessing plasmon resonances [5], are widely 
used in designing chemical sensors and biosensors based on 
the enhancement of luminescence [6] and Raman scattering 
[7]. The major effect in these cases is the local enhancement of 
the electromagnetic wave field amplitude under the condi-
tions of plasmon resonance. For the synthesis of metallic 
nanoparticles one can use chemical reactions in liquid and 
polymer media [8 – 10], electrochemical methods [11], vacuum 
deposition or laser-induced ablation onto a substrate [12], ion 
implantation [13, 14], electron beam impact [15], thermal pro-
cessing of glasses containing silver ions in reducing atmo-
sphere [16, 17] and a number of other methods. As compared 
to other methods, the laser-induced evaporation and ablation 
of a metallic target followed by the deposition of nanoparti-
cles onto a substrate possess a number of advantages, first of 
all, the simplicity and high productivity. However, silver or 
gold nanoparticles deposited on the substrate have low adhe-
sion and are easily removed. The same drawback is inherent 
in the method of producing silver nanoparticles in reducing 
atmosphere [17]. In Refs [18, 19] it is shown that for the opti-
misation of the characteristics of a chemical sensor or biosen-

sor, based on the nanoparticle plasmon resonance, it is neces-
sary to isolate nanoparticles from the environment by a 
dielectric layer having a thickness of 5 – 15 nm. That is why 
after the synthesis the nanoparticles are coated with a layer of 
polymer or nonorganic material. From the point of view of 
sensor design, it is optimal to produce metallic nanoparticles 
on the surface of optical waveguides or fibres [20, 21]. This 
increases the efficiency and simplifies the collection of the 
analysed radiation, as well as allows the fabrication of sensor 
matrices in the form of biochips. 

Based on the above considerations, the aim of the present 
work was formulated, namely, to study the possibility of pro-
ducing silver nanoparticles by means of laser-induced evapo-
ration from the surface of silicate glass waveguides containing 
silver ions and to analyse the specific features of this process. 
It was assumed that the laser-induced evaporation should not 
cause essential distortion of the waveguide optical character-
istics (formation of craters, glass cracking, etc.). Therefore, 
the energy density range of the incident radiation was chosen 
to be minimal. 

2. Experimental technique

In the experiments we used polished plates of sodium silicate 
glass with the composition  SiO2 – Na2O – MgO – Al2O3 – CaO. 
The silver ions were injected into the near-surface layers of the 
glass using the ion exchange method Ag+ ® Na+ [22] in the 
melt of the AgNO3 (5 mol %) + NaNO3 (95 mol %) mixture at 
the temperature 350 °C during 15 min. The calculation shows 
that under such ion exchange conditions silver ions penetrate 
into the glass to the depth of 20 mm. In the near-surface glass 
layer a gradient planar waveguide is formed [22]. The glass 
was exposed to focused radiation of a 10.6-mm pulsed wave-
guide CO2 laser (Syngrad). The irradiation was performed 
with single laser pulses in air at the atmospheric pressure. The 
diameter of the irradiated glass zone was measured to be 
100  mm. The mean energy density E in the irradiated zone 
varied from 0.6 to 8.5 J cm–2. The laser pulse duration was 
40 – 150 ms. For measuring the optical density spectra, the 
samples were fabricated, in which the irradiated zones formed 
an array of regularly arranged ‘points’ (see the inset in Fig. 1a) 
filling an area of 2 ́  2 mm. The optical density spectra in this 
case are integral and represent a sum of spectra of the initial 
glass, the rings and the irradiated zones. The optical density 
spectra were measured using a Lambda spectrophotometer 
(PerkinElmer) at room temperature. Electron microscope 
images were obtained using a JSM 7001F (JEOL) scanning 
electron microscope (SEM).
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3. Experimental results and discussion

The experiments have shown that the effect of a CO2 laser 
pulse with E = 0.6 – 8.5 J cm–2 on the glass containing silver 
ions leads to the appearance of a ring around the irradiated 
zone (Fig. 1a) with the colour varying from light yellow to 
brown with the growth of energy density. The width of the 
ring amounts to 15 – 20 mm. At E = 0.95 – 8.5 J  cm–2 the 
colouring also appears directly in the irradiated zone. The 
SEM image of the irradiated zone at E = 0.95 J cm–2 (Fig. 1c) 
shows that at this energy density the damage of the glass sur-
face by the laser radiation is minimal. (The defect in the left-

hand part of the Figure is not related to the effect of the laser 
pulse and is a result of the separation of the metallic film, 
deposited onto the surface to remove the surface charge in the 
process of scanning with the electron beam.) At E H 3.8 J cm–2 
a crater is formed in the centre of the irradiated zone (Figs 1b 
and 1d), and around the irradiated zone the glass cracking 
appears due to mechanical and thermal stresses. In this case 
the ring is a continuous film of metallic silver with a high 
reflection coefficient that can be observed visually (Fig. 1b). 
Figure 1d shows the SEM image of a crater in the glass after 
the impact of a laser pulse with E = 8.5 J cm–2. It is seen that 
as a result of the glass melt slopping, a swell is formed along 
the crater perimeter. Two concentric rings can be seen at the 
inner part of the swell, which are the result of melted glass 
wave motion. Dark points are present in the central part of 
the crater, which are bubbles of air that appeared in the pro-
cess of glass boiling. Such modifications of the surface will 
obviously cause essential worsening of the waveguide optical 
characteristics. 

The integral spectra of the glass optical density after the 
CO2 laser irradiation are shown in Fig. 2. It is seen that the 
irradiation of the glass with the CO2 laser leads to the appear-
ance of absorption bands in the spectral intervals 370 – 380 nm 
and 400 – 500 nm. With increasing E, the maximum of the 
longer wavelength absorption band is shifted from l = 430 to 
445 nm. It is known [5, 23] that the isolated spherical uncoated 
nanoparticles of silver with the diameter 2 – 20 nm possess 
relatively narrow plasmon absorption bands in the spectral 
interval 390 – 400 nm. The absorption bands shown in Fig. 2 
are characteristic for plasmon absorption bands of silver 
nanoparticles in the following cases:

1) the nanoparticles have the shape, different from the 
spherical one, e.g., the shape of an ellipsoid [5];

2) the separation between the nanoparticles is smaller 
than 20 nm, i.e., they are to be considered as an ensemble of 
nanoparticles with electromagnetic interaction [5, 9];

3) the additional electromagnetic interaction between the 
nanoparticles, separated by relatively large distances (as in 
our case), arises as a result of the excitation of modes in the 
waveguide layer located near the glass surface [21, 24];
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Figure 1.  Photographs of (a) the irradiated glass zone at E = 0.95 J cm–2 
(the inset shows a fragment of the matrix used for measuring the inte-
gral optical density) and (b) the edge of the irradiated glass zone at E = 
8.5  J  cm–2, as well as SEM images of (c) the irradiated zone at E = 
0.95  J  cm–2 and (d) a crater at E = 3.8  J  cm–2. The photographs in 
Figs 1a and 1b are obtained in reflected light using an optical micro-
scope.
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Figure 2.  Spectra of the integral optical density D of the glass before 
( 1 ) and after the irradiation with the CO2 laser with E = ( 2 ) 0.6, ( 3 ) 
0.95, ( 4 ) 3.8 and ( 5 ) 8.5 J cm–2. The inset shows curves ( 2 ) and ( 3 ) in 
the magnified scale.
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4) the size of a nanoparticle is greater than 20 nm, i.e., the 
nanoparticle is already a multipole, which leads to additional 
plasmon resonances [5]; and

5) the metallic particle has a dielectric coating, so that the 
plasmon absorption band is shifted towards longer wave-
lengths [5].

Figure 3 shows the SEM image of silver nanoparticles at 
the outer side of the ring around the irradiated zone. Allowing 
for the fact that the nanoparticles are located at the wave-
guide surface, it is seen that the optical density spectra are 
affected by four of the above factors. Below it will be shown 
that a dielectric coating is formed on the surface of silver 
nanoparticles. Therefore, this factor also affects the position 
of the plasmon absorption band. The size of the nanoparticles 
varies from 10 to 100 nm. Many of them have the shape close 
to spherical, but a number of nanoparticles have the shape of 
prolate ellipsoids. The separation between them in some 
places does not exceed 10 nm. From Fig. 3 it is also seen that 
the nanoparticles having the shape of ellipsoids are similarly 
oriented, so that their long axes are oriented along the direc-
tion of the laser-induced torch plasma expansion.

Figure 4 shows the normalised size distribution of 
nanoparticles at the outer side of the ring. It is seen that the 
nanoparticles with the diameter 10 – 15 nm have the maximal 
surface concentration. The increase in the nanoparticle diam-
eter is accompanied by a decrease in their concentration. The 
shape of the nanoparticle size distribution envelope is close to 
exponential. 

For a wavelength of 10.6 mm the relevant absorption band 
of silicate glasses lies within the interval 1800 – 2000 cm–1 [25]. 
The calculation shows that in the layer of silicate glass with 
the thickness 3 – 4 mm, 50 % of radiation power at this wave-
length is absorbed. It is known that the boiling temperature of 
sodium-doped silicate glasses varies within the interval 
1800 – 1900 °C depending on the composition. To estimate the 
upper boundary of the surface heating under the conditions 
of our experiments, the laser irradiation of silica glass (the 
boiling temperature 2230 °C) was performed that did not 
cause the evaporation of the surface layer. From this result we 
conclude that the temperature of the glass surface heating is 
limited by the above values. The evaporated components of 
glass, including the silver, form a torch that absorbs a fraction 

of laser radiation. The heating of the torch in the laser beam 
leads to the thermal ionisation of its components [26] and to 
the formation of plasma, the presence of which is confirmed 
by the white-blue glow of the interaction region during the 
laser pulse.

At the torch boundaries the recombination of electrons 
and ions and the deposition of the glass components around 
the irradiated zone can occur. However, the small time of the 
laser pulse action (100 ms) and relatively low temperature of 
the glass around the irradiated zone do not provide the pos-
sibility of formation of silver nanoparticles by means of the 
diffusion of silver atoms over the glass surface. The process is 
also hampered by fast cooling of the irradiated zone. 
According to Ref. [2], the cooling rate of the irradiated zone 
of a dielectric after the termination of the CO2 laser pulse 
action amounts to nearly 1.3 K  ms–1, so that the only possible 
mechanism of silver nanoparticle formation during the laser 
pulse is the formation at the torch boundaries, where the con-
centration and mobility of silver atoms are relatively high. At 
the final stage of the laser pulse action and after it, as a result 
of the torch temperature decrease, nanoparticles are formed 
in its central part, which is confirmed by the appearance of 
colouring in the central part of the irradiated zone. It is worth 
noting that, in spite of the complex chemical composition of 
the glass, nanoparticles produced at the torch boundaries 
consist of pure silver rather than of its chemical compounds, 
e.g., silver silicates. The possible reason is the instability of 
most chemical compounds of silver, which are easily decom-
posed at high temperature.

Consider now the probability of the laser-induced forma-
tion of silver nanoparticles under the glass surface, e.g., in the 
crater region. It is known (see, e.g., [27]) that in sodium sili-
cate glasses with neutral silver atoms in the course of thermal 
processing at a temperature insignificantly exceeding the tem-
perature of vitrification Tg (Tg = 480 – 560 °C depending on 
the glass composition), the formation of silver nanoparticles 
occurs as a result of thermal diffusion of silver atoms. The 
duration of thermal processing in this case is 1 – 10 h. Silver 
ions cannot form a nanoparticle because of the Coulomb 
repulsion. At essentially higher temperatures, e.g., greater 
than 900 °C, an opposite process occurs, namely, the dilution 
of silver nanoparticles in the glass with the transition of silver 
into the atomic state. In our experiments the silver inside the 
glass was initially in the ion state. The glass heating or melt-
ing, the case when there are special reducing dopants, does 

Figure 3.  SEM image of silver nanoparticles at the outer side of the ring 
at E = 3.8 J cm–2.
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Figure 4.  Normalised size distribution of silver nanoparticles at the 
outer side of the ring.
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not give rise to free electrons. The high temperature in the 
crater region and fast cooling of the irradiated zone after the 
laser pulse inhibit the formation of nanoparticles in the glass 
even if the neutral silver atoms appear. Thus, we can conclude 
that the pulsed CO2 laser irradiation cannot lead to the for-
mation of silver nanoparticles inside the near-surface layer of 
the glass.

To confirm the above conclusions the following experi-
ment was carried out. The radiation of the CO2 laser was 
focused on the glass substrate with silver ions through the 
polished plates of single-crystal KBr or ZnSe (Fig. 5a), trans-
parent in the 10-mm spectral region. The plates were placed 
directly on the surface of the glass substrate. As a result of 
exposure, the circles and rings appeared at the surface of KBr 
and ZnSe plates, adjacent to the glass substrate (Figs 5b and 
5c), similar to those at the surface of the grass substrate. The 
fact that the ‘reprint’ at the ZnSe plate is weaker than that at 
the KBr plate may be explained by the smaller energy of the 
incident radiation [because of the high (n = 2.5) refractive 
index of ZdSe, the coefficient of Fresnel reflection from two 

plate faces amounts to 30 %]. The spectral measurements have 
shown that in the optical density spectra (Fig. 6) of the plates 
the plasmon absorption bands appear, similar to those shown 
in Fig. 2. Thus, this experiment confirms that the formation 
of silver nanoparticles occurs directly at the boundaries of the 
laser torch during the laser pulse action and inside the torch 
after the pulse action end.

The deposition of silver nanoparticles at the glass surface 
around the irradiated zone is accompanied by the deposition 
of other dielectric components of glass, which provide firm 
fixation of nanoparticles on the glass surface and form a 
dielectric coating of the nanoparticles. The removal of 
nanoparticles from the glass surface is possible only using 
mechanical grinding or polishing. The main components of 
the coating can be silicon oxides (the basic component of the 
silicate glass) and silicon nitrides (irradiation is performed in 
air). To check it, the glass after the exposure to CO2 laser 
radiation was etched in a 10 % aqueous solution of HNO3 
during 15 min. The etching did not lead to the disappearance 
of plasmon absorption bands of silver nanoparticles. The 
control experiment has shown that a silver film with a thick-
ness of 100 nm on the glass surface is diluted by a similar 
HNO3 solution in less than 5 min. Since silicon oxides and 
nitrides are solvable in hydrofluoric acid, the etching of irra-
diated samples in a 2.5 % aqueous solution of HF was carried 
out during 2 – 4 s at room temperature, after which the sam-
ples were washed in water. After this procedure the nanopar-
ticles could be easily removed from the surface with cloth or 
water jet. This confirms the hypothesis about the appearance 
of a dielectric buffer layer on the surface of silver nanoparti-
cles. The experiment allows a rough estimate of the thickness 
of the dielectric layer coating nanoparticles as smaller than 
50 nm.

4. Conclusions

The impact of pulsed CO2 laser radiation on the glass optical 
waveguide containing silver ions in the interval of energy den-
sities 0.6 – 8.5 J cm–2 leads to the formation of silver nanopar-
ticles at the boundaries of the laser torch. The particles are 
deposited on the waveguide surface, forming a ring around 
the irradiated zone. The size of nanoparticles amounts to 
10 – 100 nm. The dielectric components of the glass, deposited 
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Figure 5.  (a) Schematic diagram of irradiation of the glass with the CO2 
laser [( 1 ) KBr or ZnSe plate, ( 2 ) glass doped with silver ions] and a 
photograph of the laser torch trace on the plates of (b) KBr and (c) 
ZnSe. The photographs were obtained in reflected light; E = 3.8 J cm–2.
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Figure 6.  Spectra of integral optical density of KBr plate ( 1 ) before and 
( 2 ) after irradiation of the glass doped with silver ions with a CO2 laser; 
E = 3.8  J cm–2.
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on the surface from the torch, form a protective coating on 
the silver nanoparticles, fixing them on the waveguide sur-
face. The ‘soft’ regime of irradiation of the glass allows one to 
avoid the glass cracking, crater formation and essential wors-
ening of the waveguide optical characteristics. 
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