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Abstract Online UV/visible extinction measurement have
been achieved during nanosecond Nd:YAG laser irradiation
at 532 nm of a silver-exchanged silicate glass after each shot.
We have explained the evolution of the integrated spectral
evolution with the help of a few observed spots after the
laser/glass interaction and completed them by optical and
surface measurements. This optical method allows to in situ
follow silver ions precipitation in nanoparticles (NPs) and the
consequently surface plasmon resonance evolution (SPR). In
this study, we focus on the interest of this method for one
silver-exchanged soda-lime glass by direct observation of the
sample surface. Scanning electron microscopy measurement
and optical microscopy were used to identify the various
ablation mechanisms. Profilometry was used to evaluate the
material distribution and the surface roughness evolution

(Rms parameter). Thus, we explain the silver NPs effect on
glass matrix at various micrometric scales according to the
deposited fluence and silver concentration.
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Introduction

Recent optical technologies need a go control of the irradiation
conditions of the complex materials [1]. It is possible to nano-
structure surfaces [2] with nanoparticles (NPs) [3] and to locally
precipitate them [4]. The good control of the ablation properties
allows the realization of various microstructures shapes. The
aim of this study of the irradiation of a silicate glass containing
noble metal nanoparticles is devoted to the development of a
new method to control the process by online extinction mea-
surement [5, 6]. The main purpose is to study the life cycle of
metallic NPs formed in the glasses and their environment impact
[7–9]. More especially, we want to highlight the behavior of the
material composed of silicate glass and silver after pulsed nano-
second laser exposure by direct surface observation using optical
and scanning electron microscopes (respectively OM and SEM)
[10]. An investigation by profilometry gives information about
the surface roughness evolution depending on the deposited
fluence [11]. Thus, we are able to qualify the various degrada-
tion mechanisms due to two main parameters which are time
exposure and total fluence deposited. We highlight the parame-
ters allowing to promote the nanoparticles precipitation without
ablation phenomenon or in an opposite way to the ablation
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Fig. 1 Process description for
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Fig. 2 Optical microscopy of seven spots observed after irradiation of a silver-exchanged silicate glass at various deposited fluences
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Fig. 3 Left, UV/visible
spectrum of s3 and its model.
Right, total extinction integrated
in the range of 380 to 490 nm
according to the deposited
fluence (expressed in logarithm
scale). E=25 mJ, fluence per
shot=0.239 Jcm−2. a fluctuations,
b quasi-linear evolution. s0, s1,
s2, and s3 dots represent special
studied spots. Starter indicates the
significant SPR occurrence,
I(starter)=35.6 Jcm−2
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Experimental Details

In a previous paper, we studied the silver exchange method with
a classical soda-lime glass slide [12]; the influence of the ex-
change time and total deposited fluence on the NPs precipitation
were also highlighted [13]. In this study, we have used a Nd:
YAG Quantel Brilliant pulsed laser which delivers 5 ns duration
pulses of maximal energy E=330mJ at wavelength λ=1064 nm
with a 10-Hz repetition rate of a Gaussian beam. We have
irradiated with the second harmonic generation wavelength at
λ=532 nm a 10 min exchanged “float” glass SGG
PLANILUX© (76×25×3 mm3) with a homogeneous composi-
tion of 71.18%SiO2, 0.46%Al2O3, 12.69%Na2O, 9.7%CaO,
and 5.58 %MgO [14]. This glass was previously immersed in a
bath composed of 10 %AgNO3 in NaNO3 at temperature T=
315 °C, whose tin face was further removed by polishing meth-
od. In this case, we have obtained only one silver layer into the
glass surface [15]. The laser exposure energywas E=25mJ for a
3.6 mm diameter of the beam spot; the energy density or the
corresponding deposited fluence per shot was 0.239 Jcm−2.
Figure 1 represents the two main steps of this process.

The extinction spectra of the irradiated glass are thus
collected and analyzed. A typical result of selected glass
marks (spots) according to the increasing of the number of
shots (total fluence deposited) is presented in Fig. 2.

We assume that the most contrasted regions are signifi-
cant of the silver NPs influence.

Results

UV/Visible Measurement

During the irradiation sequence, the online optical measure-
ment was acquired by lighting across the glass with a white
source and collecting the optical extinction with a UV/visible
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Fig. 5 Average cross section for each spot after irradiation at l=532 nm.
Fluence per shot=0.239 Jcm−2. s1: I=72 Jcm−2; s2: I=93 Jcm−2; s3:
I=239 Jcm−2
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Spectrometer coupled CCD camera. After each laser shot, the
extinction was integrated in the range of 380 to 490 nm to
obtain the total extinction according to the shots number. This
optical range is chosen according to the silver plasmon reso-
nance evolution (SPR) location [16]. A representation of
selected steps s0, s1, s2, and s3 depending on the number of
shots or deposited fluence I (in joule per square centimeter) is
given in Fig. 3.

Each UV/visible spectrum is composed of two Gaussian
contributions: glass absorption and silver SPR, and the total
extinction describes the SPR behavior. In this special case of
low-energy exposure (E=25 mJ), the total extinction pre-
sents fluctuations (a) and mainly a quasi-continuous growth
according to deposited fluence (b), its significant of the NPs
formation [5]. The region (a) has to be invested with
profilometric and optical methods for a better understanding
of the matter state behavior [17].

Profilometry Measurement

Various profilometric methods exist as AFM or interferometry
[18, 19]. Here, we use a stylus profiler “Dektak 150 from
Veeco” equipped of a low-inertia sensor (LIS-3) which allowed
us to evaluate the surface roughness of the irradiated region.
The sensor diameter was 2.5 μm and resolution depends on
CCD camera and stage moving, it was 1 μm.We have obtained
a tridimensional representation [X, Y, Z]. We have determined

an average profile for each spot with the use of “Gwyddion,” a
free software. The method is described in Fig. 4 for the spot s1.

Awide line (15 pixels) collects extended values allowing to
obtain a significant cross section. Figure 5 represents the
average profiles (cross sections) for three deposited fluences.

Y(x) represents the height value at x position. Each of the
three profiles exhibit a hole formation due to material
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Fig. 8 Surface roughness
(Rms) for the three studied
spots s1, s2, and s3. L∼1 μm

(a)

Fig. 9 Optical microscope picture of the irradiated region s0 (by
reflection). Fluence per shot was 0.239 Jcm−2, I=67 Jcm−2 (after 280
shots). (a) NPs formation. Picture size: H=1.2 mm; V=0.9 mm
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Fig. 10 SEM pictures of laser spots on silver-exchanged glass surface
for various deposited fluences. The arrow indicates the diameter of the
affected region. s1: I=72 Jcm−2; s2: I=93 Jcm−2; s3: I=239 Jcm−2
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ejection [20] and confirms the ablation mechanisms. The
effective ablation depth is limited to 2 μm by the silver
concentration due to the exchange depth [12]. Obviously,
profile fluctuations decrease when the deposited fluence
increases. Each curve has been studied with more details
to better understand the photoablation influence. For this
reason, we have estimated the relief change trend Ry(x) by
calculating the following summation:

Ry xið Þ ¼ Y1 x1ð Þ þ . . .þ Yn�1 xn�1ð Þ þ Yn xnð Þ ¼ Pn�1

i¼1
Yi xið Þ

i ¼ 1; . . . n

ð1Þ

A x;yð Þ ¼
Zx¼1:4

x¼0:2

Y ðxÞdx ð2Þ

With n as the natural number.We have deduced the average
cross-section area A(x,y) determined for x ∈[0.2;1.4 mm]
(Fig. 6).

Regarding the Ry(x) evolution, the curve variations are
more important for spots s2 and s3 than s1. We suggest that
the first positive values are greater for s2 than s3 because of
an outside bead formation, a part of this border is certainly
expelled by gravity. The average cross-section area A(x,y)

decreases fastly, and for s2 and s1, the ablation mechanisms
tends to stabilize. An observation of the surface evolution as
represented in Fig. 7 gives additional information.

The method consists in masking the ablated region to
determine the projected surface (a) and the contour surface
(b). The contour surface corresponds to the ablated region
envelope. Its trend confirms A(x,y) value. The ablation effect
is limited after s2. The projected area evaluates the size of
the ablated region that is mainly composed of a hole and a
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Fig. 11 SEM pictures of three
selected spots s1, s2, and s3.
Legend: a, precipitation; b,
phases separation; c,
redeposition of high silver rate
material; d, border formation; e,
plasma scald; f, fragmentation;
g, erosion
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bead: the increasing being due to expelled material. A
method to evaluate the silver NPs incidence and as conse-
quence the roughness consists in estimating the root mean
square value (Rms) as described in Eq. 3 and Fig. 8 [21, 23].

Rms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

L

Z

0

L

Y 2ðxÞd x
vuut ð3Þ

The choice of the L length affects the observation size. In
this condition, the L value arbitrary chosen was the pixel
size (∼1 μm) and allowed to observe the scale of expelled
nodules trace. Rms value increases with the total deposited
fluence; we suggest that this effect comes from the extrac-
tion of a decreasing presence of silver with depth (due to
silver exchange profile). The silver NPs locally generates
micrometric alloys ejection.

Microscopy Study

Figure 9 represents s0 step and reveals random locations of
precipitated silver: it depends mainly on the impurities loca-
tion and the fluence per shot which favor the silver clustering
depending of the thermal diffusivity around the NPs [22, 23].

The precipitation is contained in 1 mm2. These random
places probably contain elements responsible of the beam
absorption: impurities as iron and/or reducing agents
[23–25]. The main steps have been studied with a classical
SEM, “LEO VP1430” for the surface observation. The back-
scattered and secondary electrons were collected to obtain
topographic and chemical information of the various spots.
Three selected spots s1, s2, and s3 are presented in Fig. 10.

A bounded zone by sparrow (diameter) reveals the af-
fected part of a 3.6-mm exposed region. The dark contrasted
regions are impoverished in silver [8]. Apart from the fact
that the silver distribution is rather heterogeneous, the global
silver presence is decreased from the center to the border
according to the deposited fluence I and the affected region
size first increases then stabilizes. An additional observation
to understand the causes of the compounds distribution is
useful (Fig. 11).

Spot s1 is especially interesting because silver-rich phases
(a) are very present in the spot and the initiation of the border
formation (c) due to deposited growing heap (b) is visible.
Pictures s2 and s3 first show a silver precipitation (a) then a
duality with plasma scald (e) and the accumulation onto the
border (d) of silver-rich material (c). The border formation
extends (c) in pictures s3 and material on the border is
fragmented (f) and eroded (g) for a reinjection after fusion
[26]. This fluence condition favors the formation and growth
of the silver. The extension of silica far away of the border is
however difficult to confirm because of its lower coating
thickness. After numerous shots, the degradation causes a
radical loss of silver in the center with the presence of hetero-
geneous material composed of porosities or pits (c) due to
nodules ejection as shown in Fig. 12 [27–29].

Material is very fragmented in the silver-rich border (a),
and a part of metallic silver propagates outside by overlapping
(b). The border is composed of homogeneous fragmented
material obtained by redeposition with a high influence of
silver particles and an outside combined material with

0 20 40 60 80 100 120
0.0

0.1

0.2

0.3

0.4

0.5

0.6

T
ot

al
 e

xt
in

ct
io

n 
(a

.u
.)

Deposited fluence  [J.cm-2]

Starter

s5a

b
c

d

Fig. 13 Total extinction measurement of the s5 spot during 220 shots,
E=60 mJ, fluence per shot was 0.59 Jcm−2. I(starter)=30.4 Jcm−2.
I(s5)=129.8 Jcm−2. a, first growth; b, ejection and second growth; c,
second growth; d, strong ejection and slow third growth

c

a
b

Mag x4 Mag x15

Fig. 12 Optical microscope
pictures of laser spot after 4,000
shots, I=956 Jcm−2. a, silver-
rich border; b, overlapping; c,
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separated phases probably due to silver silicate and silicate
overlapping. The contrast between the border and center is
well defined and crackling/delamination of silver-rich materi-
al looks to be the cause of the clear degradation in the center.
We suggest that few dispersed particles are created when
silver concentration decreases which promotes a strong nod-
ule ejection. These optical investigations allowed to conclude
that the ablation mechanism per shot is limited in this fluence
condition and varies according to the silver exchange depth
(concentration).

Second part of our study is focused on the highest depos-
ited fluence more than 0.59 Jcm−2 according to right part of
the Fig. 13.

In this case, the evolution behavior is clearly different
(see Fig. 3), more fluctuations are observed and the curve
decreases then stabilizes with a lower value for higher total
deposited fluence I(s5)=129.8 Jcm−2. This irradiation con-
dition highlights a duality between the silver particles for-
mation and ablation mechanisms. The growth (a) and (c) are
characteristics of the silver particles formation; (b) and (d)
are associated to an ablation dominance with a clear material
loss. Material is removed far away from the surface; as a
consequence, the laser energy influences the explosion na-
ture and probably the matter structure [30]: optical micro-
scope pictures confirm these trends (Fig. 14).

The affected region is more extended than in the previ-
ously studied case in these conditions of higher fluence
exposure. Now, the region with metallic silver is clearly
delimited by an outside ring rich in silica (e), the observed
chips (f) and (g) imply breakup effects, clustering is homo-
geneous but degradation occurs suddenly, and material lose
its cohesion. We suggest that the silver NPs have enough
energy to generate deflagration into the glass: they grow
instantly. As a consequence, the spot is rather uniform with
the formation of light glassy edge all around. In this higher
potential energy case, heap of important size are extracted,
the layers separation is favored and provoke the delamina-
tion. These conditions are better to obtain fastly the aggre-
gates; however, having a split material, the spot is strongly
weakened and the process control is better.

Discussion and Conclusion

We have detailed an original in situ optical control of a 10-
min silver exchanged silicate glass irradiated by a 532-nm
nanosecond pulsed laser. We have shown the effect of a low
deposited fluence per shot (0.239 Jcm−2) onto the glass
surface and more especially on the silver NPs formation and
the surface roughness incidence. We are able to control the
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Laser injection
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Glass wave propagation
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droplet

NPs

NPs initiation

Fig. 15 Kinetics of material
distribution at 0.239 Jcm−2/shot.
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flow speed for glass and NPs
move
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Fig. 14 Laser spot for
I(s5)=129.8 Jcm−2 (220
shots), E=60 mJ. Fluence per
shot=0.59 Jcm−2. Picture size:
H=1.1 mm; V=0.85 mm. e,
outside ring rich in silica; f, flat
bottom pit; g, ablated region
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process with a direct online extinction measurement and to
explain the total extinction fluctuations caused by material
evolution in the range of 380 to 490 nm. This range is signif-
icant of the silver NPs presence due to SPR [31]. We suggest
that silver NPs are created before I(starter) to initiate the laser
energy absorption up to I(starter) and heat production to the
glass matrix [23]. The increasing of the total extinction just after
the starter effect in the range of 35 to 77 Jcm−2 is mainly due to
a fast silver NPs growth, together, a change of glass state
obtained by heat distribution when silver aggregates. The NPs
formation decreases in the range of 77 to 105 Jcm−2 because
the glass ablation caused by plasma emission [5] generates the
silver draining. After deposition at 239 Jcm−2, the regime
changes with less ablation and the amount of formed silver
nanoparticles decreases with higher deposited fluence. These
special mechanisms come from the influence of the silver
profile concentration when hole depth increases and/or material
is fed back [32]. After a long exposure, SEM pictures have
confirmed the UV/visible spectrophotometry. We have
presented the interest of the Rms roughness estimate and the
possibility to observe the mechanisms at various scales: we are
able to identify the causes of various effects as the silver NPs
formation which generates the local ejection of heaten glass.
Thus, we observe at a L ∼ 1 μm scale the increasing of a nodule
ejection trace when the hole depth increases (silver concentra-
tion decreases). The trend is rather to form metallic silver
particles than ablating in these low-exposure fluence condi-
tions. We consequently suggest a description of the mecha-
nisms, especially during the irradiation of exchanged glass at
0.239 Jcm−2 (Fig. 15).

Just after initiation (starter), the optical absorption of the
laser occurs in the glass, silver NPs are formed and the plasma
emission indicates a strong detonating effect able to remove
material from the glass surface. This material propagates as a
glass wave andmainly consisted of silica. Some silver NPs are
formed under the influence of energy contribution by diffu-
sion in the viscous glass and can move at a lower speed than
the heaten glass: Sglass>SNPs. A fragmentation due to the laser
interaction could be another reason.
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