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Abstract The process of formation and the characteristics of silver nanostructures created
by pulsed laser annealing in the air are studied. Nanoparticles were obtained by way of
irradiating thin silver films (62 and 175 nm) on the dielectric (glass) base with an excimer
laser emission (A = 193 nm). Created nanostructures were studied using the methods of
scanning electron microscopy and optical spectrometry, the dependencies of the mean size
of obtained nanoparticles and the position of their plasmonic resonance on the number of
laser pulses (ranging from 270 to 30,000) were drawn out. Based on the shift of the
plasmonic resonance, the use of given nanostructures as optical components with narrow-
band extinction (for example, notch filter), the magnitude and center frequency of which
can be specified in advance, is suggested.

Keywords Silver nanoparticles - Thin metal films - Dewetting - Nanosecond pulses -
Excimer laser

1 Introduction

Unique electric, magnetic, optical and chemical qualities (Zhang et al. 2008; Zhao et al.
2006) of nanoparticles (or generally, nanoscale structures) are of interest both from the
perspective of fundamental studies and technological implementation. Nanostructures are
used in various fields of science and instrumentation: medicine (Dell’Aglio et al. 2015;
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Stuchinskaya et al. 2011; Urusov et al. 2015), spectroscopy (Atanasov et al. 2014) and
many others.

Using nanoparticles (NPs) allows the control of both micro- and macroprocesses,
including the processes of laser-matter interaction using localized surface plasmon reso-
nance (LSPR) (Vollath 2008). The energy of LSPR is governed by the shape, size, and
composition of NPs. Therefore, adjustment of precious metal NPs LSPR can be used to
control the position of optical absorption maximum of the structures based on those NPs.
Apart from that, the formation of monodisperse noble metal nanoparticles is of great
interest for numerous applications, such as surface-enhanced Raman spectroscopy, catal-
ysis or biosensing. However, the issue of determining a method of precious metals NPs
synthesis, which would guarantee the abovementioned adjustments and allow the forma-
tion of monodisperse metal nanoparticles, remains open. A lot of NPs synthesis methods
are known, which can be roughly divided into two principal groups: “non-laser-assisted”
and laser-assisted. The first group includes such methods as thermal annealing (Aradjo
et al. 2016; Leonov et al. 2015; Tanyeli et al. 2013), including annealing on a pre-
structured dielectric base (Le Bris et al. 2014), ion beam irradiation (Singh et al. 2012),
nanosphere lithography (Chan et al. 2007) and others.

Recently laser-assisted methods of NPs formation attracted great attention due to pro-
vided chemical purity and the possibility of structure size control. The final size is
determined not only by the properties of the environment but also by the properties of the
radiation (wavelength, pulse duration, frequency, polarization), which can be manipulated
via changing the parameters of the system. Among the laser-assisted methods, one can
separate the methods based on ablation: in various mediums (liquid (Bae et al. 2002), gas
(Boutinguiza et al. 2015) and others.); under exposure in both CW (Arakelyan et al. 2016),
and pulsed regimes, including nanosecond (Mafune et al. 2000) and femtosecond (Murray
and Shin 2008) pulse durations, as well as multibeam interaction (Phuoc et al. 2007). It is
also important to say about NPs formation in the bulk of soda lime glass (Grabiec et al.
2012; Nacharov et al. 2008) and methods, which use thin metal films as targets and create
nanostructures using laser-induced forward transfer (Murray and Shin 2008) or various
self-organization effects of the films island structure (Hubenthal 2009; Qi et al. 2016;
Vartanyan and Leonov 2016; Wenzel et al. 1999).

In this work, nanosecond pulsed laser dewetting of thin silver films is investigated to
reveal the processes in the film during its exposure to series of laser pulses and the effect on
its optical properties and to demonstrate an approach to obtain nanostructures with an
adjustable size distribution.

2 Experimental details

Silver thin films of different thicknesses (62 and 175 nm) were produced by magnetron
sputtering in an argon atmosphere on a quartz substrate. The studied films were exposed to
radiation of a pulsed ArF laser CL-7020 (Optosystems Ltd.) with its basic parameters:
wavelength of 193 nm, duration of 17 ns, a maximum pulse energy of 200 mJ and a
repetition rate of 20 Hz. The laser beam was focused by a plano-convex lens (fused silica,
f = 50 mm) (Fig. 1) at normal incidence. The pulse energy was reduced before reaching
the lens using an attenuator and monitored by Gentec Solo 2 laser power and energy meter
connected with QE25 energy detector. All experiments were conducted in air at atmo-
spheric pressure; an additional heating up to a temperature of 220 °C was implemented to
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Fig. 1 Experimental setup: / PC, 2 excimer ArF laser, 3 attenuator, 4 dumper, 5 semireflective mirror,
6 energy detector, 7 lens, 8 heater, 9 sample

avoid thermomechanical stresses during laser exposure. A number of laser pulses were in
the range of 270-30,000 with a pulse energy of about 10-12 mJ. Based on the temperature
estimations for the ‘film-substrate’ system (Metev and Veiko 2013) laser pulse energy was
carefully adjusted to get a fluence, providing a heating up to film melting threshold. Non-
irradiated silver films and the areas irradiated with a different number of laser pulses were
studied using an MSFU-K microscope-spectrophotometer (LOMO) equipped with an R928
photomultiplier detector (Hamamatsu) to measure the extinction spectra. The film structure
was analyzed with a MERLIN scanning electron microscope (Carl Zeiss).

3 Results and discussion

Our early studies of exposing the film to a single laser pulse of various energy resulted
either in no change of a film surface or its damaging due to arising thermomechanical
stresses. Therefore, all experiments presented here were conducted under exposure to a
series of pulses with the use of a preheated sample.

Absorption of laser radiation by film lead to its heating with a consequent melting. The
liquid layer of silver is in an unstable state (due to its small thickness) and tends to form an
island structure because of the action of surface tension force (dewetting). With an increase
in a number of laser pulses, the islands turn to structures (beads or spheroids) with
dimensions of nanometer range, where LSPR can appear.

The abovementioned process was studied through the example of silver films with a
thickness of 175 nm (Figs. 2, 3) and 62 nm (Figs. 4, 5) during its exposure to series of
laser pulses. Resulted morphology was analyzed using scanning electron microscopy
(SEM), and size distribution of obtained nanoparticles was calculated on the base of SEM
images.

For 175 nm film, the island structure can be found after the action of 270 laser pulses
(Fig. 2c), while nanoparticles start to appear after 1000 pulses. It can be proven both by a
SEM image of the sample surface and the decrease of optical transmittance near 430 nm
due to LSPR origin (Fig. 2c). With further increase in the number of laser pulses up to
30,000, nanoparticles appear in the entire area of exposure and their mean size decreases
from 170 nm down to 10 nm (Fig. 3).

In the case of 62 nm film, it should be mentioned that due to lower film thickness it
segregates into clusters even after a thermal action during preheating (Fig. 4a), although
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Fig. 2 SEM images and optical spectra of the silver film (175 nm thickness) after thermal annealing in air
at 220 °C (a) and after laser exposure with 270 pulses (b) and 1000 pulses (c)

the clusters are relatively large with a broad size distribution. Increasing the number of
incident pulses, one can find a decrease both in mean size and size distribution (Figs. 4, 5).

After the impact of 270 and 1000 pulses (Fig. 4b, c¢) the particles remained fairly large,
with mean size >100 nm, but the dispersion decreased noticeably. Exposing the film to
3000, 10,000 and 30,000 pulses (Fig. 5) results in the nanoparticles formed on it having a
mean size of <100 nm and an even more narrow size distribution.

The resulted structures exhibit two transmission valleys: a sharp one with minimum
transmission near 430 nm and a broad one around 800 nm for all samples where
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Fig. 3 SEM images and optical spectra of the silver film (175 nm thickness) after laser exposure with 3000
pulses (a), 10,000 pulses (b) and 30,000 pulses (c). The insets show size distribution histograms

nanoparticles are formed. This effect corresponds to a well-known phenomenon of light
absorption and scattering by silver nanoparticles (Evanoff and Chumanov 2005).

The transmittance spectra of the films of various thickness were used to determine the
dependencies of the plasmon resonance width, its spectral position, and the optical density
in the resonance peak together with the mean size of nanoparticles on the number of laser
pulses. The results are presented in Fig. 6.
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Fig. 4 SEM images and optical spectra of the silver film (62 nm thickness) after thermal annealing in air at
220 °C (a) and after laser exposure with 270 pulses (b) and 1000 pulses (c). The insets show size
distribution histograms

For 62 nm film, the optical density in the plasmon resonance peak increases almost
linearly with the number of laser pulses and a similar tendency can be found for 175 nm
film. The wavelength corresponding to the plasmon resonance position increases with a
transformation of a nanoparticle shape from a sphere to flattened spheroid (Wenzel et al.
1999), which indicates that smallest nanoparticles have a spherical shape.
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Fig. 5 SEM images and optical spectra of the silver film (62 nm thickness) after laser exposure with 3000
pulses (a), 10,000 pulses (b) and 30,000 pulses (c¢). The insets show size distribution histograms

The plasmon resonance FWHM almost linearly depends on the number of laser pulses,
and it is inversely related to a mean size of nanoparticles. It should be mentioned that all of
the abovementioned parameters are not the only function of nanoparticle size, but also
strongly depend on the size distribution and the shape of nanoparticles.

The presented observations suggest that the decrease of the effective particles size
should be related to evaporation-induced material loss. The final size distribution of silver
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Fig. 6 Dependence of the optical density in the minimum of transmittance spectra, plasmon-resonance
position, plasmon-resonance width and mean size of nanoparticles on the number of laser pulses

nanoparticles corresponds to the balance between the size reduction of bigger particles due
to evaporation and the merging of smaller particles through coalescence (Takami et al.
1999).

Since pulsed laser annealing was carried out in the air, the formation of oxide on the
surface of particles is possible. The oxidation of small metal particles red-shifts the LSPR
position (Brandt et al. 1997), but there is opposite situation for 62 nm film and unclear
trend for 175 nm. Therefore, it can be assumed that in the first case oxide formation is
negligible, while for thicker film oxidation may occur and contribute to the final structure.
Moreover, recently it was reported (Vartanyan and Leonov 2016), that for 10 ns single
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pulse exposure of silver island film on a dielectric substrate, there was almost no difference
in extinction spectra for exposure in a vacuum and air at atmospheric pressure. From here
one can say that for a small number of laser pulses oxidation does not play a significant
part.

4 Summary

In conclusion, silver nanoparticle arrays are obtained using a self-organization approach
based on dewetting of a silver layer onto a silica substrate under the exposure of UV laser
pulses with nanosecond duration. This process allows for the fabrication of large area
systems via a simple and potentially cost effective processes. The array organization is
demonstrated by SEM images analysis, showing a change in nanoparticle mean size and
size distribution with a different number of laser pulses. Optical properties of these
structures are investigated experimentally, and LSPR features are studied and associated
with an alteration of dimensions. This approach represents the first step to the fabrication
of plasmonic substrates with optical manipulation capability.
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