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Dynamics of laser ablation of gold in melts of inorganic salts

M.I. Zhilnikova, I.I. Rakov, O.V. Uvarov, G.A. Shafeev

Abstract. Nanosecond laser ablation of a bulk gold target in a melt
of a sodium nitrate salt is investigated. It is shown that the form of
plasma plumes on the target surface during ablation depends on the
laser beam scan rate. The extinction spectra of sodium nitrate com-
posites with gold nanoparticles during solidification is analysed.

Keywords: laser ablation, plasma, salt melts, nanofluids, nanocom-
posites.

1. Introduction

Melts of inorganic salts are widely used in solar power engi-
neering as heat-transfer agents and heat accumulators due to
their high specific heat [1]. During daylight hours a melt circu-
lates through a pipeline heated by concentrated solar light. In
the absence of solar light the heat accumulated by the melt can
be used to generate electric energy. This approach to solar
energy conversion is believed to be one of the most efficient. If
a melt contains nanoparticles, it is referred to as a nanofluid. It
was found that even small additives of nanoparticles may
increase significantly the specific heat [2—4], as well as to ele-
vate the thermal diffusivity and thermal conductivity [5]. The
initial materials for melts are nitrates of alkali metals, NaNO;
and KNOs, whose melting temperatures range from 300 to
350°C. At the same time, salt melts are conducting ionic liquids
transparent in the visible and near-IR spectral ranges.

Laser ablation of solids in liquids is a well-studied physi-
cal method of forming nanoparticles [6]. Conventional work-
ing liquids are such materials as water, alcohols, etc., which
exist in the liquid state throughout the entire Earth’s surface,
except for the poles [6—9]. Salt melts are novel interesting
media, in which nanoparticles can be generated by laser abla-
tion. Laser ablation of some metals in salt melts was imple-
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mented for the first time in [10]. Gold nanoparticles were
formed as a result of laser irradiation of a gold target in
NaNO; and NaNO, melts at a temperature of about
320-340°C; an ytterbium-doped fibre laser was used to this
end. After laser ablation the morphology of Au and Al targets
was studied, and the extinction spectra of solid nanocompos-
ites salts with gold nanoparticles were registered.

In this paper, we report the results of experimental study
of the extinction spectra of gold nanoparticles in a NaNOj
liquid melt and demonstrate their evolution during melt solid-
ification. In addition, the morphology of gold nanoparticles
was investigated with a transmission electron microscope.

2. Results and discussion

The laser radiation source was an ytterbium-doped fibre laser
with a wavelength of 1060—1070 nm and a pulse duration of
200 ns. The pulse repetition rate was 20 kHz. The laser fluence
on the target surface amounted to ~7 J cm. Note that melt
splashing can be minimised at this energy density. The laser
ablation of metals in salt melts is accompanied by plasma for-
mation above the target (Fig. 1). Figure 1c shows how bub-
bles spread in the melt.

Figure 1. (a) Gold target in a NaNO; melt and (b, c¢) plasma plumes
formed during laser ablation of the gold target at scan rates of (b) 100
and (c) 500 mm s~'. The target length is 6 mm.

When the temperature of NaNOj; exceeds its boiling point
(T > 380°C), this salt decomposes with the formation of
NaNO, and oxygen release [9]:

ZNaNO3 - 2NaN02 + 02 (T),
NaNO,, in turn, is involved in the reactions

4NaNO, — 2Na,0 + 4NO + O,

or

4N3N02 + 202 — 4NaNO3
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The gas atmosphere in a bubble on the target surface is
determined by these reactions and, therefore, imposes some
limitations on the possibility of forming metal nanoparticles
of a number of metals by laser ablation in melts of the afore-
mentioned salts. For example, the tantalum nanoparticles
obtained by laser ablation in a NaNO, melt consist of tanta-
lum oxide nanoparticles because of the presence of oxygen,
whereas in the case of gold target purely metallic nanoparti-
cles are obtained [10].

A specific feature of the plasma plumes observed in this
study is their splitting along the laser beam path on the target
surface. Indeed, a laser breakdown of a liquid may occur
either in its vapour above the target [8] or around nanoparti-
cles [11, 12]. However, at the chosen laser parameters, no
breakdown occurs on nanoparticles because of the low laser
radiation intensity (5x107 W cm™). A bubble containing
NaNOj; and O, vapour can be formed if the target tempera-
ture exceeds the melt boiling point. The NaNO; vapour pres-
sure at this point is 1 atm. However, under the laser pulse, the
target temperature exceeds the gold melting temperature,
which leads to the formation of a bubble (filled with salt and
oxygen vapour) on the target surface, after which a laser
breakdown occurs.

Energy is consumed when a gas bubble is formed, as a
result of which the target region around it is cooled. At the
same time, if the laser beam scan rate is relatively high, the
beam moves to the point whose temperature is below the melt
boiling temperature (i.e., to the cold region). In this case, the
target surface area located far from the formation point of
previous bubble is heated. In other words, during laser break-
down bubbles are spaced at distances significantly exceeding
the laser-beam diameter, due to which separate flares arise.
For example, at an exposure of 1/60 s, the laser beam is dis-
placed by 8 mm at a scan rate of 500 mm s~!, whereas the
plasma-plume size is less than 1 mm (Fig. 1c). At lower scan
rates (100—300 mm s7!), the plasma plume on the target sur-
face is continuous because heat propagates (due to the ther-
mal conductivity) in the target from the region exposed to the
laser radiation to the unirradiated region. As a result, this
bubble ‘follows’ the scanning laser beam (Fig. 1b). Thus,
lower scan rates provide higher nanoparticle formation rates.

The extinction spectra of a liquid melt containing gold
nanoparticles are of interest. These nanoparticles, generated
by laser ablation in aqueous solutions, exhibit pronounced
plasmon resonances in the visible spectral region [13, 14]. The
extinction spectra were studied in the following way. Laser
ablation of a gold target was performed in a glass Petri dish
placed on an electric fryer. The thickness of NaNO; melt layer
was several millimetres. After the end of ablation the dish was
placed in a specially designed mounting, into which the light
source and fibre detector of an OceanOptics spectrometer
were also introduced (Fig. 2).

The melt extinction spectra were registered relative to a
glass substrate. While the glass cell was cooled, the liquid melt
with nanoparticles was solidified. A typical cooling time was
20-30s.

Figure 3 shows the extinction spectra of gold nanoparti-
cles in a NaNOj; liquid melt and the nanocomposite
Au—-NaNOj; during melt solidification. Spectra / and 2 cor-
respond to a liquid melt containing gold nanoparticles. There
is a distinguishable peak near 558 nm, which is reasonable to
assign to the plasmon resonance of gold nanoparticles in liq-
uid NaNOj;. The peak is red-shifted in comparison with the
transverse plasmon resonance of gold nanoparticles formed

Figure 2. Fibre spectrometer unit for recording extinction spectra of
nanoparticle-containing melts: (/) glass Petri dish; (2) mounting; (3)
spectrometer optical fibre; (4) spectrometer light source.

by laser ablation in water [15, 16]. This shift is due to the large
refractive index of liquid NaNOj; as compared with H,O. The
plasmon resonance of gold nanoparticles formed during laser
ablation of a target in a NaNO, melt is located near 445 nm.
The distinction from the plasmon resonance in NaNOj is
apparently due to the difference between the refractive indices
of these two salts in the liquid phase.

During melt solidification the sample optical density
increases in the entire visible spectral range, and scattering
dominates over absorption. Crystallisation occurs nonuni-
formly throughout the melt bulk. This process begins at the
cell periphery, because the heat removal is most intense in this
region. The plasmon resonance of Au nanoparticles is
retained at the same wavelength as in the solid phase. In addi-
tion, the solid-phase spectrum (4) contains a peak in the
range of 850—900 nm. This peak was observed previously in
the extinction spectrum of nanocomposite Au—NaNOj in the
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Figure 3. Extinction spectra of an Au—NaNOj; nanocomposite during

transition from (/) the liquid to (4) the solid phase upon cooling (the

spectra were recorded relative to a glass substrate). The cooling times
are (/) 0,(2)10,(3) 20, and (4) 50s.
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solid phase [10]. It corresponds to the plasmon resonance of
enlarged Au nanoparticles, which are formed during nanopar-
ticle redistribution under the action of the solidifying melt.
This effect is similar to the previously observed ordering of
gold nanoparticles in a polymer nanocomposite [17].

After the dissolution of the solidified nanocomposite of a
salt with gold nanoparticles, the latter are isolated from each
other and do not form any aggregates. An image of gold
nanoparticles is presented in Fig. 4.

Figure 4. TEM image of gold nanoparticles formed by laser ablation of
a target in a NaNO, melt, after dissolution of a solid nanocomposite in
water.

It can be seen that the nanoparticle sizes range from sev-
eral to several tens of nanometres; i.e., their sizes are close to
those of nanoparticles obtained by gold ablation in aqueous
media [18]. The shape of some particles differs from spherical.
This can be explained by the plastic deformation of nanopar-
ticles under the action of a solidifying melt.

3. Conclusions

Extinction spectra of gold nanoparticles in a liquid melt,
obtained by laser ablation of a gold target in this melt, have
been recorded for the first time. A plasmon resonance of
nanoparticles is observed in the range of 545-560 nm,
depending on the melt composition. The shape of plasma
plumes on the target surface depends on the laser beam scan
rate; at relatively high rates (about 500 mm s™'), the plume
becomes intermittent. After cooling the melt into a polycrys-
talline salt nanocomposite Au—NaNOs, there arises a peak
near 900 nm, which corresponds to the plasmon resonance of
enlarged gold nanoparticles. After the salt matrix dissolution
the nanoparticles are isolated and do not form any agglomer-
ates.
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