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Production of titanium and gold particles by laser ablation of thin films in

water
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Suspensions of metal particles based on titanium and gold were obtained by pulsed laser ablation of thin metal
films on glass substrates in contact with water. The particles were characterized by scanning electron microscopy
and dynamic light scattering. It is shown that the particles are polydisperse. The particle size varies depending on
the of the laser energy. For particles based on titanium, two fractions are distinguished with sizes of 74—180 nm
and 510—635nm. In the case of gold nanoparticles, their size does not exceed 100 nm. However, at the maximum
energy of the laser pulse a fraction with a size of 416 &+ 28 nm appears. The values of the zeta potentials and the

concentration of particle solutions are given.
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The study of properties and specific features of nanoparti-
cles and their ensembles is of a great academic and practical
interest. The properties and characteristics of particles
depend on the method of their production. Pulsed laser ab-
lation (PLA) of bulk metal targets and thin films immersed
in liquid is one of the methods of this kind. The potential
to produce high-purity particles is among the advantages
of PLA. In addition, this method is multipurpose in the
sense that it allows one to synthesize particles with various
properties in vast numbers. Synthesized nanoparticles are
used widely at present for biological and medical purposes.
This is motivated, on the one hand, by their unique optical
properties that enable the use of nanoparticles as optical
sensors for sample detection [1]. On the other hand, they
have a large specific surface area and an elevated reactivity
that allow them to penetrate through biological membranes.
One may alter the toxic effect of nanoparticles on cells by
adjusting the nanoparticle concentration and produce, e.g.,
antimicrobial drugs [2]. Donor transparent glasses with a
metal absorbing layer based on gold [3,4] or titanium [4]
are used in the known cell printing technique that relies on
laser-induced forward transfer of matter (LIFT). However,
pulsed irradiation results in ejection of gold and titanium
oxide particles as waste along with a droplet that contains
live cells and biomolecules [4].

In the case of titanium oxide, an important part is played
by its crystalline phase, which also needs to be taken into
account in the design of biomaterials based on this oxide [5].
A modern man is subjected to a constant influence of TiO,
particles coming from food items and hygiene products
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where these particles are used as a dye [6]. The size of
particles and the scenario of exposure specify their reactivity
in cells of biological organisms [7]. For example, TiO;
particles less than 100 nm in size are readily internalized
by bone cells and elicit oxidative stress and cell death [5].
At the same time, submicrometer TiO, particles are far less
toxic [8]. Thus, further research into this material is relevant
and important in many fields.

The demand for gold nanoparticles in various domains is
spurred by their unique properties: a large specific surface
area and widely varying surface characteristics. This has
inspired the design of nanoelectronic chips and enabled the
progress in ecological and biomedical applications [9]. They
are currently being studied extensively in the context of
practical applications in medicine. Gold nanoparticles are
used as cellular and biomolecular markers in microscopy
and diagnostics and as drug carriers to raise the efficiency
of treatment and lower the side effects of various therapy
techniques [9,10).

The aim of the present study is to prepare aqueous
solutions of titanium- and gold-based particles by PLA of
thin films of glass substrates. The concentrations of obtained
solutions, size distributions, and the values of {-potential,
which characterizes the reactivity of particles, are reported.

A laser system with a nanosecond laser was used to
synthesize nanoparticles. The diagram of the experiment
is shown in Fig. 1. An YLPM-1-4x200-20-20 pulsed
fiber laser (OOO NTO ,JIRE-Polyus,“ Russia) with beam
propagation parameter M? < 1.5 was the radiation source.
The radiation wavelength was 1064 nm, and the pulse
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1064 nm

Figure 1. General diagram of the experiment. / — Galvanic
scanning head with a long-focus objective, 2 — donor glass
substrate with a metal film, 3 — metal nanoparticles, and 4 —
cuvette with milli-Q water.

width was 8ns. An LscanH-10-1064 (AtekoTM, Russia)
double-mirror galvanic scanning head fitted with an F-theta
SL-1064-110-160 objective (Ronar-Smith, Singapore) with
a focal distance of 160 mm, which provides a laser beam
diameter at focus of 30 &2 um, was used to control the
process of irradiation. The pulse energy was calibrated with
the use of a QE8SP-MT-INT (Gentec-EO, Quebec City, QC,
Canada) pyroelectric detector. The experimental energy
range was 16—45ul.

200 nm

Titanium and gold films deposited onto specimen glasses
26 x 76 x 1mm in size (Menzel Glaser, Germany) by
magnetron sputtering were used as targets. The thickness of
metal films was 50 nm.

Metal films on donor substrates were ablated in milli-Q
water. The volume of water in a cuvette was 3ml
Laser processing was performed by sequential pulses in the
form of 150 x 150 matrices. The distance between matrix
elements was 50 um, and the overall number of pulses was
45 000.

Dynamic light scattering (DLS) and a Zetasizer Ultra
(Malvern Panalytical) analyzer were used to determine the
size and measure the concentration and the ¢-potential
of synthesized particles. The obtained nanoparticles and
microstructures were examined with a Helios Nanolab 6001
scanning electron-ion microscope (FEI, United States).

The scanning electron microscope (SEM) images in
Fig. 2 reveal polydisperse systems with a broad particle
size distribution. This becomes clearly evident when one
examines Fig. 2, a that presents the data for particles based
on titanium(IV) oxide [4]. Generally speaking, titanium
dioxide is used in the production of sensors, photoelec-
trodes, solar cells, and photocatalysts for decomposition of
a wide range of organic and inorganic substances [11]. As
was demonstrated earlier, the primary forms of titanium
dioxide produced as a result of laser ablation are rutile and
anatase [12]. These compounds are highly catalytically and
biologically active. Note that particles seen in both SEM
images have predominantly spherical shapes and are prone
to aggregation.

Standard measurements of the hydrodynamic diameter,
the surface charge, and the concentration of particles in
a solution were performed in order to characterize the
obtained particles in more detail. The data on dynamic light

b

100 nm

Figure 2. SEM images of metal particles on a silicon substrate. a — Titanium-based particles prepared by processing a film at an energy
of 16 uJ; b — gold nanoparticles fabricated by processing a film at an energy of 35 ul.
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Figure 3. Distributions over hydrodynamic diameters of metal particles in water obtained by DLS. a — Titanium particles; b — gold

particles.

Characteristics determined via dynamic light scattering

Metal Pulse Mean . Concentration, £-potential,
energy, hydrodynamic .
film . particles/ml mV
ul diameter, nm
82+38 6.80 - 108
16 550 + 40 3.23.10* -23
110 £ 20 1.63- 108
25 560 + 40 3.11-10* —0.7
Titanium 130 £+ 20 6.93 - 107
35 370 + 30 1.37-10° —17.3
560 + 40 1.81-10*
150 + 30 2.53-107
4 580 + 60 3.45.10* —221
16 46 + 4 2.34. 10" —5.4
25 84 +7 6.58 - 101° -22.4
12
Gold 35 52+6 1.22-10 —24.2
1010
45 80 + 10 4.19 107 a4
420 + 30 3.03-10

scattering in Fig. 3 were processed and presented in tabular
form. It should be noted that coarse fractions in SEM
images are prone to rapid sedimentation; therefore, they
could not be identified unambiguously in DLS experiments.

Figure 3 and the table present the results obtained
by DLS. At least 2-3 fractions of different sizes formed
in all experiments with particles based on titanium(IV)
oxide (Fig. 3,a). It is common knowledge that the
size of forming nanoparticles is governed by the thermal
conductivity of a target and the radiation energy den-
sity [13,14]. In addition, the distribution function is affected
by the process of interaction between nanoparticles and
the laser beam, which may lead to particle fragmentation
due to melting and the development of hydrodynamic
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instabilities at the melt—liquid vapor interface [13,14].
However, the presence of coarse particle fractions in
experiments may also be attributed to the generation of
submerged jets [15]. Fractions with a high concentration of
107 —10? particles/ml and a hydrodynamic particle diameter
below 200nm were observed in each sample. Coarse
particle fractions had a significantly lower concentration
of 10*—10° particles/ml. The ¢-potential of suspensions
prepared at an ablation energy of 16 and 25uJ was close
to zero. It is reasonable in this case to label these
particles as prone to sedimentation and coagulation. At
energies of 35 and 45 uJ, the £-potential magnitude did not
exceed 30 mV, indicating that the obtained suspension was
unstable [16].
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The mean hydrodynamic diameter of gold particles
did not exceed 100nm (Fig. 3,b) at all the studied
energies except the maximum one. Their concentration
(10'°—10'2 particles/ml) was several orders of magnitude
higher than the one of titanium-based particles produced
under the same process conditions. This is attributable
to the specific features of a gold film: its weak adhesion
and impact separation from the substrate surface as a
result of pulsed laser irradiation [17,18]. The presence
of a coarse fraction (420 4+ 30nm) produced under the
maximum pulse energy (45uJ) may be attributed to the
same reasons. The £-potential increased in magnitude as the
energy grew higher. The measured ¢-potential magnitude
of the disperse system was at its minimum (54mV) at a
pulse energy of 16 uJ. This is indicative of coagulation of
the obtained solution [16]. At energies of 25 and 35ulJ,
the £-potential magnitude did not exceed 30 mV, indicating
a certain instability of the colloidal system. At 45ul; the
{-potential magnitude exceeded 30mV. This suggests that
the colloidal solution was relatively stable and fit for long-
term storage without particle sedimentation [16].

It follows from the table that thel-potential values of the
obtained particles vary. This is attributable to the fact that
these values are affected by the chemical composition of
particles and their size, shape, surface functionalization, and
concentration in the solution.

Thus, suspensions of particles were prepared by PLA
of thin titanium and gold films in contact with water and
were then examined thoroughly. The obtained results are
of interest in the context of fabrication and characterization
of particles with various physical and chemical properties
and are relevant to practical biomedical purposes and
applications.
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