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SCOPE OF THE THESIS

Last decades have seen an exponential spread of high level technology in
everyday life. Leading trends of this explosion have been mainly two:
miniaturization, since carrying a small device in a pocket means its daily
use, and accessibility, because cheaper products can be afforded by larger
audiences. The research of new materials able to fulfill these
characteristics seems to be a logical consequence of these tendencies and
probably one of the reasons for the increase of scientific interest into the
nanotechnology field. Indeed, the possibility of applications of these
intriguing structures in the construction of devices is becoming concrete.
The step to the nanometric size involves the appearing of peculiar
properties which are not present in the bulk state and this characteristic is
of undeniable appeal for technological purposes. Among the large variety
of different entities, metal nanoparticles are playing a major role because
of their unique optical, electrical and antibacterial properties, which make
them perfect candidates as base for the preparation of devices with
applications in microelectronics, photonics and medical fields. In this
regard, the need for pure, ligand-free nanoparticles with desired size and
shape is a relevant problem both from the scientific and industrial point
of interest. It is well known that Pulsed Laser Ablation in Liquid (PLAL)
represents a universal technique for the preparation of innovative
nanomaterials with desired characteristics. The simple variation of the

nature of the target and the surrounding liquid allows the formation of a
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large choice of different nanostructures, ranging from metal nanoparticles
to oxides or carbon structures. Also the tuning of the laser parameters,
such as energy and repetition rate, influences the characteristics of the
obtained product. Furthermore, since the care of environment is
becoming a topic of main interest, it should not be forgotten that laser
ablation can be considered a green technique. Indeed, the absence of
dangerous chemicals and the simple work conditions, such as room
temperature and atmospheric pressure, point at this technique as
environmentally friendly. For the reasons above, laser ablation seems to
be an optimal candidate for the production of metal nanoparticles on
large scale but, till now, the low production yield of this technique has
stopped every attempt in this direction. In this view, the development of
new strategies to increase the efficiency of laser ablation represents an
interesting field of research. A study of the physics fundamentals of the
process is also required in order to determine the parameters driving the
efficiency variation. Nanoparticles produced by laser ablation in liquid
could be used as pure or their properties can be enhanced by obtaining
nanocomposites with different materials. Thus, the accurate
characterization of the obtained material, together with a proper

manipulation, are topics of primary importance.
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CHAPTER 1: METAL
NANOPARTICLES AND THEIR
PROPERTIES

1.1 INTRODUCTION

The word nanocluster indicates an ensemble of atoms with dimensions
varying from a few nanometers to a few hundreds. In this range of size,
the increase of the ratio between the surface and the number of inner
atoms is responsible for peculiar behaviours of the structure, leading to
the appearance of several quantum properties which cannot be found in
the bulk structure of the metal. The presence of these characteristics is
appealing when considering the development of innovative materials. In
this optic, metal nanoclusters can be considered as starting building
blocks for the formation of larger structures with the same chemical
nature or they can be mixed together with other materials such as
polymers or inorganic materials to create new composites. The
production of metal nanoparticles can be obtained by different techniques
and the properties of the final product will depend on the chosen route.
Conventionally, it is possible to distinguish between chemical and
physical preparation methods even if, looking deeply at involved
mechanisms, a marked boundary does not really exist. Chemical

methods, often identified also as “wet” methods, since such approaches
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work in liquid environment, are mainly based on the reduction of a
precursor of the desired metal in aqueous or organic solutions. The
Turkevitch method, developed in 1951, allows the preparation of gold
nanoparticles with dimensions in the range of 10-100 nm, by the
reduction of HAuCly in a boiling solution of sodium citrate [1]. The role
of citrate molecules is to act as reducing agents but also as stabilizers for
nanoparticles. The same procedure can be applied for obtaining silver
nanoparticles starting from AgNO;, but with limited size control [2].
Nanoparticles prepared by chemical methods can be functionalized with
ligands, simply adding the proper molecule to the solution. The
attachment of ligands with nanoparticles is usually achieved by the
presence of a sulphur termination on the molecules, which is known to
strongly interact with metals such gold and silver.

Physical approaches to preparation of nanoparticles generally involve the
removing of material from a solid target by different methods, such as
sputtering or vaporization (in the case of Physical Vapour Deposition).
The material is then driven through a reactor by a carrier gas to a zone
where nucleation and growth happens and then nanoparticles are
deposited on a substrate, obtaining thin films.

A particular case is represented by Chemical Vapour Deposition, in
which nanoparticles are grown from volatile precursors of the desired
metal. Vaporised precursors are then introduced into a reactor and
absorbed onto a substrate which is held at high temperature, where
absorbed molecules will thermally decompose or react with other

vapours to form crystals. Main disadvantages of physical techniques are
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that obtained nanoparticles are bound to a substrate and that deposited
films can be contaminated by bubbles due the presence of carrier gas.

Among routes to obtain metal nanoparticles, a relevant role has been
assumed by pulsed laser ablation (PLA). This approach, and in particular
its variant in liquid, is indeed becoming the preparation of choice since
presents a lot of advantages like the high purity of produce obtained
nanoparticles, the applicability to almost all metals, the relative low cost

and the eco-compatibility.

1.2 OPTICAL PROPERTIES

The smoothed surface of metals in bulk state presents a shiny
appearance, and this behaviour is attributed to the total reflection of light
due to the high density of electrons in the material. Contrariwise, finely
divided metals look dark, because the large surface absorbs light through
repeated reflection phenomena [3]. When metals reach nanometer size,
strong absorption of light can happen when the frequency of the
electromagnetic field becomes resonant with the coherent electron
movement [4]. In the case of Au, Ag and Cu, which present free
conduction electrons with plasma frequency in the visible region,
nanoparticles appear colored [S]. Other transition metals, instead, show
only broad and poorly resolved absorption bands in the ultraviolet region
[4]. This singular characteristic is known and used since ancient times.

Indeed, first evidences of colloidal solution of gold have been found in
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the 5" and 4" century B.C. in Egypt and China, probably used for
coloring glass and ceramics [6]. Among ancient artifacts, one of the most
famous examples is the so-called “Lycurgus cup”, a glass vessel which
appears green in reflected light and red in transmitted light, dated 4™
century A.D [7]. The nice visual effect of the cup has been attributed to
the presence of a mixture of gold and silver colloids (with size ~70 nm)

embedded in the glass matrix [5].

Figure 1.1 Views of the “Lycurgus cup” in (a) reflected and (b)

transmitted light. From ref. [7].

Metal nanoparticles were also used during the Middle Ages for the

fabrication of stained glass in cathedrals [8].
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The first analytical approach to optical properties of gold particles in
hydrosols can be recognized to Michael Faraday, with his 1857 article
“Experimental Relations of Gold (and other Metals) to light” [9]. He
attributes the ruby color to the presence of “finely dispersed” gold in
solution, obtained reducing dilute gold chloride with phosphorus and
tartaric acid or by heating, and widely discusses about size dependent
optical properties and coagulation behaviour of gold and other metals
such as platinum, palladium, rhodium, silver, tin, lead, zinc, iron,
mercury, arsenic. Today is widely known that the color and optical
properties of metal nanoparticles are due to the presence of a collective
longitudinal excitation of conduction electrons on the surface of the

nanoparticles, known as Surface Plasmon Resonance (SPR) [10].

Electronic Cloud

Electric Field

Figure 1.2 Schematic representation of the electronic cloud displacement

as consequence of an oscillating electric field.
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According to the Fermi liquid model, it is possible to consider a plasmon
as a negatively charged electron cloud displaced from its equilibrium
position around a lattice made of positively charged ions, similarly to real
plasma.

This phenomenon can be described with an electrostatic model that
assumes the approximation of surface electrons (with number density N
and charge ¢) to a monodimensional slab.

If an electric field E,, is applied to the slab, it generates a force that can
be written as:

F = —eEqp (1.1)
Then, the charge is moved from its initial position of a displacement x

and the total surface density at each end of the slab will be:

o = Nex (1.2)
According to Gauss’s law, the field created between two surface charges
is given by:

o
E = o (1.3)

where &y is the vacuum dielectric permittivity.
The presence of this field creates a restoring force opposite to the one

described in eq. (1.1):

2
F, = —eE, = -2 (1.4)

€o

and so electrons will move according to:

d?x Ne?x
F=m—=—
dtZ &9

(1.5)

where m is the electron effective mass.

Equation (1.5) can be also written as:
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dx _ _Ne? (1.6)

atz gom

and solution to this equation is given by:

x = Acoswt (1.7)
with characteristic oscillation frequency @:

Ne?
P EoMe

w (1.8)

Qualitatively, the irradiation of a metal nanoparticle by the oscillating
electric field of light causes the coherent oscillation of conduction
electrons. When the electron cloud is displaced from the nuclei, the
coulomb attraction between electrons and nuclei produces a restoring
force that results in oscillation of the electron cloud relative to the nuclei.
The oscillation frequency depends on the density of electrons, the

effective electron mass and shape and size of charge distribution.

1.2a Introduction to Mie Theory

In 1908, Mie wrote a seminal paper titled “Beitrige zur Optik triiber
Medien, speziell kolloidaler Metallosungen™ (literally “Contributions on
the optics of turbid media, particularly colloidal metal solutions”) [11], in
which he presented a solution to Maxwell’s equations that describes the
extinction spectra (where extinction is a term that includes scattering and
absorption contributes) of spherical particles of arbitrary size. Even
though the Mie model is relatively aged, it still remains of great interest
being the only simple, exact solution to Maxwell’s equations that is

relevant to describe nanoparticles behaviour [12]. Anyway, the pure Mie



10IChapter |1

approximation in general is not accurate enough to describe real
situations, since the presence of complicating factors in understanding
the nanoparticle optical properties, including the presence of a supporting
substrate, a solvent layer on the top of nanoparticles, or particles close
enough to lead to electromagnetic couplings [12]. Later, Gans [13]
extended the theory to spheroid particles, showing how smaller non
spherical particles can show absorbance at longer wavelength respect to

sphere of the same dimension.

Extinction (a.u.)

PR U RN NN S s e e s G RS TR SRS (M e e s i

200 250 300 350 400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

Figure 1.3 UV-Vis spectra showing the SPR peaks of silver, gold,
copper and nickel colloidal solutions obtained by laser ablation of pure

metals in water.
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1.2b Dipole Plasmon Resonance

The plasmon resonance phenomenon has been widely discussed in
literature [12,14-15].

The most common approach correlates the plasmon frequency with the
metal dielectric constant, which is a property that can be measured as a
function of wavelength for bulk metals. Considering the interaction of
light with a spherical particle smaller than the wavelength of the light, the
electric field of light can be taken as constant, so the interaction is
governed by electrostatics rather than electrodynamics. This is often
called the quasi-static approximation, as the wavelength-dependent
dielectric constant of the metal particle, & and the surrounding medium
emare used in what is otherwise an electrostatic theory.

The electric field of the incident electromagnetic wave is denoted by the
vector Ep, which is constant in the x direction so that it can be written as:
Ey = ExX (1.9)
where X is a unit vector.

The electromagnetic field surrounding the particle is determined by
solving Laplace’s equation

Vip =0 (1.10)
where ¢ is the electric potential.

The electromagnetic field E is related to the potential ¢ by the equation:
E=-Vgp (1.11)
In developing this solution, two boundary conditions are applied:

- The potential ¢ is continuous at the sphere surface.
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- The normal component of the electric displacement D 1is also
continuous, where D=¢E.

General solution to the Laplace’s equation presents angular solutions
which are just the spherical harmonics. In addition, the radial solutions

are of the form # and "

where [ is the familiar angular momentum
label (/=0,1,2,...) of atomic orbitals.

Considering just the /=1 solution and the field Ey in the x direction, the
potential inside a sphere of radius R (where r<R) is given by:

@ = Arsin 0 cos ¢ (1.12)
while outside the sphere (r>R) it will be:

@ = (—Eyr + B/r?)sin 6 cos ¢ (1.13)
where A and B are constants to be determined.

Inserting these solutions into the boundary conditions and using the
resulting potential ¢ to determine the field outside the sphere E,,, it is
possible to deduce:

Eoue = Eo® — aEq |5 — 3% (x2 + y9 + 22)] (1.14)
Where « is the sphere polarizability and X, y and Z the unit vectors.

In eq. (1.14) the first term represents the applied field while the second
one represents the induced dipole field (with induced dipole moment
given by aFE)) that results from polarization of the conduction electron
density.

For a sphere with the dielectric constant ¢; in a medium with dielectric
constant &, the solution to Laplace equation shows that the polarizability
is given by:

a:ng?’ (1.15)
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with

Ei—&m

9a = 2% (1.16)
Although the dipole field in eq. (1.14) is that for a static dipole, the
complete Maxwell’s equation solution shows that this is actually a
radiating dipole, and thus, it contributes to extinction and Rayleigh
scattering by the sphere. From this it is possible to deduce the extinction

and scattering efficiencies as:

Qext = 4x1m(gd) (1.17)
8
Qsca = §x4|gd|2 (1.18)
where
= —Z”RA Em (1.19)

The efficiency is the ratio of the cross section to the geometrical cross-

section 7R’ as described by:

Cex
Qext = > (1.20)

TTR?
The factor g, plays the key role in determining the wavelength
dependence of these cross-sections, as the metal dielectric constant ¢; is
strongly dependent on wavelength.
The extinction cross section C,y, is useful when predicting the absorption
of small particles, since the attenuation of light in a dilute colloidal

solution is given by [16]:

dI(¢
L8 = —NCereI (9) (1.21)

Where N is the number density of particles, Iy is the intensity of light, € is

the path length in the spectrometer in cm.
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Integration of eq. (1.21) gives the optical absorption of the solution:

_ do Cext
A =logq 100) 2.303 (1.22)

For small spherical particles (2R<</, where the dipole approximation is
still valid), with a complex frequency-dependent dielectric function ;=
&'+ ig”’, embedded in a medium of dielectric function &, the extinction
cross section is expressed by [11,17-20]:

2p3.3/2 "
24Tm°R &y £
A (e'+2&m)2+&"

(1.23)

Coxt =

This equation predicts the existence of an absorption peak when &’(w) =-
2¢em, while &7 is small or weakly dependent from w [5,21].

It is also possible to notice that no absorption is contemplated for two
opposite values of the imaginary part of the dielectric function, since the
cross section assumes a zero value if ¢’’=0 (non absorption case) but also
if ¢”’=00 (complete reflection of light) [16].

C.: depends on R’ , while the number density decreases as R’ for a given
amount of colloidal material. Therefore the absorption coefficient is
independent of particle size [16].

Nevertheless, a dependence on the size has been observed experimentally
[14]. This discrepancy arises from the assumption in the Mie theory that
the electronic structure and dielectric constant of nanoparticles are the
same as those of its bulk form, which becomes no longer valid when the
particle size becomes very small [21].

Indeed in small particles, electron surface scattering becomes significant
[22-24], because the mean free path of conduction electrons (40-50 nm in

silver and gold [25]) is bigger than the physical dimension of the
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particles themselves. The scattering of electrons with the surface in an
elastic but random way will cause the loss of coherence of the overall
plasmon oscillation. Also inelastic electron surface collisions will
contribute to the change of the phase. This can be taken in account
changing the dielectric constant of the particles, which becomes size
dependent [14,21-24], and an increase of the plasmon bandwidth results
at the decreasing of the particle size. When the dimensions of
nanoparticles further decrease, and the nanoparticles size is comparable
to de Broglie’s wavelength of an electron at the Fermi energy (diameters
of 1-2 nm), the surface plasmon band disappears [26-28] because the
assumption of a delocalized electronic gas is no longer valid and particles
should be treated as molecular clusters with discrete electronic levels.
Therefore it is possible to observe fluorescence emission due to optical
transitions between single electronic states [21].

On the other way, for larger particles the dipole approximation is no
longer valid and it is necessary to consider also higher order oscillations,
which give a size dependence of the plasmon band position (that shows a
red shift with increasing diameter) as well as an increase in the

bandwidth [12].
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absorbance

L i [ L I L 'l 1 L

350 400 450 500 550 GO0 os0 To0 TS50 200
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Figure 1.4 UV-Vis spectra of spherical Au nanoparticles with different
sizes ranging from 9 to 99 nm, showing variation of the SPR peak on

dimensions. From ref. [29].

1.2¢ Quadrupole Plasmon Resonance

Among higher modes of plasmon excitation it is worth discussing the
quadrupole mode (/=2), where half of the electron cloud moves parallel
to the applied field and half moves antiparallel [12]. Using the same
notation used for the dipole plasmon resonance and including the [=2
term in the Laplace equation solution, the resulting field outside the

sphere, E,,;, can be expressed as:
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Eoue = Eo® + IkEo(x2 + 22) — @ [ % — 22 (x2 + y§ + z2| —

eizs 5 R R )
BE, [xx:szz — r—f (x2% + y29 + xzz] (1.24)
and the quadrupole polarizability is given by:

B = gqR® (1.25)

with

— _&i7fm (1.26)

9q = €i+3/2&m

The presence of a factor 3/2 at the denominator of eq. (1.26) instead of
the factor 2 present in eq. (1.16) derives from the exponents in the radial
solutions to Laplace’s equation, that are the factors # and 7. In the
cases of dipole excitation, we have /=1, and the magnitude of the ratio of
the exponents is (/+1)/[=2, while for quadrupole excitation it becomes
(I4+1)/1=3/2. Following the same derivation, the quasistatic expressions
including the dipole and the quadrupole contributions for the extinction

and Rayleigh scattering efficiencies are:

2 2
Qexe = 4xIm gy + = gq + = (5, — 1) (1.27)
8 4 2 4
Qsca = 2x* {Igal? + == 1gq]" + 2= le; — 117} (1.28)

1.3 CHEMICAL PROPERTIES

The high surface to volume ratio deriving from the reduced size is the
leading parameter in the description of the chemical behaviour of metal

nanoparticles. This consideration is due to the fact that surface atoms
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often show the presence of unsaturation or dangling bonds and as result,
higher chemical reactivity [4]. In general, noble metals such as gold and
silver are inert and as a consequence, metal nanoparticles are stable in
ordinary condition [30]. For this reason, laser prepared noble metal
nanoparticles present pure surface and this characteristic is of huge
importance for applications such catalysis, where surface plays a
fundamental role. Indeed, necessary condition for a catalytic process is
the absorption of reactants on the catalyst, and this happens at surface
sites, lattice defects and corners or edge of crystallites. It is
straightforward that dimension of the particles is relevant for the
reactivity, since the decrease of the dimension leads to an increase of
surface sites [31]. Moreover, surface atoms of small particles are
dynamically active with the possibility of surface reconstruction
phenomena [32]. It has been found that the activity of tetrahedral shaped
Pt nanoparticles, used for catalyzing electron-transfer reaction, decreases
during the course of the reaction as a result of morphological changes
toward a spherical shape, which present the most stable surface [33].

If nanoparticles are used in homogeneous catalysis, there is the need to
protect their surface with a stabilizer, usually a polymer like PVP [34], in
order to prevent aggregation phenomena and to allow their recycle, but it
has been demonstrated that the presence of capping decreases the
catalytic activity since surface sites are occupied by the capping
molecules [35].

A role of interest is covered by palladium since it is an excellent

hydrogenation catalyst but it catalyzes as well the formation of a large
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variety of C-C bonds [36-37]. Gold nanoparticles present excellent

catalytic properties too, and have been used to catalyze the oxidation of

CO to CO, [38-41], and other reactions [42].

Also less noble metals clusters, like iron nanoparticles, have found

application in the catalysis field [43].

Among metal oxides, TiO, nanoparticles are attracting several attentions

for their unique photo-properties [44]. The peculiar electron transport of

these nanoparticles can be used for different purposes such as water

[48-49] and hydrogen

purification [45-48],

bactericidal coatings

production [50].
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Figure 1.5 Photocatalytic degradation of 4-chlorophenol due to solar

irradiation of TiO, nanoparticles deposited on different ceramic supports

and on commercial PET bottles. From ref. [47].
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Metal nanoparticles present also interesting applications in the biological
field. For example, silver nanoparticles show bactericidal properties as a
result of their surface chemistry.

It is well known that silver exhibits strong toxicity to a wide range of
microorganism [S1] and for this reason silver based compounds have
been used in many bactericidal systems [52-53]. Silver compounds have
also been used in the medical field to treat burns and a variety of
infections [54].

The effect is due to the fact that exposition to atmospheric oxygen leads
to surface oxidation and subsequent releasing of Ag+ ions, which
interfere with bacterial metabolism [30].

The mechanism is not completely understood yet, but it has been
proposed that ionic silver strongly interacts with thiol groups of vital
enzymes and inactivate them [55-56] or that DNA loses its replication
ability once the bacteria have been treated with silver ions [54]. In
literature are reported also experimental evidences of structural changes
in the cell membrane as well as the formation of small electron-dense
granules formed by silver and sulphur [54, 57].

However, recent studies have demonstrated that silver ions at
concentration required to show germicidal effects, also damage
fibroblasts to a significant degree [$8-59]. For this reason, the application
of silver nanoparticles to therapeutic purposes should be accurately

targeted [58-59].
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Figure 1.6 Bactericidal effects of laser-generated silver nanoparticles on
Staphylococcus aureus after in vitro cultivation on Mueller-Hinton agar

plates with or without BSA (1% w/v) over 24 h. From ref. [S8].

Gold and silver nanoparticles are also strongly reactive with sulphur and
this characteristic is of particular interest for the functionalization of
particle surface in biological studies [60]. Indeed, thiolated biomolecules
can be directly bound on the surface of nanoparticles, like
oligonucleotides [61], peptides [62] or PEG [63]. Literature also reports
the formation of gold nanoparticles-DNA aptamers used for the detection
of thrombin [64], platelet-derived growth factors [65] and cancerous cells

[66].
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1.4 PHYSICAL PROPERTIES

The reduction of size and the subsequent increase in percentage of
surface atoms is also responsible for the variation of physical properties
from bulk to nanostructured particles. It has been demonstrated that
phase stability of a material is size dependent [67].

By simple thermodynamic considerations, the total free energy of a
nanoparticle can be expressed as the sum of free energy contribution of

the bulk and the surface [67]:

Gnanoparticte = Gouik + Gsurface (1.29)
In a system such as a nanoparticle, which contains only few hundreds of
atoms, a large fraction of them will be located on the surface. Surface
atoms tend to be coordinatively unsaturated, so there is a large energy
associated with the surface and the second term of eq. (1.29) becomes
important for the overall phase stability [4].

For example, in TiO, nanoparticles with dimension lower than 14 nm,
anatase phase showed more stability than rutile, which is instead more
stable in the case of bulk titanium dioxide [68].

Another well known example of variation of physical properties with size
is the decrease of melting temperature when passing from bulk to
nanoclusters, with the value of the temperature depending on the size,
shape and composition of the nanostructure. This phenomenon can be
understood considering that liquid phase always shows lower surface
energy with respect to the solid phase, where atoms are constrained by

rigid bonding geometries. During the passage to the dynamic fluid phase,
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the movement of surface atoms promotes the minimizing of the surface
area and unfavorable surface interactions. Thus, the melting phenomenon
reduces surface energy and stabilizes the liquid phase. Since at reduced
dimensions the contribution of surface energy increases, the melting
point shows considerable reductions [4].

The estimation of the melting point can be obtained by the following

relationship [69]:

T =Ty~ (1.30)

Where T, is the melting temperature of the nanoparticle, 7} is the melting
point of the bulk metal, R is the radius of the nanoparticle and M is a
constant which depend on the material in specified conditions.

Recently a model for calculating the reduction of melting temperature
which also takes in account the shape factor has been proposed [70].

The melting temperature of a nanoparticle of any shape is given by [70]:
Ty =Ty (1 - 6%) (1.31)
Where « is the shape factor, 7~ is the atomic radius and D is the diameter

of the nanoparticle (D=2R).

The shape factor « is given by:

_s
a=2 (1.32)

where S’ is the surface of a particles of any shape which presents the
same volume of a spherical particle of surface S.

Qualitatively, this can be explained considering that since melting starts
at the surface, a larger surface will favour this process, and the melting

point will present a lower value [71-72].
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Figure 1.7 Calculated variation of the melting temperature as a function
of the inverse radius for (a) Sn (b) Pb (c¢) In (d) Bi nanoparticles. The

symbols (m) represent experimental values from ref. [70].

When nanoparticles reach the size of few nanometers, which is smaller
than the de Broglie wavelength of electrons at the Fermi energy for most
metals, quantum effects appear in nanoparticles [73] and this leads to
variations of the conductivity from the bulk behaviour.

Indeed, once the band electronic level turns into discrete electronic level,
the motion of electrons does not obey the Ohm’s law which instead rules

bulk metals [4].
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To transfer an electron to a nanoparticle it is necessary to give to the
system an energy called charge energy:

E. =— (1.33)
where e is the charge of an electron and C the capacitance of the
nanoparticle.

For a nanocluster surrounded by a medium with dielectric constant g, the
capacitance of the nanoparticle depends on its size:

C(R) = 4meeyR (1.34)
where R is the radius of the nanoparticles.

From eq. (1.33) and (1.34) it is clearly visible that high amount of energy
required to add a single charge to a metal nanoparticle because
capacitance is very low as it decreases with the decreasing radius.
Qualitatively this can be explained considering that a charge carrier is no
longer solvated in an effectively infinite medium [4].

To produce single-electron tunneling processes, the thermal energy of the
particle must be much lower than the coulomb energy in order to keep
the electron in the particle:

kpT <K E. (1.35)
where kg is the Boltzmann constant and 7 is the temperature of the
system.

Otherwise the electron will be able to pass the nanoparticle by thermal
excitation.

The current-voltage diagram for an ideal quantum dot will not show
current till the potential reaches the value:

Ucoutomp = e/(2C) (1.36)
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And then an electron can be transferred. The charging of the nanocrystal
occurs in increments of single electrons, giving rise to staircase with
equally spaced steps in the I-V spectrum [74].

Since for each step the charge transport is blocked till the overcoming of

the Coulomb potential, this phenomenon is called Coulomb blockade.
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Figure 1.8 Current-Voltage diagrams of isolated Pd and Au nanoclusters

of different sizes showing the Coulomb staircase effect. From ref. [74].
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CHAPTER 2: PULSED LASER
ABLATION IN LIQUID

2.1 INTRODUCTION

The term laser ablation refers to the removal of material from a solid
target by incidence of light. The laser pulse presents a penetration depth
which depends on the laser wavelength and the refraction index of the
material, typically with values around 10 nm. The expulsion of material
from the target is due to different mechanisms [1].

At high energy flux, the ejected matter is typically converted into plasma,
formed by atoms, molecules, ions, electrons, clusters and particulates in a
physical state characterized by high temperature, high pressure and high
density [2-3].

The difference of pressure between the plasma and the surrounding
environment leads to the nearly adiabatic expansion of the plasma [4] and
in particular conditions, materials from the target can condense and form
nanostructures [5].

This process has been used for different purposes, such the pulsed laser
deposition (PLD), where laser is used to vaporize material from a target
in vacuum or in a carrier gas that is then deposited on a suitable substrate
to obtain thin films, with lower cost and higher purity with respect to

other techniques [6-7].
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The removal of material due to ablation can be also used for surface
cleaning, with applications both in technological field than in
preservation and restoration of artworks [8]. It is common to make
difference between “dry laser cleaning”, in which material is directly
removed by absorption of light and “steam laser cleaning” obtained by
submerging the substrate in a liquid environment. The substrate is then
covered by a thin liquid layer which, irradiated by light, undergoes
violent boiling, and the pressure generates from the explosion of bubbles
removes the material [8].

The mechanism of laser ablation is also the base of different
characterization techniques, such as MALDI (Matrix Assisted Laser
Desorption/Ionization) mass spectrometry [9] or LIBS (Laser Induced
Breakdown Spectroscopy) [10].

In the field of nanomaterials synthesis, laser ablation in liquid
environment is of particular interest for several reasons. First of all, it can
be considered an almost universal preparation technique, since the
variation of the target material and the surrounding liquid can lead to the
formation of a large variety of products, and size and shape of obtained
nanocrystals can be tuned by the variation of laser parameters such as
fluence and laser wavelength. Moreover, laser ablation in liquid leads to
clean surface nanoparticles, an important requirement when these
nanostructures are employed in the production of nanocomposites.
Moreover, laser ablation in liquid can be considered as environmentally

friendly and cheap with respect to other production techniques. Indeed, it
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does not need the use of dangerous chemicals or the use of expensive and

energy consuming pressure or temperature apparatuses.

2.2 THE MECHANISM OF LASER ABLATION IN
LIQUID

2.2a Plasma Formation

Conventionally, the phenomenon of laser ablation starts when light hits
the target. The energy coming from the laser is absorbed by the material
and couples with electrons in valence and conduction bands. If the
energy is higher than a certain threshold, which depends on the material
itself, breaking of electron bonds is possible with subsequent removing of
material [11]. Optical energy is also redistributed by carrier-carrier,
carrier-phonon and phonon-phonon interactions. The energy relaxation
time presents the same order of time required to approach thermal energy
distributions, which are Fermi-Dirac for electrons and Bose-Einstein for
phonons. For metal and semiconductors, energy thermalisation times are
of the order of 107% to 10! seconds [12].

When using femtosecond laser pulses, common values of laser irradiance
(10" W/cm?) are higher than ionization threshold, that thus takes place
before the expulsion of the material [1]. This is a non-equilibrium
process, since the pulse duration is shorter than relaxation phenomena

and the lattice remains “cold” [13].
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It is also possible that electrons with sufficient kinetic energy will move
away from the solid before starting the thermalisation of the lattice [14].
A resulting charge separation is then established and ions will be ejected
from the target, either by Coulomb explosion [15] or by electrostatic
ablation [16].

In the case of fs ablation, the amount of ablated material depends only on
the penetration depth and the diameter of the laser beam and the crater
left by the beam present well defined borders [17-18].

On the other way, when nanosecond lasers are used, the pulse duration
overpasses the time for reaching the system thermalisation through
electron collisions and thermal conduction phenomena. Ions and
electrons are accelerated by mutual collisions inside the plasma, and its
temperature reaches the equilibrium [19-21].

The main mechanism of ablation is thermal ablation, which is direct
sublimation or melting followed by evaporation, boiling or phase
explosion, but also spallation [19,22-23].

Confirmations of thermal ablation during laser processes have been
obtained by shadowgraph images that show the ejection of metal droplets
from the target in the case of nanosecond pulses [24-25] and millisecond
pulse width [26].

In the case of picosecond laser pulses, a complete understanding of
involved phenomena is not clear yet and the ablation mechanism depends
on the thermal characteristic of the metal [27]. Different models have
been proposed to explain the behaviour under low fluence [28] and high

fluence [29] regimes.
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Figure 2.1 Shadowgraph image of laser ablation of an Ag target in water
at a laser fluence of 36 J/cm® and a delay time of 10 PYs showing the

ejection of metal nanodroplets from the target. From ref. [24].

Independently of the pulse width, when the irradiance of the laser
exceeds a certain threshold, the “breakdown” of matter happens, that is
the generation of plasma [2,3,30] that is sustained mainly by
ionization/recombination and excitation/de-excitation mechanisms due to

electron collisions [1].
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Multiphoton ionization is the simultaneous absorption of different
photons and is the process responsible for atoms ionization and
generation of free electrons (“seed electrons™) that are then involved in
avalanche ionization by collisions with the neutral species [1,30]. It has
been hypothesised also the possibility of Coulomb explosion phenomena,
which consist in the ejection of ions if removed electrons are not replaced
in picosecond timescales by other from the surrounding solid. This lead
to a surface charge and ions in the lattice undergo repulsion effects. If
repulsion overcomes the bonding energy, ions can be expelled from the
target with kinetic energies in the order of 10° eV. Due to electrostatic
nature, this process is not common for conductors [31] but is more
probable during ablation of dielectrics and semiconductors [32].There is
no marked separation between different regimes discussed above, thus a
quantitative description of the breakdown process is very complex [1].

In the case of fs lasers, it should be considered that the pulse is so short
that any significant movement of atoms from the lattice happens after the
end of the pulse [4], while for longer pulses, shielding effects of the
plasma can happen and most energy will not reach the target but will be
absorbed by ionization processes and Inverse Bremsstrahlung or reflected
[33-34]. Inverse Bremsstrahlung involves absorption of photons by free
electrons accelerated during collisions with neutral or ionized species.
The importance of collisions of electron with neutral species is lower
than electron-ion collisions, but assumes importance in the initial phase

of the plume when ionization level is still low [4].



Gabriele Carmine Messina PhD Thesisl39

For plasma induced by IR lasers, as laser light at 1064 nm, absorption by
Inverse Bremsstrahlung is predominant and ionization breakdown may
occur even at intensities near the ablation threshold [35]. On the other
way, photon absorption by photoionization processes takes places when
using visible and UV laser light. It has been demonstrated that during UV
ablation of metal targets with irradiation intensities of 0.1-1 GW/cm? the
plume can reach temperatures of a few eV and ionization degrees higher
than 0.1. Since these high temperatures cannot be reached by Inverse
Bremsstrahlung processes, it means that direct photoionization
phenomena play a dominant role [35-36].

On the other way, Inverse Bremsstrahlung and direct single-photon
processes gives the kinetic energy for plasma expansion, which can be
considered isothermal in the initial part of the process, since temperature

is kept constant by the absorption of radiation [37].
2.2b Plasma Expansion

After the end of the pulse, the vaporised material exists as a thick layer of
10-100 um of a dense, partly ionized gas propagating supersonically
away from the target in a three dimensional adiabatic expansion, often
called “plume” [4]. This is due to the accumulation of thermal energy of
the excited species present in the initial phase that is then converted in
kinetic energy by plasma species. Theoretical treatments consider that

the expansion is also isentropic, since there is no heat conduction
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between different plume parts, due to high pressure and temperature
conditions [4].

The liquid environment presents a strong confinement effect limiting the
expansion rate. Results of this effect is a very high number density inside the
plasma (with N>10"cm™), coupled with a fast decrease of the
temperature due to the prevalence of recombination phenomena, and a
persistence of the plume to a few hundred nanoseconds [1], which is a

lifetime 10 time shorter than that of plasma in air [38].

5 mm

Figure 2.2 Laser-induced plasma emission imaging in air (a) and bulk
water (b) at the same experimental conditions (A=532 nm, E=300 mJ,

gate window=3 ps). From ref. [39].

The intense thermal diffusion of the species inside the plasma can lead to
collisions, aggregations (and condensation), formation of new molecules

or nucleation phenomena. Usually smaller particles, with dimension of
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nanometers, are formed during expansion of the plasma as a consequence
of condensation of atoms in vapour phase, while bigger nanoparticles,
with dimension of micrometers, probably derive from direct expulsion
from the solid target [40].

It should be noticed that, when working in a liquid environment, even if
at the initial moments of ablation the plasma presents high pressure, the
expansion is globally controlled by the interaction between ablated
species and the background environment. Practically, plume expansion
continues till the inner pressure is equal to surrounding environment
pressure [4].

Most common models describe a splitting of the plasma in two
components with different speeds. During expansion, the component at
higher speed moves through the ablation environment as if expanding in
vacuum, while the slower component moves as a piston in a gas. The
slower component pushes a layer of liquid far from the target, releasing
an internal and external shock wave. The formation of the shockwave
does not happen in a harsh way, but it is the result of increasing
hydrodynamic interactions between the plasma and the fluid [4].

The high pressure in the plasma is usually attributed to two contributions,
which are the adiabatic expansion of the plasma itself under the
confinement of the liquid and the extra pressure increase deriving from
the shock wave. A series of experimental technique to measure the
pressure by characterization of the shock wave and a theoretical model to
describe the laser induced pressure generation have been developed by

Fabbro and coworkers [41-48]. The pressure inside the plasma has been
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also measured by recording the acoustic wave in water induced by the
plasma [49-50].

Following the Fabbro analytical model, [41-48] the maximum pressure
expressed in GPa generated by the laser induced plasma in water is given

by:

24
P =0.01 /EZIO 2.1)

where a is the fraction of internal energy devoted to thermal energy
(usually a~0.25), I, the incident power intensity expressed in g/(cm>s),
and Z the reduced shock impedance between target and the confining
water expressed in GW/cm’.

Z is defined by the relation:

2t 1 (2.2)

4 Zwater Ztarget

where Z,ur and Zy,40 are the shock impedances of the water and the
target, respectively.

Pressure in the order of GPa are reported in literature, as a value of 5.5
GPa obtained with pulse duration of about 50 nm with a wavelength of
1064 nm and a power density of 10 GW/cm” [43-46], or a value of 2-2.5
GPa measured when a 0.308 um XeCl excimer laser with pulse duration
of 50 ns and power of 1-2 GW/cm® is used to ablate an Al target in water
[46]. It has also been demonstrated a dependence of the pressure on the
laser parameters like wavelength and pulse duration. Indeed, it is
reported that laser pulses of 3 ns generated a plasma-induced pressure of
10 GPa, while for longer pulse (30 ns) the plasma pressure is only 5 GPa
[47].
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It should be noted that the relationship between temperature and pressure
in the laser induced plasma is not completely consistent with the
predictions from the ideal gas state equation, since the formation of the
laser induced plasma is a far from thermodynamic equilibrium process
and the plasma cannot be considered as an ideal gas. Indeed, the pressure

estimated by the equation:

NN kT
%4

P = (2.3)

where n is the gas density, N, is the Avogadro constant, kp the
Boltzmann constant and V the gas volume, is much lower than values of
measured pressure.

Temperature of the plasma can be measured by optical emission
spectroscopy of the ablated species [38,51-53].

In a plasma plume in liquid, emission spectra appear dominated by a
black body-like broad continuum, due to radiative recombination and,
more limitedly, to Bremsstrahlung emission [54] which can be treated as
a Planck-like distribution to determine the temperature [55]. Consistently
with the high ionization degree of this kind of plasma, also few
broadened lines due to transitions between low-lying energy levels can
be observed [39], which allow the calculation of temperature by the
Boltzmann plot method [56-57].

The density of species in the laser-induced plasma can be estimated by
measurements of the expansion volume of the plume, measured from the
images of the light emitting region, and the calculation of the amount of
the ablated species from the volume of the crater left on the surface of the

target. Considering the plasma plume as a hemisphere with the diameter
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of the FHWM intensity, the volume of the plasma plume has been

estimated to be 9.9 x 10”7 cm’ in the case of ablation of graphite in water
[38].

intensity (au)

-200 0 200
distance (pm)

Figure 2.3 (a) Intensity distribution of the light emitting region and (b)
the vertical sectional profile of the hole left at the target surface after 100
shots irradiation with 1064 nm Nd:YAG of graphite in water (pulse width
20 ns and fluence 10 J/cmz). From ref. [38].

In the same experiment it has been supposed that the crater on the target
surface increases linearly with the number of laser pulse and the ablating

volume due to a single laser pulse has been determined to be 7.4 x 107
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cm’ [38]. From these values, the density of species in the plasma plume
has been calculated to be 6.7 x 10*' cm™, that is higher than the plasma
electron density estimated for a water—graphite system with similar
irradiation conditions (1019—1020 cm'3) [58], but lower than the number of
atom density of a graphite solid target (10 cm™) [38].

Since part of the initial energy of the plume is used for the formation of
the shockwave, the expansion can be considered adiabatic just for a short
period of time. When the expansion stops, particles diffuse from the
volume of the plume and undergo thermalisation.

The strong confinement of the plasma by the liquid medium deeply
influences thermodynamic and kinetic properties of the plasma evolution,
with a consequent formation of a complex reaction environment. Due to
high temperature and pressure, several kinds of reactions can happen at
the liquid-plasma interface. Apart from reactions at high temperature that
involve species inside the plasma, there is also the possibility of target-
liquid species interaction. Since high pressure and high temperature
conditions lead to excitation and evaporation of molecules of the
surrounding liquid at the interface, this induced plasma can mix with the
plasma generated by the laser and form new species. Moreover, ablated
species can be pushed far away from the target by high pressure, and
reach the liquid where they react. Considering that these reactions
involve both species from the solid target and from the liquid, these
mechanisms offer the possibility for the formation of new species

combining properly the target and the liquid [40].
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For example, iron oxides were prepared by laser ablation of an iron target
in water [S9] and CN nanocrystals were prepared from PLA of a pure
graphite target in ammonia solution [60].

Latest stage of the evolution of the plasma plume is the cooling down and
condensation in the confining liquid. Part of the plume would condense
and deposit back on the target due to the confined pressure from the
liquid [40]. This effect has been used to develop a new technique of
plasma deposition in liquid [61-65].

Another part of the plasma plume will condense and disperse in the
liquid phase, generating nanocrystals.

Shorter quenching times of ablation in liquid have several consequences
on products obtained by laser ablation in liquid. First of all, the sudden
quenching reduces the possibility of growing of crystals, leading in this
way to the formation of smaller nanoparticles. For example, the use of
lasers with pulses duration shorter than 20 ns allows obtaining particles
with dimension in the order of nanometers [40]. Fast quenching times
can also influence the characteristics of obtained structures, since it is
possible to cool generated in metastable forms. For example, the
intermediate transformation phase from graphite to cubic diamond has
been observed during the synthesis of nanodiamonds by ablation of
graphite in water [66].

An extremely important feature of the laser ablation in water is the
formation of a cavitation bubble. The laser-induced plasma at high
temperature transfers a significant amount of its internal energy to the

surrounding liquid, producing a layer of vapour around the plasma
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volume. The layer of vapour grows into a cavitation bubble that expands
and then collapses on a timescale on the order of hundreds microseconds,
which is order of magnitudes longer than the plasma duration itself [1,67-

69]. This topic will be widely discussed in section 3.6.

Figure 2.4 Shadowgraph of the cavitation bubble produced by laser
irradiation of a Cu target in water, with pulse width of 90 ns and pulse

energy of 1.7 mJ. From ref. [70].
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2.3 NANOCRYSTAL FORMATION BY LASER
ABLATION IN LIQUID ENVIRONMENTS

Most common products of laser ablation in liquid, and in particular in
water, are metal nanoparticles. When targets constituted by noble metals,
silicon or carbon are irradiated, ablated products are usually pure
elemental particles [71], while the ablation of reactive metals in water

leads to the formation of oxide or hydroxide nanoparticles [59,72-74].

2.3a Metals

Great interest has been devoted to synthesis of metals since their
application as catalyst. Ablation of Au and Ag targets in water by 510.5
nm Cu vapour with 20 ns pulse duration has led to the formation of
nanodisks with diameters of 10-60 nm [75]. It has been demonstrated that
the relatively mild regime of laser irradiation influences the shape and is
then favorable to the disk shape formation, since the relatively high
stability of these colloidal systems in the absence of surface agents [75].

The formation of spherical nanoparticles is more common and literature
reports the preparation of Au, Ag, Ti and Si by ablation in of Ag, Au, Ti
and Si in various liquid environments [76-78]. Au and Pt have been
synthesized with average sizes of 5-30 nm by Nd:YAG irradiation of
metallic target in n-alkanes [79-81] and the formation of gold
nanocrystals has been reported by femtosecond ablation of an Au target
in aqueous solution of cyclodextrins as well [82-84]. Since these metals

are easily oxidable in water, Ni and Co nanocrystals were prepared by
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laser ablation of Ni and Co targets in flowing ethanol [85]. Different
noble metal nanoparticles with diameters lower than 5 nm, have been
synthesized by 532 nm Nd:YAG laser ablation of Au, Ag and Pt targets
in aqueous solution of sodium dodecyl sulfate [86-88]. Literature reports
also the formation of Ag nanoparticles by laser ablation of Ag in water,
methanol and isopropanol, while Cu colloids were produced by ablation

of CuO powders in 2-propanol [24,89-90].

2.3b Oxides and Sulfides

Oxides nanocrystals can be prepared by ablation of an oxidable metal
target in water as tin, which led to the formation of oxide nanocrystals
with small dimensions if ablated in water or aqueous solution of sodium
dodecyl sulfate [91].

Oxide can be also prepared by ablation of an oxide target, like the case
reported in literature for CeO, nanoparticles, obtained by Nd:YAG
ablation of a CeO, target in water [92].

Interesting results have been obtained with aluminum, since nanocrystals
of aluminum hydroxides with triangular, rectangular and fibrous shapes
have been fabricated by nanosecond ablation of an Al rod in water [93]
and ultrafine aluminum oxide powders [94].

Magnesium and zinc hydroxides nanoparticles have been produced as
well by ablation of Mg and Zn plate target submerged in deionized water

or aqueous solutions of sodium dodecyl sulfate [95-96].
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Of particular interest are results obtained in the case of ablation of
sulfides, since it has been demonstrated the possibility to use laser
ablation to produce innovative Inorganic Fullerene like structures [97-
98].

In particular, literature reports that the ablation of HfS; powders in tert-
butyl disulfide allows the formation of Hf,S layered nanostructures and
quasi-spherical nanoparticles of HfS with size of 20-80 nm [97].
Moreover, it has been demonstrated that the source of sulphur should be
the target itself, since the ablation of MoS, target in water led to the
production of Inorganic fullerene-like MoS; and spherical MoOs
structures, and a detailed mechanism for the formation of these structure

has been proposed [98].

Figure 2.5 (a) TEM image of MoS2 (A) and MoO3 (B) IF-
nanostructures, (b) TEM image of MoS2structures with different shape.

From ref. [98].
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2.3c Product Control by Ablation Environment

As discussed in section 2.2b, the surrounding solution has a deep
influence on nanoparticles formation and thus on their chemical nature,
since inside the plasma, molecules of the liquid can react with target
species. For example the ablation of a graphite target in water can lead to
the synthesis of diamond [99-100], while in ammonia it is possible to
generate C3N4 [101].

The species in the liquid can also affect the nucleation and growth of
crystals. For example, during diamond nanocrystals synthesis, the H and
OH ions from the solution can promote diamond growth by suppressing
graphite sp° bonding [102]. It has also been reported that surface
chemistry has an effect on the size distribution. This has been
demonstrated adding different compounds (KCl, NaCl, NaOH and
cyclodextrins) to water when ablating gold [83]. The size distribution of
nanoparticles can be narrowed by using surfactant solutions of sodium
dodecyl sulfate [86-87] or cyclodextrins [84].

The control of the size due to the surfactant depends on a control of the
reaction rate at the interface and on the stability of produced
nanoparticles with effects varying on the nature of the charge on the
particles surface and of the surfactant [103]. The high temperature of the
reaction environment due to laser irradiation and to the presence of
plasma can induce boiling, evaporation or excitation at the liquid-plasma

interface.
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Figure 2.6 Electron micrographs and size distributions of silver

nanoparticles produced by laser ablation at 90 mJ/pulse in a SDS aqueous

solution with concentration of (a) 0.003 (b) 0.01 and (c¢) 0.05 M,

respectively. It is clearly visible an average size decrease at the increase

of the SDS concentration. From ref. [103].

It has been demonstrated that the use of surfactant can interfere also with

the shape of growing particles, with resulting structures not obtainable by

ablation in pure water.

For example, AgCl nanocubes have been prepared by laser ablation of

Agin 107-10"" M NaCl aqueous solution [105].
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L | - " . . -
Figure 2.7 SEM images of AgCl cubes obtained in (a) 0.005 M and (b)
0.001 M NaCl solution. From ref. [105]

Also Ag,O cubes, pyramids, triangular plates, pentagonal rods and bars
were obtained by ablation of Ag bulk in polysorbate 80 aqueous solutions
[106]. The surfactant sticks only to particular crystal faces of the
structure during the growth and leads to the formation of different

geometries [106].
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CHAPTER 3: HIGH YIELD
PRODUCTION OF METAL
NANOPARTICLES BY WIRE
ABLATION

3.1 INTRODUCTION

The large number of recent studies on unique and intriguing antibacterial,
optical and electric properties of silver nanoparticles (Ag NPs) has
opened the way to several tries to exploit them for the creation of devices
of different nature. As a result, companies have increased their interest in
the creation of new techniques for the production of nanoparticles with
the desired quality for applications in high technology devices [1-3].
From this point of view, pulsed laser ablation in liquids (PLAL) seems to
be an excellent preparation method, since it allows the preparation of
high pure ligand-free NPs in liquid phase ready for incorporation in
different matrices [4-5] or functionalization with biomolecules [6]. On
the other side, the main disadvantage of laser ablation is the low amount
of produced material. One of the strategies to increase the productivity
could be considering the use of high-power laser sources, but it should be
evaluated that systems such as excimer lasers with UV wavelengths are
expensive, feature which is not compatible with an industrial approach.

Thus, the employ of solid state lasers still remains the favored choice.
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Literature shows several reports about nanoparticles preparation by high
power pulsed Nd:YAG lasers, but it seems that the mere increase of the
source power does not enhance productivity significantly [7-9].

For this reason, a deep knowledge of the ablation mechanism is required
in order to develop new strategies to enlarge production rate. From the
study of the cavitation bubble dynamics it has been demonstrated that the
spatial bypassing of the bubble itself, obtained using fast optics scanning,
can lead to an increase of the productivity [10]. Best results have been
reached for a scan speed of 500 mm/s, corresponding to an interpulse
distance of 125 pm, which avoids the hit of the cavitation bubble
containing primary nanoparticles that can scatter, absorb or reflect the
subsequent laser pulse. It has been also reported that if the interpulse
distance increases again, it results in an inadequate overlap that leads to
thermally isolated areas, causing inefficient material removal [10].

Also the influence of the surrounding liquid medium on ablation
efficiency has been widely investigated. It has been demonstrated that the
thickness of the liquid layer above the target is responsible for variations
in the amount of ablated material [11]. In particular, the optimum yield
has been obtained for a water layer of 1.2 mm, since the shock wave, and
thus the amount of removed material, depends on the pressure generated
by the liquid layer. The introduction of a liquid flow inside the ablation
environment can influence the ablation ratio as well [12]. On one side,
the liquid flow helps the detachment of material from the solid target
leading to an increase of the amount of material in the liquid. On the

other side, if the laser wavelength used for the ablation is near the
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plasmon resonance of produced nanoparticles, such for example when
ablating gold or silver with the second harmonic of a Nd:YAG laser (A=
532 nm), the circulating liquid removes the particles from the ablation
medium, avoiding the absorption of the laser radiation.

It is also possible to reduce the dimension of the target in order to obtain
a more efficient use of the laser energy. Glass and metal nanoparticles
have been prepared by laser ablation of microspheres (LAM) using a KrF
laser. It has been found that the reduction of the bulk size provokes a less
significant energy loss by heat phenomena and as a consequence,
microsphere present a lower ablation threshold respect to bulk targets,
meaning a more efficient energy harvesting [13-17].

However, when working with microspheres, two main problems should
be taken in account: the low hitting rate of the laser beam with
microspheres and the poor collecting method of the nanoparticles [13-
14].

Further developments in this direction have been reached by operating
the laser ablation of a tiny wire, which acting as a monodimensional
conductor, allows to increase the production yield of nanoparticles [18].
In addition, a wire target can be fed continuously inside a chamber,
characteristic that makes this approach suitable for industrial
applications.

A scaled up process, indeed, needs two main requirements, which are
high amount of products and continuity, assured when all reactants (in
the case of laser ablation the target and the surrounding liquid) are fed in

a continuous way.
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Then, the use of a wire continuously fed inside the chamber, together
with the use of a liquid flow, will assure the continuous nature of the

process.

3.2 EXPERIMENTAL DETAILS

The fulfilling of all the experimental requirements have been assured by

the use of a custom designed ablation chamber, reported in fig. 3.1.

Figure 3.1 Cutaway drawing of the ablation chamber used for the

ablation of the silver wire in water flow.
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The top of the chamber presents a wire feeding system controlled by a
computer unit and the entrance of the water flow, assured by a pump
(which has been set at a rate of 9 ml/sec). The wire and the liquid are
introduced in the same direction inside the chamber in order to avoid
possible bending of the wire, which could affect the reproducibility of the
process. The laser source used for experiments is the first harmonic
(A=1064 nm) of a Nd:YAG (model Spitlight DPSS 250 from InnoLas)
with 10 nanosecond pulse duration. The laser beam undergoes diameter
reduction (from 6 to 3 mm) by passing through a Galilean telescope and
then crosses the chamber where it provides to ablate the wire.

Fluencies used in this work ranged from 0.4 J/cm® to 1.5 J/cm® and
repetition rate from 1 Hz to 10 Hz.

Experiments have been carried out on 99.9% pure silver wires with seven
different diameters (250 wm, 750 wm and 1500 um diameter wires from
Advent Materials, 125 um and 500 wm from Alfa Aesar, 350 um from
Goodfellow, 1000 um from Strem Chemicals). Results have been
compared with those obtained using a silver plate as target (Ag 99,9% 1
mm thick from Goodfellow ) and platinum and tungsten wires with 500
pum diameter (99.9% pure Pt and W wire from Strem Chemicals).

In order to assure the centring of the laser beam on the wire target, the
energy coming out from the rear window of the chamber has been
minimized by measuring it with a power meter (FieldMaxII-Top from
Coherent, Inc.) and the steady state condition of the process has been

controlled by a camera positioned on the side of the chamber.
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The ablation rate has been calculated reaching steady state ablation
condition and then measuring the feeding speed of the wire inside the
chamber. A steady state ablation is reached when the feeding speed
allows the complete ablation of the wire when moving to the lower part
of the chamber. From the feeding speed and the diameter of the wire it is
so possible to calculate the amount of ablated wire and then the ablated
mass per time. The applicability of this procedure was verified by
comparison with gravimetric determination of ablation rate.

To obtain information about the ablation mechanism different techniques
have been used and in particular optical emission spectroscopy for the
plasma characterization, fast shadowgraph for plasma and cavitation
dynamics and laser scattering for the mechanisms of delivery of the
produced materials in the liquid.

Fig. 3.2 shows the experimental set-up for the plasma and cavitation
bubble characterization part of this work. The laser used for the ablation
is a Nd:YAG 532 nm (PILS-GIANT model from Quanta System), with 8
nanoseconds pulse width, a repetition rate 10 Hz and adjustable energy
up to 400 mJ. The experimental set-up for the emission spectra
acquisition of plasma in water consists of a spectroscopic system (a
monochromator Jobin Yvon TRIAX 550, an ICCD Jobin Yvon 13000
and a pulse generator Stanford inc. DG 535 for the synchronization of
laser pulse and ICCD) and a stainless steel chamber for water
atmospheric pressure experiments. The chamber is equipped with 90°
spacer tubes to locate a focusing lens and sapphire optical windows. The

sample is placed inside the chamber onto a rotating target holder with the
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possibility of 10 mm axial movement. To focus the laser pulse on to the
sample, a 4.0 cm focusing lens in air is inserted into the spacer tube since
it allows adjusting the distance between the lens and the sample. To
collect the plasma emission through the dedicated optical window a

biconvex 7.5 cm focal quartz lens has been placed outside the chamber.
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Figure 3.2 Experimental setup for optical emission spectroscopy,

shadowgraph and scattering experiments.

The set-up for the shadowgraph measurements consists of a light source,
a set of lens to reduce light divergence, the water chamber, a fast ICCD

detection system (PI Max II, 1024x1024 pixels) with a teleobjective
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(Nikon) to collect the shadow of the bubble and a pulse generator to
synchronize laser pulses with the ICCD.

The set up for the scattering measurements consists of a continuum laser
DPSS at 532 nm (Cobolt Samba, 25 mW, CW) and a spectroscopic
system that is the same used for the shadowgraph experiment. The
scattering measurements have been performed simultaneously to the
shadowgraph one. The laser pulse has been focused onto a target or a
wire placed inside the chamber filled with de-ionized water. For the
optical emission spectroscopy the sample was rotated during the
measurements to limit the depth of crater excavation on the surface,
instead during the shadowgraph and scattering analyses, the sample was
kept fixed to avoid the bubbles formation along the optical path, but
shifting it after each measurement. Different targets have been employed

both in bulk and wire shapes such as Cu, Ag, Ti, Fe and Pt.

3.3 NORMALIZATION OF EFFICIENCY DATA

The use of an unfocused beam with a diameter of 3 mm assures the
complete and continuous ablation with a total consumption of the wire in
the laser impinging region. In this condition, the laser beam dimension is
always larger than the diameter of the wire, completely surrounding it.
Thus, only part of the energy coming out from the laser will arrive on the

target, while the other part will pass through the wire not contributing to
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the ablation of the target. For this reason, collected data need to be
corrected through a proper normalization method before being compared.
The normalization on energy of ablation efficiency values has been
carried out approximating the energy profile of the TEMy, mode of the
laser beam to a two dimensional Gaussian distribution. Since the laser
beam presents a diameter of 3 mm, the energy profile can be described
by a distribution with a value of 6°=0.2 as described in eq. (3.1).

Flny) = e o) 3.1
The integral of eq. (3.1) on the boundaries of a circumference with a
radius of 1.5 mm will give the total amount of energy coming out from

the laser. The calculated integral is reported on eq. (3.2).

1 _1(005192+sin192

B Sore A e )asdr = 0.996393 (3.2)

In the case of wire targets, integral boundaries should be fixed
considering the diameter of the wire itself. In this way, wires with higher
diameters will absorb a higher amount of energy respect to smaller wires.
The integral of the curve between boundaries of the target is then
proportional to the energy arriving on it and the maximum of the curve
should correspond to the energy arriving on the wire, since the laser
beam is centered. Calculated integrals which represent the value of
absorbed energies, are reported as following here for wires with diameter
ranging from 125 um (eq.(3.3)) to 1500 um (eq.(3.9)).

2 2

0.0625 1.5 1  —(XXX°
f—0.0625I—1.5Ee 2( 0.2 )dxdy =0.111057 125 um (3.3)

l(x2+y2

P [ e e )dxdy = 0.21997 250 um (3.4)
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A graphical representation of the amount of energy arriving on the target

is reported in fig. 3.3.

The ratio between values calculated for the wires and the one on the

whole surface represents the ratio between energy coming inside the

chamber and the energy absorbed by the wire.

(@ ' (b) ‘ (c)

(d)

Figure 3.3 Graphical representation of the calculated amount of energy

arriving on the target for wire with diameter of (a) 125 pm (b) 250 um (c)
350 pm (d) 500 pm (e) 750 um (f) 1000 pm (g) 1500 pum and (h) bulk

target.
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Since the laser used for the experiments presents a M? factor of 1.8,
which means that there is a not negligible divergence of the laser beam
energy profile from the Gaussian shape, it seemed appropriate to
compare calculations with experimental energy values in order to
determine the accuracy of the model.

To achieve this, the energy coming out from the back window of the
chamber has been measured when no target is positioned inside it and
when wire ablation with different wires is happening. Results are

reported in fig. 3.4.
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Figure 3.4 Detected energy from the back window of the chamber when
no target is positioned it (black squares) and when ablation of wire

happens (colored markers).
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Measured energy values obtained for different wires have been
subtracted to the energy detected when no target is positioned inside the
chamber. Resulting values of energy, reported in fig. 3.5, correspond to
the amount of energy which is absorbed by the wire, even if this not

means that all the energy is used for the ablation of the wire itself.
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Figure 3.5 Values of energy absorbed by wires of different shapes
obtained by the subtraction of Detected Energy values for different wire

diameters to “no target” one reported in fig. 3.4.
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The ratio between the slopes of the curves obtained for the wires and the
slope of the curve for the bulk have been compared to calculated values

in order to check the reliability of the model and are reported in fig. 3.6.
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Figure 3.6 Calculated (black circles) and experimental (red triangles)

energy ratios for wire of different diameters and for bulk target.

It is possible to observe a good agreement between calculated and
experimental values with a moderate failure at low diameters. This can
be interpreted considering that the surface reflects part of the radiation
arriving on it in a way which depends on the angle of incidence, as
described by Snell’s law, and then on the curvature radius. Although the

incident beam is always larger than the wire diameter, reflection occurs
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at the edge of the wire due to its curvature. For smaller wires, the fraction
of reflected light is higher since the laser intensity follows a Gaussian

distribution.

3.4 ABLATION EFFICIENCY

Fig. 3.7 reports such normalized ablation efficiency as a function of
fluence for silver wires with seven different diameters, ranging from 125

pm to 1500 um and a silver plate target for comparison.
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Figure 3.7 Corrected ablation efficiency in function of the fluence for
wires with diameter ranging from 125 pm to 1500 um (colored markers)

and bulk target (black squares).
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It is straightforward to note a linear increase of the ablated material at the
increasing of the fluence for all the targets considered in the experiment.
The linear correlation of ablated mass with the fluence has already been
reported in literature in the case of a bulk target [19].

Optical emission spectroscopy measurements performed on the ablation
plume have shown influence of the laser fluence on the plume
temperature, which was found to be proportional to the ablated volume
[20].

This means that an increase of the laser fluence leads to a larger amount
of ablated material. In any case, variations of these plume properties were
only observed in the range of fluencies close to the ablation threshold
that is the case reported for these experiments [21].

It is also to notice that efficiency values obtained for all targets are higher
than those reported in literature in the same fluence [22].

Such a difference can be attributed to the use of a liquid flow inside the
ablation chamber. This moves away nanoparticles from the ablation
region, avoiding that the ablated material remains attached to the target.
[12].

Efficiency values at the maximum fluence used for the experiments (1.5
J/cm?) have been plotted in function of the wire diameter and obtained

results are reported in fig. 3.8.
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Figure 3.8 Ablation efficiency of silver targets at 1.5 J/ecm? as a function

of the wire diameter. The efficiency value for a bulk target is also

reported for comparison.

The most intriguing consideration about particle production is how it
varies in function of the wire diameter.

First of all, it is to note that all the efficiency values for wire ablation are
greater than in bulk case by at least a factor of 2. This evidence can be
interpreted considering that during wire ablation, heat dissipation
happens only in one dimension, as already discussed.

Going into details of the figure, it is possible to observe that efficiency

reaches a maximum and then decreases. Such a trend should be justified
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considering different effects. One of them involves the way in which heat
is dispersed during the ablation process. As previously discussed in
literature [23-24], inefficient heat dispersion leads to accumulation of
heat on the surface of the target and a subsequent phase explosion-like
mechanism might cause a higher ablation efficiency of material. This
means that there is a correlation between ablation efficiency data and the
way heat is dispersed inside the target. For cylindrical shapes, heat
transmission decreases with decreasing cross section. Thus, thicker wires
will dissipate heat more easily resulting in a more efficient heat loss and
subsequently lower production rate. For a very thick wire, ablation
efficiency should reach the limit of a bulk target (reported as a dash line
in fig. 3.8). This non-linear decrease can be clearly seen in fig. 3.8 for
wire diameters higher than 750 pm. In more detail, heat loss is described

by the heat equation (3.10):

aT(x,t)
at

a-AT(x,t) (3.10)
Heat dispersion is determined by the area-specific heat loss given by the
Laplace-operator 4 and the thermal diffusivity a. To verify the influence
of thermal diffusivity, we also performed experiments at fixed diameters
by using metallic wires (of silver, platinum and tungsten) with different
thermal diffusivities. The graph in fig. 3.9 presents a definite linear
relation between nanoparticle production and thermal diffusivity a, with
the highest amount of material obtained for platinum, which presents the

lowest thermal diffusivity value.
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Figure 3.9 Ablation efficiency at 1.5 J/em® as a function of thermal

diffusivity for wires with 500 um diameter made of Platinum (25.82
mm?/s), Tungsten (63.83 mm?/s) and Silver (174.43 mm?/s).

These results show correlation of ablation efficiency with heat loss, in
accordance with eq. (3.10), and so it seems appropriate to state that heat
dispersion play a fundamental role in the production rate of nanoparticles
at this stage.

The above picture is not able to describe the efficiency behaviour for
diameters lower than 750 um. Indeed, several effects should be taken into

account when the diameter of the wire decreases further:
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1) The increasing of the surface to volume ratio at the decreasing of the
wire diameter, contributing to higher heat dissipation, since heat
exchanges with the surrounding liquid are more favored.

2) The overall reflectivity of a wire is radius dependent, as already
discussed previously. Then, when a thin wire is irradiated, less energy is
absorbed and used for ablation of material, since higher intensities are
reflected, as shown in fig. 3.10. For very thin wires, irradiation is due

only to the top of the Gaussian beam, which is more intense.

| Absorption _

Reflection of higher
intensities

Reflection of lower
intensities

Figure 3.10 Reflection of the incoming laser beam for thin and thick

wires.
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3) Cavitations bubble dynamics differs if a bulk or a wire target is used.

It should be considered that all these effects contribute to the increase of
the efficiency in the first part of fig. 3.8.

Particularly interesting seems to be the correlation between the reported
data and the cavitation bubble behaviour for wires. Cavitation bubble is a
free liquid region surrounding the ablated spot containing the material
expelled by the target.

The investigation of cavitation bubble is a complicate mechanism, since
it involves processes that happen in short timescales. So, they require

high temporal and spatial resolution [25].

3.5 LASER INDUCED PLASMA ANALYSIS

As already discussed in section 2.2a, when a solid target is irradiated
through a liquid with irradiance higher than 0.1 GW/cm? atomization
and ionization processes of the irradiated spot occur and a plasma, called
Laser Induced Plasma (LIP), is produced. The mechanisms responsible
for the plasma formation are the same for the plasma formation during
laser ablation in gas phase [26]. Laser energy is converted in excitation of
bound electrons in the solid target, if the laser energy is beyond the
ablation threshold, electrons are removed by the electromagnetic field of
the atomic nuclei by Multiphoton Ionization. When working with
nanosecond pulses, those free electrons, also referred as seed electrons,

can continue to absorb laser photons by Inverse Bremsstrahlung,
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increasing in this way their kinetic energy and inducing further ionization
by electron impact collisions.

Those events lead to the explosive formation of a dense plasma, which
initially expands at supersonic velocity. As a consequence of the fast
expansion, the plasma acts as piston against the surrounding
environment, generating shock waves which travel in opposite direction
that means toward the target on one direction and toward the liquid in the
other [27].

The shock wave directed toward the target can by described by eq.
(3.11), which allows estimating the maximum pressure of the shock wave

in MPa [28].

Pow,inw = 1072 | == 7+ [Ty (3.11)

Where « is the interaction efficiency (which typically assumes a value of
0.3%[29]), z is the reduced impedance expressed in g/cm*s [28] and Iy is
the laser irradiance in GW/cm®. In experiments reported ablating a Cu
wire, the pressure of the inward shockwave varies from 3- 108 to 7-10° Pa.
When ablating a bulk target, this pressure on the solid target does not
affect the experiments, provided that the target is well fixed on the
rotating holder. On the other hand they are high enough to induce
oscillations of wire or thin plates.

The outward cavitation bubble can be directly investigated by

shadowgraph experiments.



84IChapter 3

Ons 200 ns 400 ns
(a)
"W;‘J T _“. < .l.'i"r'?
{ N sw
- 250 um
600 ns 800 ns 1000 ns
- & —p T ~
Nsw Nsw Nsw
3500 - . (b)
% 3000 | .
— 2500}
= | ™
E 2000 | é
D 1500} 5
m (|
2 1000} -
8 il -
2 500+ y=1710.4x
N - R-Square={ 999!

ﬂ P BT, NI T TR R | i i A i
00020406081012 1416 18 20 22

Delay Time (us)
Figure 3.11 (a) Time-resolved shadowgraph images of shockwave front
induced by laser focused on a Cu wire in water and (b) shockwave front

space displacement vs. delay time plot. (Wire Diameter = 250 pm,

Fluence 68 J/cmz, gate width= 200 ns).
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Fig. 3.11a-3.11b reports the images of the shockwave and the
corresponding plot of space displacement as a function of time. It is
visible how, in the time range of measurement, the shock wave has a
constant propagation rate (1710 m/s) just slightly beyond the sound speed
in water (which is Mach 1.14). This means that the shock wave
propagation does not deliver enough energy to induce a transition phase
as the maximum temperature of the water after the shock wave is around
320 K, as estimated by classical shock wave theory [30].

It is possible to conclude that the outward shock wave does not play any
significant role in the cavitation effect.

By time-resolved plasma images it has been observed that plasma
reaches the maximum emission volume after few hundreds of
nanoseconds. The plasma energy is suddenly transferred to the
surrounding liquid, thus inducing a phase transition and the formation of
a thin layer of vapour around the plasma volume, representing the
starting point of the cavitation bubble.

As detected by vibrational studies, when the high temperature leads to
the formation of the vapour layer, it reaches high pressure that compress
both the plasma back to the target, both the surrounding water [31]. To
investigate the characteristics of the laser induced plasma, optical

emission spectroscopy measurements have been carried out.
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Figure 3.12 Temporal evolution of a typical frame of plasma emission

spectrum during laser ablation of bulk Ti in water.

In fig. 3.12 is reported the emission spectrum during the ablation of a
titanium bulk target in water, which shows the presence of a strong
continuum radiation. After 150 ns from the laser pulse it is also possible

to observe atomic and ionic discrete peaks due to low energy transitions.
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The continuum radiation is mainly due to radiative recombination of ions
with electrons when the plasma is characterized by high number density
(typically with N ranging from 10*' to 10" cm™ during ablation of metals
[32]). It is possible to estimate the recombination time by following the

variation of intensity of the continuum with the following equation [33]:

I(t) = a;exp (— t;—fo) + a,exp (— t_to) (3.12)

12

where [ is the intensity, 7 is the time corresponding to the peak emission,
7; 18 the electron-ion recombination time, 7, is the electron-atom
attachment.

In this experiment, if the electron-atom attachment is neglected, the
recombination time has been estimated to 11=10'7s, in agreement with
previous literature referring to works performed in different
environments [34].

Fig. 3.13a and 3.13b show the temporal evolution of the continuum
intensity and of the temperature as determined by a Planck-like
distribution with the method described in detail in ref. [32].

It can be seen that while the intensity reaches a maximum value after
about 60 ns from the laser pulse and then decrease exponentially, the
temperature presents approximately a constant value. This behaviour can
be explained considering that the emission volume of the plasma reaches
its maximum few tens of nanoseconds after the laser pulse and then it
decreases as a consequence of the interaction of the laser induced plasma
with the surrounding liquid and the initial cavitation effect already

discussed.
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Figure 3.13 Temporal evolution of the (a) plasma continuum intensity and of the (b) plasma temperature as

determined by a Planck-like distribution.
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The recombination, while decreasing the electron number density and the
total amount of electrons energy, at the same time delivers energy to
heavy particles, so that the core of emitting plasma preserves its overall
energy throughout its whole persistence time. Indeed, in laser induced
plasmas, the electrons involved in recombination processes are mainly
those with low energy, so that the bulk of the electron energy distribution
function holds high temperature for long time [35].

Although the duration of the plasma is longer than the time scale reported
in fig. 3.13, the detected emission signal becomes too weak to perform a
significant analysis of the data at longer delay times, because it is
strongly compressed by the cavitation bubble. The intensity trend in fig.
3.13a and the imaging of figs. 3.11-3.12 indicate that whereas the plasma
core holds a temperature around 6500 K, a fast cooling of the ablated
material in the external part of the plasma should be expected, as a
consequence of laser induced plasma front-head interaction with the
surrounding liquid [36]. This material could grow in small nanoparticles
and enable their transfer to the cavitation bubble. This transport of matter
should be facilitated by the high number of instabilities generated at the
boundary between the plasma and the backward expanding cavity. It
should be also underlined that on the base of these results, the plasma
behaviour does not seem to differ if a metal bulk target or a metal wire
target is ablated. This is because the interaction of the metal with the
laser, as well as the electron heating, are parameters which depend
mainly on the laser features like energy, intensity and wavelength

[26,35].
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3.6 CAVITATION BUBBLE INDUCED AFTER BULK
ABLATION

As discussed above, the thin layer of vapour that grows around the
plasma is initially characterized by high temperature and high pressure
and, when expanding against the surrounding liquid, generates a
cavitation bubble. The dynamic of the cavitation bubble includes an
expansion stage and a subsequent shrinking, which can be repeated
several times, reproducing a situation similar to damping oscillations [36-
40].

The pressure of the initial layer of vapour can be estimated determining
its volume directly by the shadowgraph images and then assuming the
number density of vapour as determined at later times by Van der Waals
equation and the plasma temperature previously determined by optical
emission spectroscopy. Assuming that the water vaporization due to the
exchange of the energy between the plasma and the surrounding liquid is
complete and that condensation during the expansion and collapse is
negligible, this method gives an acceptable estimation. In the case of the
laser irradiation with fluence of 6 J/cm® of metal targets such as silver,
copper and titanium, this estimation gives an initial pressure of about 108
Pa.

During the oscillation period, the bubble reaches its maximum radius
when the gas inside the bubble is in equilibrium with the surrounding
liquid, that is the temperature of the bubble is approximately equal to that

of the surrounding liquid and the pressure is equal to the saturation
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pressure at that temperature. Under this condition, pressure inside the
bubble (around 3000 Pa) is about two orders of magnitude lower than
that of the liquid water, then the bubble is suddenly compressed and
starts to contract. This shrinking stage is of fundamental importance in
determining the process of particle production because part of the
material can be pushed back to the surface of the target instead of being
delivered into the solution.

Temporal resolved shadowgraph and laser scattering images of the
cavitation bubble produced during the laser irradiation of a bulk target
are shown in fig. 3.14. It is possible to observe the typical trend of the
cavitation bubble near a solid boundary, which reproduces results already
known by literature [25,31,37].

In the specific case, it can be noted that the bubble rebound effect is very
weak because a substantial amount of bubble energy is delivered to the
target surface at the collapse, resulting in a new shock wave and in
bubble fragmentation with the formation of smaller bubbles at the target
surface [38].

The low magnitude of the bubble rebound is mainly due to the
asymmetric collapsing dynamics of the bubble in the presence of the
boundary that could be strongly affected by the surface of the target,
which is not perfectly smoothed, and by the spatial and temporal

distortions of the laser pulse profile crossing the liquid.
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Figure 3.14 Temporal resolved (a) shadowgraph and (b) laser scattering images of laser induced bubble

on a Ti bulk target in water at fluence of 203 J/em® and a gate width of 20 ps.
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From the scattering signal it is possible affirm that the produced particles,
after the collapsing of the bubble, lay near the target surface. It is
reasonable to state that part of the ablated material is deposited back on
the target surface as a result of the bubble confinement and collapse.
These hypotheses have been verified by mean of Scanning Electron

Microscopy.

Figure 3.15 Deposited film of titanium oxide around the laser focus

point on the target surface after ablation of metallic Ti in water.
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In fig. 3.15 it is possible to note how the target surface around the focus
point shows the presence of deposited titanium oxide after the ablation of
metallic titanium in water, which presents the typical molten-like
morphology including spherical particles.

Fast shadowgraph allows the determination of the bubble radius at each
observation time and it enables to estimate the pressure and temperature

in the bubble with the hard core Van der Waals models:

P(t) = (P, +%) (ﬁ%jﬁj)y (3.13)
T(t) =T, (%)y_1 (3.14)

where P, and T, are respectively the pressure and temperature of the
liquid, R is the experimental radius determined as a function of the delay
time from the laser pulse, R is the radius at which pressure inside the
bubble corresponds to the liquid pressure, o is the surface tension of the
water, h= R./9.174 is the actual radius estimated taking into account the
water molecules covolume, y=C,/C,=1.22.

A typical trend of evolution of temperature and pressure inside the
cavitation bubble during its evolution is reported in fig 3.16a and 3.16b
which shows that temperature reaches values higher than 1000 K and
pressure reaches values in the order of 10-10® Pa. These values represent
an underestimation in the time range around the inversion phase from

collapse to rebound where much higher values may be expected.
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Figure 3.16 Typical trend of (a) temperature and (b) pressure inside the

cavitation bubble calculated from data of fig. 3.11a, during its evolution

after laser ablation of Ti in water.
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Indeed, in this time interval changes of the bubble radius occur on a
nanosecond timescale so that using a detection system with a gate width
of hundreds of nanoseconds (such as the one used in this work) causes
the detected radius to be averaged over the whole gate width.

In this way, the peaks of pressure and temperature at the exact collapse
time result smoothened by the time integration. This question has been
discussed in literature [41], where a theoretical model has been presented
for studying the bubble inversion stage. The results of this model show
that at the collapse the temperature of the bubble interior is between 5000
K and 10000 K while the pressure reaches several thousands of MPa.
These extreme values confirm that the collapsing of the bubble is
responsible for the deposition of the material on the surface of the target,
as well as of the formation of structures showing the typical molten-like

features.

3.7 WIRE BUBBLE DYNAMICS

It seems appropriate to state that the back deposition of ablated material
could be a limit for the productivity, because less material is released into
the liquid after the laser-induced cavitation, assuming that the larger
amount of material is trapped inside the cavitation bubble which has to
release the material into the liquid in order to form colloidal
nanoparticles. It is possible that the back deposition effect could be

reduced changing the bubble dynamics and in particular changing the
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target shape. In fig. 3.17a-3.17b the shadowgraph and laser scattering
images of the ablation of a Cu wire with a diameter of 250 um in water.
The images show the typical feature of a cavitation bubble as discussed
previously for bulk ablation, but the cavitation bubble generated in this
case presents substantial differences: the cavitation bubble expansion
appears spherical in the case of wire and semi-spherical in the case of
bulk targets, the material delivered after the bubble collapse is ejected
farther in the case of wire ablation with respect to bulk target ablation
where the scattering material lies near the target surface. Also, fig. 3.17a
shows that at the bubble rebound and after the bubble collapse (which at
120 ps in this experiment), a sort of “sucking effect”, with a pressure sink
in the back region of the off-propagating bubble, of the daughter bubbles
and particles can take place. Such drastic bubble ejection has never been
observed during laser ablation of a bulk target. The temporal frames
around 120 ps (fig. 3.17b) clearly show that particles are ejected in a
mushroom-shaped jet after the bubble collapse and rebound. It has been
previously demonstrated that at the collapse of the first cavitation bubble
a high amount of energy is suddenly delivered to the target surface and
surrounding material, due to the very high temperature and pressure
reached by the vapour in the shrinking bubble. In the case of bulk
ablation two main effects can be hypothesized: the agglomeration of
small nanoparticles in bigger particles and the back-deposition of part of
this material to the target surface. In the case of the wire geometry, it
appears that the latter effect is more limited as a consequence of the

different bubble dynamics.
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Figure 3.17 Time-resolved (a) shadowgraph and (b) scattering images of laser-induced cavitation bubble

on Cu wire in water with wire diameter of 250 pm at a fluence of 68 J/em?® and a gate width of 5 ps.



Gabriele Carmine Messina PhD Thesis|99

During the expansion phase the vapour expands isotropically and wraps
around the wire as shown in fig. 3.18, where a shadowgraphic frame at
the maximum of the bubble expansion was acquired along the direction
of the wire itself. This dynamics of the wire-bubble system resembles the
behaviour of a bow shooting an arrow. The wire is the main pivot and,
right before the bubble collapse, when the bubble-wire system strain at

its maximum, the bubble is pushed away from the target.

Figure 3.18 Shadowgraph frame at the maximum of the bubble
expansion collected in the direction parallel to a Cu wire with 250 pm

diameter.
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Figure 3.19 Radius and displacement temporal evolution of laser

induced bubble on (a) Ag wire in water, measured from shadowgraph

images at a fluence of 0.9 J/em?® and a gate width of 5 us (b) Fe alloy

wire in water, measured from shadowgraph images at a fluence of 68

J/cm” and a gate width of 5 ps.
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The displacement of the bubble from the wire and the subsequent
carrying of material far from the target are plotted as a function of time in
fig. 3.19. The displacement causes a variation of the shape of the bubble
which is no longer spherical but acquires a more hydrodynamic shape as

reported in fig. 3.20.
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Figure 3.20 Time-resolved shadowgraph images of laser induced bubble

on Ag wire in water at a fluence of 1.4 J/cm?® and a gate width of 5 ps.

Fig. 3.21 shows the effect of the wire diameter on the cavitation bubble
dynamics. As the diameter increases, the wrapping around the wire
becomes less significant, until reaching the hemispherical shape in the
case of the bulk target, which could be considered approximately as a

wire of infinite diameter.
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Figure 3.21 Time-resolved shadowgraph images of laser induced bubble on samples with different

thickness submerged in water at a fluence=68 J/em®and a gate width of 5 us
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This consideration is fundamental when describing ablation efficiency
reported in fig. 3.8

Considering that the passage to cavitation bubble behaviour typical of a
bulk target can be observed for a wire diameter of around 1 mm, this is in
accordance with the maximum efficiency at 750 pm reported in fig. 3.8.
For upper wire diameters, the ablation efficiency asymptotically
approaches the bulk behaviour. It is possible to suppose that the
formation of a larger cavitation bubble involves the consumption of a
higher amount of energy, which is not used for ablating material from the
target.

By the analysis of the images reported in fig. 3.21, it is possible to
estimate the speed of the ejected material after the bubble collapsing, the
duration of the first bubble oscillation, consisting of expansion and
collapse stage, and the maximum bubble radius.

These data, reported in tab 3.1, show that with the thinnest wire, the
elastic dynamic effect, which pushes the bubble away from the wire,
appears more efficient than for thicker wires. The speed of bubble center
is far higher the thinner (~9 m/s in the case of a 250 pm wire) than for the
ticker wire (~5 m/s for a 900 um wire). This in agreement with the trend

of energy dissipation into the volume of larger bubbles.
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Wire Thickness Speed o f Bubble | Collapse Time Maximum Maximum
Center After Distance bubble radius
Bubble Collapse Reached by the
Bubble Center
Before the
Slowing Down
250 um (Cu) 9.278 m/s 120 us 1150 pm (at 200 ps)| 830 pum (at 50 ps)
545 um (Pt) 7.253 m/s 140 ps 1103 pm (at 300 us)[ 1170 um (at 75 us)
900 um (Fe) 5.278 m/s 170 ps 1353 pm (at 350 us)| 1301 um (at 100 ps)

Table 3.1 Bubble parameters obtained from time resolved shadowgraph images of laser induced bubble

on Cu, Pt and Fe wires in water (Fluence = 68 J/cmz, gate width=35 ps)
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The maximum bubble radius results larger for thicker wires. This is due
to the fact that, although the total volume of the bubble does not change
noticeably, its shape turns from spherical to hemispherical. Thus
increases the minimal radius and cause to decrease the detachment

impetus of the bubble in the rebound phase.
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Figure 3.22 Temporal evolution of laser-induced bubble vapour

temperature on Ag wire and bulk target in water.



1061 Chapter 3

Fig. 3.22 reports the comparison of the bubble pressure and temperature
during the first oscillation period as determined by egs. (3.13)-(3.14) for
the different targets. As it can be observed there are no substantial
differences between bulk and wire ablation, because the initial energy
input is the same in both cases and the plasma temperature mainly
depends on the wavelengths of laser photons and their absorption by
electrons. So, it appears that the bubble dynamics is significantly altered
by the shape of the target, while thermodynamic parameters of the

vapour are unaffected.

3.8 EFFECT OF LASER ENERGY

The effect of the laser energy on the bubble radius is reported in fig. 3.23
where the bubble dynamics of laser ablation on a silver wire with a 250
pm diameter is compared at two different fluencies.

At higher fluence the bubble lifetime is longer and the bubble reaches

larger volume in agreement with the following equation [42]:

_ tcollapse
Ryax = 091500/ (P.=P) (3.15)

Where Ryax is the radius at the maximum bubble expansion, p is the
density of fluid, #;o/apse 1S the collapse time of the bubble P is the liquid

pressure and P, the vapour saturation pressure inside the bubble.
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Figure 3.23 Temporal evolution of laser-induced bubble radius on Ag

with a diameter of 250 pum diameter in water measured from

shadowgraph images, at two different laser fluencies (0.9 and 1.4 J/cm?)

with a gate width of 5 ps.

These observations can be explained considering that at higher fluence,

as already shown in fig. 3.7, a higher amount of material is ablated from

the target, and this causes the enlargement of the plasma volume and the

plasma/water boundary. This implies that a greater amount of initial

vapour is formed and, in turn, and increasing of the expansion time and

the bubble volume.
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Fluence (J/cm?) Ryax(um) teollapse (MS)

Cu-bulk target

57.7 1008.8 294

99.5 1317.6 385

Cu-wire target

4.0 226.5 66

13.9 617.6 181
70.7 720.6 211
137.3 741.2 217

Table 3.2 Radius at maximum of bubble expansion and the
corresponding collapse time as calculated by eq. 3.13 as function of

fluence during Cu bulk and wire ablation in water.

Tab. 3.2 reports the maximum bubble radius as function of fluence for
the ablation of a copper bulk target and wire, confirming qualitatively
what already discussed.

Quantitatively, it can be seen that the bubble radius does not scale
linearly with the fluence. Indeed an increase of fluence from 4 to 137
J/em?, that represents a factor 34, only causes a triplication (particularly
3.3) of both bubble diameter and time interval until the collapsing of the
bubble.

It is important to underline that in eqs. (3.13) and (3.14) there is no term
taking into account the fluence variation, and the determined pressure

and temperature of the bubble result unaffected. This is because pressure



Gabriele Carmine Messina PhD Thesis|109

and temperature are intensive variables, and so they are determined
mainly by the plasma internal energy. As it has been mentioned in
section 3.5, in the case of nanosecond laser, plasma internal energy
depends on the effective absorption of laser photons by free electrons
immediately after the ablation (Inverse Bremsstrahlung). In the range of
fluence employed in this work (0.1-100 J/cm?), the electron temperature
can be considered influenced only by the photon energy, that means by
the laser wavelength.

Considerations about pressure and temperature conditions of the
cavitation bubble have been confirmed by experimental results.

Fig. 3.24 reports the size distribution of silver nanoparticles prepared by
wire ablation at different fluencies. As it is possible to notice, the size
distribution based on SEM images evaluate that nanoparticles present a
size of around 15-20 nm.

These size values are similar to those found in the case of silver
nanoparticles prepared by laser ablation of a bulk target [43].

Since literature reports that the temperature of the cavitation bubble
strongly affect the properties of produced nanoparticles [44], The
absence of difference between nanoparticles prepared by laser ablation of
wire target and laser ablation of bulk target confirm that temperature and
pressure conditions inside the cavitation bubble are not influenced by the
target geometry, as demonstrated in section 3.7.

Moreover, when working with wire, size distributions do not depend on

the used fluence.
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Figure 3.24 Size distributions of silver nanoparticles prepared by laser
ablation of a wire with a diameter of 250 um at a repetition rate of 100
Hz and a fluence of (a) 0.8 J/cm®, (b) 1.0 J/cm?, (c) 1.2 J/em® and (d) 1.5

J/em?.

It has been demonstrated that variation of fluence influences the radius
and dimension of the cavitation bubble due to wire ablation, but not its
thermodynamic parameters, which are intensive variables. For this
reason, nanoparticles prepared by wire ablation presents the same size

distribution in the used fluence range.
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3.9 EFFECT OF REPETITION RATE

To harvest the increase in ablation efficiency as increased nanoparticle
productivity, it is necessary to scale-up by suitable process parameters.
As reported in literature [45], nanoparticles productivity scales linearly

with repetition rate in the case of bulk targets.
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Figure 3.25 Nanoparticle productivity in dependence of the repetition

rate for wire and bulk targets.

Fig. 3.25 reports ablation efficiency as a function of the repetition rate,

for different wire diameters and for bulk target.
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In the range of repetition rate used (from 1 to 100 Hz) wires with
different diameters present the same linear behaviour of the bulk target.
For a bulk target, it has been shown that shielding of laser pulses and
subsequent reduction of ablation efficiency had to be taken in account if
the temporal distance between two laser pulses is in the regime of the
lifetime of the cavitation bubble [45]. As can be seen by fig. 3.17, the
total lifetime of the cavitation bubble using a 250 um diameter wire is
about 250 ps which is in good agreement with literature values for a bulk
target [25], thus an increase of the number of pulses will lead to an
increase of the material removed from the target [46].

The increase of productivity should remain linear till the temporal
distance between two consecutive shots is greater than the bubble
duration. Further, double pulses experiments have demonstrated that the
amount of ablated material is higher respect to a single pulse [47].

It was demonstrated that for interpulse delays At>1 p, the existing plasma
does not interact with the second laser pulse but it is essentially
transparent to it [36].

Similar considerations have been already been reported in literature in
the case of bulk targets [48].

Considering the 300-500 ps limit, it is possible to affirm that the linear
behaviour will be maintained within the use of a repetition rate of around
2 kHz. At higher repetition rates there will be a shielding effect due to the
material ejected from the target. Consequently, the optimization of
different parameters, such as fluence, wire target dimension and

repetition rate will lead to a maximum of the ablation efficiency, in order
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to obtain values of efficiency competitive with chemical synthesis

technique.
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CHAPTER 4: INDUCED AND
SPONTANEOUS JOINING OF
METAL NANOPARTICLES

4.1 INTRODUCTION

The unusual optical properties given by the collective oscillation of
surface electrons to metal nanoparticles are so intriguing that a whole
new branch of photonics has been dedicated to their study. This new field
of research, not surprisingly called plasmonics, deals with the
manipulation of light on the nanoscale by using the extended and
localized properties of surface plasmon resonances [1].

Particular interest has been dedicated to the local field enhancement
observed on the surface of a nanoparticle when an electromagnetic wave
interacts with it. This behaviour has been attributed to two processes: the
crowding of electronic field lines at a sharp metallic tip and the excitation
of localized surface plasmon at a metal surface [2].

This effect can find different applications such as Surface Enhanced
Raman Scattering (SERS) [3], biosensing [4] or nanoantennas [S].

In order to optimize the amplification of electromagnetic fields, there
have been several efforts in designing metal nanostructures with different

morphologies.
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Literature reports the fabrication of metal island films [6], large silver
and gold colloids [7], silver triangle arrays [8] silver and gold nanoshells
[9] and silver fractal films [10].

In the case of spherical metal nanoparticles, it has been demonstrated that
the strong accumulation of charge in the gap between two of them leads
to an enhancement of the near field larger than the sum of the
enhancements for individual nanospheres [9,11-12].

Since the fabrication of pure surface spherical nanoparticles can be easily
obtained by laser ablation in liquid, an efficient and simple approach
could be based on the creation of nanoscale gaps between two or more
nanoparticles.

Discussing the issue of the simplest geometry, that is two spherical
nanoparticles with a nanoscale gap or two closely spaced nanoparticles,
also called dimers, it is possible to talk about plasmon hybridization [13],
that it means considering the dimer plasmon as the hybrid of the plasmon
of two single nanoparticles.

The plasmon shown by the dimer is polarized [11-12,14-15] and in
particular, for polarizability perpendicular to the interparticle axis of the
dimer, the hybridized plasmon is blue-shifted with respect to the single
particle plasmon, while for incident polarization parallel to the dimer
axis, there is a strong hybridization of the sphere plasmon and the
symmetric plasmon shows a continuous red-shift as the gap between the
sphere decreases. This behaviour has been observed in the case of dimers
with well defined size and distance, obtained by electron beam

lithography [11,14-15].
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4.2 AGGREGATION PHENOMENA IN SILVER
NANOPARTICLES JOINED THROUGH HIGHLY
CONJUGATED CARBON CHAINS

One of the approaches to modify the surface plasmon resonance
contemplates the joining of metallic nanoparticles by the use of different
molecular entities. This is of particular interest since it allows joining
their properties avoiding the direct contact of them [16].

Literature reports examples of dimers obtained by using DNA spacers at
fixed distances [17], or by functionalization with thiol ligands [18].

Since their peculiar electronic properties, which point at them as potential
molecular wires [19-22], good candidates as binding molecules are
represented by linear carbon chains, metastable structure with sp
hybridization.

Due to the high conjugation of the 7 electron system, such systems
coexist in two different forms: polyynes, which present carbon atoms
connected by alternating single and triple bonds and less stable structures
in which carbon atoms are connected by double bonds, called cumulenes
[23].

Scientific interest has risen around these compounds, since the

hypothesis of being forerunners of fullerenes [24] and nanotubes [25-26].
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4.2a Laser Ablation of Carbon

The production of these entities can be easily obtained by laser ablation

of a graphite target in water [27] or other solvents [28].

It is well known that the formation of the high temperature (4000-5000
K) and high pressure (10-15 GPa) plasma environment during ablation of
graphite [29] is favorable to the formation of metastable carbon phases,
that are situated in the high temperature and high pressure zone of the

carbon phase diagram, and that can be quenched by the cooling down of

the plasma.
0 1 2 3 4 5 & 7 8 9 18 -
100000 E_| il '|—~| J—ILI_I_\\_I\‘I| TTT \\J TTT \J_I 1T | TTT | ‘ TTTT ‘ TTTT 1T \E 10
E T T ot~ metal 77
C _— ‘S@' -
100,00 = ramen @//_/_ — 108
o S ]
[f [ diamOI;El:x‘hi_T.-- h 5
g 10.00  E-metastable graphite g —3 10
: — IR ENINE
E L graphite + ﬁV(Pj%, N 4
. metgstable dlamend R 1
Loroo = / — 104
E s =
h : s ]
u r L7 ]
p
Fo010 = ’ 3 107
E 4 ]
L / graphite vapor 7
0.01 £ 4 — 102
E I E
Foos ]
_/I‘I L1 | L 111 | L1 11 | 111 L 111 | 1111 | 1111 ‘ 1111 ‘ 1111 | L 11 101
0 1 2 3 4 5 8 7 8 4 10

Temperature, in 10° K

Figure 4.1 Carbon phase diagram. From ref. [30].

Jeq Ul 'eJdnesadd



Gabriele Carmine Messina PhD Thesis|123

Indeed, diamond particulate with cubic structure has been obtained by
ruby laser ablation of pyrolytic graphite in benzene [31], while diamond
nanoparticles have been obtained by Nd:YAG irradiation of graphite in
water, cyclohexane [32] and acetone [33].

Moreover, also non-conventional carbon nanostructures have been
obtained by laser ablation of graphite target like nanotubes [34-35],
nanofoam [36], fullerenes [37] and carbon nanowalls [38].

Formation of polyynes in liquid has been explained by a polymerization
and hydrogenation mechanism of C, and C,H radicals [28].

Mechanism has been rationalized with the following scheme:

x C; — Cyy

Cxx +H— G H

CoH+H — CyHp

CoH + Coy — CoxinyH

CoxoyH + H — CoyioyHo

Hydrogen atoms participating in reaction should necessarily come from
the liquid environment, since irradiated target is constituted by carbon
only. The liquid constituting the ablation environment will play a
fundamental role, since the amount of available hydrogen will depend on
the bond dissociation energy. Lower dissociation energy will lead to a
higher amount of hydrogen and termination reactions will acquire more
importance and shorter chains should be obtained. Different liquid
environments will produce polyynes differently terminated. For instance,
it is possible to ablate a graphite target in acetonitrile, obtaining polyynes

with both hydrogen and cyano-termination [27].
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4.2b Preparation of Nanoaggregates

A polyyne solution has been prepared by laser ablation at 532 nm of a
graphite rod submerged in Millipore grade water. Laser used was a
Nd:YAG laser (Surelite IT model by Continuum), with a pulse duration of
10 nanoseconds and a repetition rate of 10 Hz. In order to control the
polyyne concentration, specific absorption measurements in the range of
190-300 nm have been performed with a Jasco V-650 Spectrometer and
the data have been analyzed using known molar extinction coefficients
taken from literature data [39].

Fig. 4.2 reports the UV-Vis spectrum of as prepared polyynes solution. It
is possible to observe the presence of an intense peak at 200 nm and

weaker absorptions at 215 and 225 nm.
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Figure 4.2 UV-Vis spectrum of a polyyne solution obtained by laser

ablation of graphite in water.
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In literature is reported the separation of a solution of polyynes with
different chain lengths by HPLC and the attribution of UV-Vis features
to each specie [40].

By comparison with these data, it has been possible to recognize this
signal as absorptions of C¢H, and CsH, molecules. Since no features
have been found at higher wavelengths, it is not possible to obtain
polyynes longer than CgH; in these experimental conditions.

The same experimental setup has been used to obtain silver nanoparticles
in water. In the case of the metal, both the first (A=1064 nm) and the
second harmonic (A=532 nm) radiations have been used.

UV-Vis spectra of obtained colloidal solutions are reported in fig. 4.3.

—— Ag@1064 nm
—— Ag@532 nm
400 nm

Extinction (a.u.)

| 1 1 1 1 | |

200 300 400 500 600 700 800 900 10001100
Wavelenght (nm)

Figure 4.3 UV-Vis spectra of silver nanoparticles obtained by laser

ablation of silver in water at 1064 nm (red line) and 532 nm (black line).
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Fig. 4.3 shows that plasmon resonance peaks of the dispersions obtained
with the two different wavelengths present the same position and width.
This means that, at used experimental parameters, the laser wavelength
does not influence size and shape of silver nanoparticles. Nevertheless,
the spectrum of particles obtained with the first harmonic presents a
higher intensity ascribable to a higher concentration of the solution. This
behaviour can be attributed to the fact that while at 1064 nm the laser
beam does not interact with the already formed nanoparticles, since at
this wavelength the light absorption is negligible, at 532 nm it overlaps
with the tail of the plasmonic signal, thus reducing the amount of energy
absorbed by the target and used for removing material and increasing the
local temperature of the colloid [41].

To join the metal nanoparticles, silver colloids and polyyne suspensions

were immediately mixed after separated preparation.

4.2¢ Plasmon Resonance and Surface State

Fig. 4.4 reports the extinction spectra of silver nanoparticles prepared
with the 532 nm wavelength (Ag@532) suspensions before (black line in
figure) and after (red line in figure) the mixing with the linear carbon
chains. Slightly variations of the plasmon resonance peak can be
detected, consisting in a red shift of 14 nm and a certain increase in the

signal width.
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Figure 4.4 Extinction spectra of silver nanoparticles prepared at 532 nm

before (black line) and after (red line) mixing with linear carbon chains

The behaviour can be attributed to common aggregation phenomena of
nanoparticles, which are only favored by the presence of carbon.

On the other way, fig. 4.5 reports that the colloidal dispersion obtained
by ablation at 1064 nm behaves in a deeply different way.

When the carbon chains solution are added to the sol, a second plasmon
component appears at around 713 nm, while the component at lower

wavelength still remains peaked at about 416 nm.
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i —— Ag@1064 nm
! 399N0M | CCs/Aq@1064 nm

Extinction (a.u.)

1 1 i | 1 L 1

200 300 400 500 600 700 800 900 1000 1100
Wavelenght (nm)

Figure 4.5 Extinction spectra of silver nanoparticles prepared at 1064 nm

before (black line) and after (red line) mixing with linear carbon chains

When two nanoparticles are brought into proximity, within 2.5 times the
particle diameter [42], their plasmon resonance wavelength red-shifts at
the decreasing of interparticle distance [43].

This behaviour has been rationalized in literature [44] where the
magnitude of the shift of the SPR (identified as A-A() has been correlated
in an exponential way to the distance g between nanoparticles of

diameter D:
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—(g/D)
/1_/1& = O]_Bexp( 0!.]2/3?)

4.1)
Where the g/D ratio is also indicated as o. This simple mathematical
model takes in accounts only dipole-dipole couplings and can be
considered valid for all kinds of metals.

This relation is often indicated as the plasmon ruler equation since
system constituted by couple of metal nanoparticles can be used for
monitoring the distance at the nanoscale. The advantage of these
structures with respect to molecular rulers based on Fluorescence
Resonance Energy Transfer (FRET) [45] is that they do not present usual
problems correlated with organic dyes, like short lifetime when

continuously irradiated, blinking due to trapping in dark states [46-47]

and limited measurements to distances lower than 10 nm [48].

Figure 4.6 TEM images of silver metal nanoparticles obtained at 1064

nm (a) before and (b) after interaction with linear carbon chains
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As can be detected by Transmission Electron Microscopy (TEM) images
reported in fig. 4.6, average diameter of silver nanoparticles used for this
experiment is supposed to be around 15 nm, while the average carbon
chain length is estimated as 1.19 nm, corresponding to 8 carbon
atoms/chains, as detected by Raman studies [49].

On the basis of this hypothesis, the resulting value of ¢ should result far
below 1.05, which is considered as a limiting value for the appearance of
a double resonance contribution [44]. Such behaviour is due to the
presence of the extended x electron system of the carbon chain acting as
a plasmonic linker.

As discussed in section 4.2b, the use of different laser wavelengths
during the ablation process causes a different increase of the metallic
particles temperature and a change of its surface chemical state. Since the
surface is a key parameter to obtain a plasmonic connection, some drops
of the as prepared colloids have been deposited onto a silicon substrate
for XPS measurements. These were obtained using an AXIS-ULTRA
spectrometer with a basic chamber pressure in the range of 10 Torr. The
X-Ray radiation was generated by Al Ko line decay (1486 eV) at
operating conditions of 10 KV and 15 mA. Emitted photoelectrons were
analyzed with a hemispherical electron energy analyzer. Detailed spectra
have been acquired with a resolution below 1 eV.

Fig. 4.7 reports Ag3d core level spectra for the two Ag systems. XPS
analysis clearly indicates that the Ag3d binding energies of Ag@532
aggregates are located at lower energy (0.93 eV) respect to the peaks of
the Ag@1064 aggregates.
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Figure 4.7 XPS spectra in the region of the Ag3d core electrons
indicating the presence of silver oxides species in those silver particles

prepared by ablating the metal target with a 532 nm radiation.

Such a shift indicates the presence of an oxide shell, composed by AgO
and Ag,0, at the particle surface which is formed during or immediately
after its growth and is probably a consequence of the increase of
temperature due to the overlapping of the irradiating wavelength with the
surface plasmon resonance of the nanoparticles [41]. In the case of
Ag@1064, it is possible to affirm that the amount of oxide is negligible
and the surface can be considered “oxide free”. In fig. 4.7 it is also shown

the position of metallic silver and the enlargement of the line width for
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the oxide signal, in agreement with literature data in which AgO is
considered as a mixed oxide with the presence of both Ag* and Ag™* ions
[50]. In view of the XPS results, it is possible to affirm that the oxide
layer prevents the chemisorptions of the linear carbon chains thus
preventing the phonon coupling. At this stage it is possible to suppose
that polyyne molecules bridge the metal nanoparticles when the colloids
are obtained by ablation at 1064 nm while if ablation is operated with a
532 nm radiation, the carbon wires tend to self-assemble around
aggregated nanoparticles.

Following Density Functional Theory (DFT) calculations reported in
literature [S1] have shown that when nanowires are put in contact with
metallic silver, that is the case of 1064 nm ablation, the terminal carbon
atoms interact with silver atoms giving rise to a covalent bond which is
also responsible for the formation longer polyynic linear chains assisted

by the adsorption of shorter ones at the nanoparticle surface.

4.2d Simulation of Observed Plasmon Resonances

As reported in literature [52], the entire plasmon resonance spectrum can
be simulated using a classical Mie approach for a large number of metal
nanoparticles. The the basis of this model have already been discussed in
section 1.2.

In the case of particles much smaller than the wavelength of light, it is
possible to use the dipole plasmon approach, since the electric field of

light can be considered constant and interaction is governed by
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electrostatics rather than electrodynamics. This is often called the
quasistatic approximation, since the wavelength-dependent dielectric
constants of the metal particle (¢) and of the surrounding medium (¢,,) are

used. The polarizability of a sphere of radius R is given by:
a =R 4.2)

e+2em
If the particle cannot be considered “small” enough, multipolar terms
have to be taken in account following the complete Mie theory for
spherical particles or the Mie-Gans for ellipsoidal particles.

For instance it is necessary to introduce a quadrupolar term such as:

ﬂ — R5 &7 &m (43)

e+3/2em
Following this last approach the simulation of spectra reported in figs.
4.4 and 4.5 has been operated by using the complete Mie theory for
spherical particles with a bulk silver dielectric constant.The results of the
simulations (lines) together with the experimental spectra (dots) are
reported in fig. 4.8. It should be noted that simulations have been
performed considering different sphere radii ranging from 10 to 90 nm,
so that the contribution of multipolar terms results more important at the
increasing of the nanoparticle size. In particular, fig. 4.8 shows that for
small particles, with dimensions of 10-18 nm, there is the presence of a
unique resonance structure that shifts to larger wavelength and spreads its
Full Width at Half Maximum at the increasing of the radius. For larger
sizes (30-90 nm), one or two other resonances appear, attributed to the

quadrupole and higher order resonances.
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Figure 4.8 Plasmon resonances of silver nanoparticles (a) with and (b)
without the oxide shell after the interaction with carbon nanowires.
Simulated spectra obtained with a Mie approach in a multipolar
expansion approximation and using different particle size in a spherical

configuration.
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A comparison between experimental data and simulations indicates once
again that the overall extinction spectra of silver clusters connected by
carbon nanowires can be considered as the result of an extended spherical
network of plasmon connected metal nanoparticles free of oxide shells.
Fig. 4.8b shows that is necessary to consider resonances extended to a 90
nm global entity (at least three of the as prepared nanoparticles) in order
to simulate the experimental plasmon resonance spectrum.

These results are in accordance with the information obtained by TEM
image reported in fig. 4.6b, which shows the presence of structures

constituted by more mutually connected particles.

4.2e SERS Implications

The local electromagnetic field enhancement is of particular interest in
the case of Surface Enhanced Raman Scattering (SERS), since it allows
to intensify otherwise weak Raman signals of a factor of 10°. This effect
was first discovered in roughened silver electrodes [53-54] and it has
been attributed to electromagnetic enhancement due to plasmon
excitation and chemical effects, which includes all the molecule-metal
interactions.

An area of great interest concerns the observation of single molecule
SERS (SM-SERS) [55] due to the nominal enhancement factor above
10",

The maximization of the SERS signals requires several factors, such as a

strong plasmon resonance of the substrate and the localization of the
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molecule as near as possible on the surface of the nanoparticle since it is
a near field phenomenon [56]. The obtained intensified local field is
often called a SERS “hot spot” [57].

These requirements can be fulfilled by pure surface noble metal
nanoparticles prepared by laser ablation in liquid that have been
recognized as excellent SERS substrates [S58]. Indeed, silver
nanoparticles prepared by laser ablation in water have demonstrated a
better reproducibility in SERS enhancement with respect to chemical
prepared ones [59].

A further increasing of SERS magnification is obtained once the laser
excitation wavelength is close to the plasmon resonance of the metallic
nanoparticles [9,60].

Since linear carbon chains are positioned between nanoparticles and that
site can be considered as a SERS hot spot [57], it should be possible to
identify spectroscopic features of these systems.

Raman spectra of the solutions were directly performed in liquid using a
10X optical objective with a laser power density below 10 mW and a
Jobin Yvon 450 mm focal length monochromator, equipped with a CCD
camera detector cooled at 77 K. Experiment were performed using two
different laser sources: an Argon laser (A=514.5 nm) and a He:Ne laser
(A=632.8 nm).

In accordance with Raman spectroscopic studies on sp-bonded carbon
species [61], it is possible to observe clear SERS signals detected in the
1800-2150 cm™ region when the carbon chains have a number of carbon

atoms between 6 and 20. In addition to the sp vibrational features, a



Gabriele Carmine Messina PhD Thesisl|137

broad band located between 1000 and 1700 cm™ is generally detected,
coming from highly disordered graphite-like structures [62].

T
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Figure 4.9 SERS spectra obtained at 632.8 nm excitation wavelenght for
silver/carbon hybrid structure prepared using silver colloids obtained by

laser ablation at 1064 nm (red line) and 532 nm (black line).

Fig. 4.9 reports SERS spectra of solutions obtained by using the 632.8
nm exciting radiation for nanoparticle nanoparticles prepared with the

first (red line) and the second (black line) harmonic.
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Here, only nanowires which are plasmonically connected to nanoparticles
present the typical features correlated to carbon system, while particles

prepared with the second harmonic do not show signals at all.
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Figure 4.10 Overlapping of 632.8 nm excitation wavelenght with UV-
Vis spectra of hybrid systems at 1064 nm (red line) and 532 nm (black

line).

This behaviour can be explained considering the resonance contribution

discussed above [9,60].
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As shown in fig. 4.10, used exciting wavelenght (632,8 nm) overlaps
only the plasmon resonance of Ag@ 1064 nanoparticles, and this causes

the enhancement of signals of polyynes bonded to these structures.
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Figure 4.11 SERS spectra obtained at 514.5 nm excitation wavelenght

for silver/carbon hybrid structure prepared using silver colloids obtained

by laser ablation at 1064 nm (red line) and 532 nm (black line)

Fig. 4.11 reports spectra obtained with the 514.5 nm exciting wavelenght.
Here, it is possible to note how either nanowires connected to Ag@ 1064
and Ag@532 present the typical sp spectroscopic features with different

intensities. In particular, peaks of linear carbon chains connected to
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nanoparticles are clearly visible, while polyynes mixed with silver collids
prepared with the second harmonic show only a weak signal at around
2140 cm’'. The results can be attributed to the fact that in this case, the
exciting wavelength overlaps the plasmon resonances of both systems, as
indicated in fig. 4.12, and thus both systems will present electromagnetic

field enhancement.

—— LCCs/Ag@1064 nm
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Figure 4.12 Overlapping of 514.5 nm excitation wavelenght with UV-
Vis spectra of hybrid systems at 1064 nm (red line) and 532 nm (black

line).
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To explain the variation in intensities, it should be considered the
different surface state of the particle. As already discussed, polyynes are
connected only to the surface of particles prepared with the first
harmonic, due to the higher purity of them, while they do not chemically
interact with 532 nm prepared colloids. Thus, charge transfer
phenomena, responsible for SERS enhancement [63], happen only in the
first case, and this is the reason why nanowires connected to Ag@ 1064

present SERS signals one order of magnitude larger.

4.3 MONITORING OF THE AGGREGATION OF GOLD
NANOPARTICLES IN LIQUID

As discussed in section 4.2, aggregation of silver nanoparticles strongly
depends on the oxidation surface state of the particle and so joining has
to be driven by the presence of some molecular entities.

In the past years, scientific interest has also been addressed to a direct
surface joining of pure nanoparticles, since the manipulation of the
structure leads to a variation of plasmon resonance characteristics.

This is possible since a decrease of melting temperature and enthalpy of
melting, due to the reduction of size, has been found in metal
nanoparticles [64-65]. In particular, research has been focused on the
possibility of welding gold nanoparticles.

Aggregation of gold nanoparticles leads to a red shift in surface plasmon,

which can be also detected by naked eye as red to blue color change [66].
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The variation of color has been attributed to the increased size resulting
from the aggregation [67].

Literature reports the possibility of welding gold nanoparticles deposited
on carbon-coated copper TEM grids by use of picoseconds laser pulses
[68]. The welding has been attributed to the heating of nanoparticles due
to the absorption of the laser pulses. Gold particles are well conjugated to
show single-phased nanoconjunction [68].

The paper discussed above contemplates the use of an energy source, but
more interesting results have been obtained studying welding at room
temperature, or “cold” welding.

Ultrathin single crystal Au nanowires have been joined using only
mechanical contact in a high-resolution transmission electron microscope
equipped with scanning tunneling microscope (STM) [69]. The joint
strength reached ~600 MPa, comparable to that of the original nanowire.
Literature also reports attempts to join gold nanoparticles in liquid at
room temperature. Cold-welding of gold nanoparticles has been obtained
by injecting a mixture of ethanol and toluene in a gold nanoparticle
solution [70] and this has been confirmed by a red shift of the plasmon
resonance band.

It has also been reported a bottom — up approach for the synthesis of gold
nanowires by welding of nanoparticles using carbon nanotubes as
templates [71].

However, mentioned examples report morphological characterization by

microscopy, which means after deposition of particles on a solid
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substrate. Since pure nanoparticles can be produced by laser ablation in
liquid environment, a deposition process can change the particle state and
introduce spurious effects during and after drying, which depend on
many factors such as the drying rate, the nature of the particle surface
interaction and the interaction with ambient atmosphere.

Aggregation of nanoparticles happens spontaneously in liquid and studies
have demonstrated that aggregation phenomena of noble metal
nanoparticles in water are due to strong dipole/dipole interactions
generated by an asymmetric charge distribution onto the cluster surface
[72].

For these reasons, a starting point to control cold welding in liquid
environment could include the study of aggregation in liquid phase.
Literature reports that aggregation phenomena of nanoparticles in liquid
have been studied by spectroscopic techniques as UV-Vis, Infrared and
Dynamic Light Scattering [73-74] and it has been demonstrated their
importance in giving temporal information about the aggregation
processes.

Gold nanoparticles have been produced by focusing the first harmonic of
a Nd:YAG laser (A=1064 nm) (Surelite II model by Continuum) on a
gold plate placed at the bottom of a vessel filled with Millipore grade
water. Ablation was carried on for 10 minutes with a fluence of 10 J/cm®

and a repetition rate of 10 Hz.
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4.3a Dynamic Light Scattering

Light scattering measurements were performed by a homemade
apparatus constituted of a quartz scattering cell, confocal collecting
optics, a Hamamatzu photomultiplier mounted on a rotating arm, a BI-
9100 AT hardware correlator (Brookhaven Instruments Corporation).
Sample has been illuminated by 633 nm He-Ne laser with power ranging
between 15 and 50 mW. The autocorrelation function is provided by the
hardware correlator operating in single photon counting regime.

Since particles in solution are subject to Brownian motion, the light
scattered by the suspension fluctuates in time.

Analysis of the fluctuations of the scattered light is performed by the

intensity auto-correlation function [75] defined as:
1
(n?

where [ is the scattered light intensity, </> is the temporal average

. I (T
9:(q,t) = —limr,, = [, 1(q,)I(q,t + T)dr — ! (4.4)

scattered light intensity and 7 is the acquisition time, g is the scattering
vector defined as g=(4nn/A)sin(6/2), being n the refraction index of the
solvent, 4 the light wavelength and 6 the scattering angle. The field
autocorrelation function g; is calculated by the g, using the Segret
relation g,=Ig;I°. For monodisperse non-interacting particles in Brownian
motion the g; function is a decreasing exponential with a relaxation rate
I' (I'=1/t with 7= decay time) while in polydisperse solutions g; shows
several exponential decay components which can be analyzed either by

cumulant or multi-exponential analysis [75].
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The intensity autocorrelation function of light scattered with polarization
parallel (g2,vv) and perpendicular (g2 vy) to that of the incident beam has
been measured. In particular, DDLS measurements give information
about anisotropy in the particle’s polarizability through a measure of the
rotational diffusion [75].

The intensity autocorrelation function g;yy(f) and g, ym(f) measured
independently at a scattering angle 9=90° (q= 18 pm™") are reported in
fig. 4.13 for as-prepared sols and for the colloid aged for 20 days.

In fig. 4.13 are reported data of the polarized experiment, where it is
clearly visible that aging of the colloid induces a slower decay time.
Indeed, from an analysis of the autocorrelation function by using the
cumulant method, a values of relaxation rates (/'=1/r) of the order of
TI'vw=2372 s has been obtained for the as prepared sample, while the
aged solution presents a relaxation rate of /'yy=1865 st

From the obtained relaxation rate, it is possible to calculate both the
translational diffusion coefficient (Df) and the hydrodynamic radius
using the following expressions, that have been widely used in literature

[75-77]:

Tyy = Dq? 4.5)
kT
Rn= s (4.6)

Where 7 is the viscosity of the medium, & is the Boltzmann constant and
T the absolute temperature. Specifically, calculated value of D=7.4x10"
Scm?/s and Ry=33%3 nm in the case of the as prepared colloid and

D=5.7x10%m?s and Ry=43+3 nm after aging have been found,



146|Chapter 4

demonstrating a substantial increase in the hydrodynamic radius while

aging.
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Figure 4.13 Correlation functions g, yy(?) measured in as-prepared (A)
and aged solution (0) in polarized conditions (a) and correlation functions
g2vu(t) measured in as-prepared (A) and aged solution (e) in
depolarized conditions (b). The measurements are performed at scattering

angles of 90°.
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Such increase is attributed to aggregation phenomena and the formation
of multimers starting from existing particles, which lead to a change of
the hydrodynamic radius.

If this hypothesis is correct, new formed aggregates could show
anisotropy, detectable through depolarized experiments.

In fig. 4.13b is reported the depolarized autocorrelation functions for as-
prepared and aged samples, showing remarkable differences. In fact, the
intensity is almost negligible in the case of the as prepared colloid, with a
value of about the 5%, while it is consistent in the aged sol. These results
qualitatively indicate that the as prepared solution is mainly composed by
optically isotropic nanoparticles, which turn to be anisotropic aggregates
as time goes by. Moreover it is also clear that the decay time for g vu(t),
measured in aged sample, is about a factor five lower with respect to that
for g2 v(1).

In order to obtain further insights into the shape of AuNPs, g, yy(?) and
g2vh(t) at different angles have been measured, thus changing the
scattering vector in the range 9 pm™'<g<23 pm™ (40°-120°). It is possible
to assume that /vy is composed of two terms, as follows [77]:

Iyy = D.q° + 6D, 4.7)
where D, is the rotational diffusion coefficient.

Assuming a decoupling of rotational and translational diffusion
mechanisms, relations (4.5) and (4.7) allow to deduce D; and D, [77].

Fig. 4.14 reports obtained I' values as a function of the square of the

scattering angle qz.
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Figure 4.14 Relaxation rate of the correlation function as function of
wavevector squared for as-prepared (A) and aged sample (o) in polarized
conditions and for aged sample (®) in depolarized conditions. The solid

lines indicate the linear fits through the data points.

The relaxation rate /vy in “as prepared” solution shows a linear increase

with ¢° following the relation (4.5). The best fit of experimental data
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gives a value of diffusion coefficient D,:5.71xlO'8 cm*s and a
hydrodynamic radius of 41 nm has been determined. These values are in
agreement with the radii already calculated after a single angle
measurement.

The relaxation rate /vy as a function of q2 , follows the relation (4.7), and
linear fit to the data have been used to estimate the rotational diffusion
coefficient D,=1416 cm’'. The translational diffusion coefficient obtained
by the slope of I'yy in function of ¢° is very close to the values
determined in polarized condition. In the as prepared sample /vy has not
been calculated because the correlation function intensity is negligible at
all scattering angles.

The most intuitive rather than simple geometrical model of an aggregate
cluster in solution is that of a prolate ellipsoid [77-78]. If we assume such
a shape and individuate a major axis a, a minor axis b and an aspect ratio
p=a/b, the translational and rotational diffusion coefficients for a prolate

ellipsoid are given by the expressions [78]:

KT
D= 72 G(p) @8
3kt ((2-p~2G(p)-1)
Db = ]6nna3{ 1-p~4 } (4.9)
where
1 I+ 1-p—2
G(p) = W_p_zln(”p_,p ) (4.10)

Non linear eqs. (4.8) and (4.9) have been inverted numerically and the
values of a and p consistent with the two independent measurements of
D, and D, of the aged solution have been computed. A value for the

major axis a=69 nm and for the minor axis »=36 nm have been found.
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Then the major axis is about twice the minor axis b, suggesting that the
ellipsoidal nanoparticles in aged solution are dimers, which are generated
by coupling of spherical AuNPs having average radius of 36 nm, while in

as prepared solution there are only spherical particles.

4.3b UV-Vis Sectroscopy

Aggregation phenomena in noble metal sols are frequently observed in
terms of changes of the so called “Surface Plasmon Resonance” (SPR)
and modeled by considering solutions of the Maxwell equations such as
those found in the Mie-Gans theory or in the discrete dipole
approximation method [52].

The Mie-Gans model shows that a spherical shaped metallic cluster
presents a unique SPR peaked at about 520 nm in the dipole
approximation while a prolate ellipsoid gives two characteristic
extinction signals, one at the same frequency of the spherical particles,
due to the polarization along the shorter axis and the other red shifted due
to the polarization along the longer axis.

In fig. 4.15 is reported the experimental extinction spectra for as prepared
as well as aged samples in the gold SPR region. The first spectrum shows
an SPR at 523 nm instead the spectrum of aged sample evidences two
SPR at 530 nm and at 670 nm, confirming the formation of non spherical
nanoparticles during aging.

Much more insight can be gained using one of the above mentioned

models for the simulation and fitting of the extinction spectra. It is
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possible to consider the colloidal suspension as a mixture of spherical
and ellipsoidal nanoparticles with a total extinction cross section given
by [52]:

Oext = Ns * Ospn(@,7) + Ne * X Oeuiips(w, p, @) - G5 (p) (4.11)
Where N; and N, are the concentration of spherical and ellipsoidal
nanoparticles respectively, while a,,,(w,r) and o.uips(w,p,a) are their cross
sections which depend on the radius of the spherical particle (r), the
frequency of the incoming light (w), the aspect ratio (p) and the major
axis (a) of the considered ellipsoid. In the used model it has also been
considered that the ellipsoids are formed in the colloid with a Gaussian
distribution of aspect ratios G,(p), centered at p=1/ and a broadening o.
Details of the mathematical expressions of gyu(®,r), Ceuips(®,p,a) and
G,(p) can be found in literature [79-80].

It has been demonstrated [79] that such a model is suitable for the
evaluation of the size, aspect ratio and fraction of non spherical particles
in a gold colloid. This has been done through a fitting procedure which
involves a limited number of parameters (r, Ny , N,, p, a,0) which can be
further reduced in considered case, thanks to the DLS measurements,
since the average particle size (r,a) and the aspect ratio (p) have been

already calculated by DDLS measurements.
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Figure 4.15 UV-Vis spectra of Au-NPs solution of as-prepared and aged

sample. The solid lines refer to fit obtained by Mie-Gans model.

Obtained fits are reported in fig. 4.15: the total concentration of ellipsoids
(N,.) reaches only a few percent with respect to that for the spherical
particles in the as prepared colloid, while it reaches 60% in the aged
sample. As regards the standard deviation o, the fitting procedure
indicates that about 68% of the elliptical particles have p smaller than 2.4
(o=1.4), in agreement with light scattering measurement where we
estimate aspect ratios of about 2.0, confirming that aggregates are mainly

constituted by dimers.
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CHAPTER 5: ALLOYING OF
METAL NANOPARTICLES

5.1 INTRODUCTION

The increase of interest in alloying nanoparticles is due to the possibility
of mixing properties of single nanocrystals in order to obtain structures
with new characteristics that make them desirable starting materials for
the production of devices.

For example, pure Fe nanocrystals act as strongly fluctuating
superparamagnetic entities at room temperature, while FePt alloy
nanoparticles are ferromagnetic, so they find potential application in the
creation of ultrahigh density storage systems [1].

An approach for the production of alloy nanoparticles contemplates the
irradiation of a target with the composition of the desired alloy.

FePt alloys were produced by laser ablation of a FesoPtsy target in water
and hexane but obtained particles presented stochiometries different from
the target one [2].

Literature reports that also Ptlr [3], NiFe and SmCo [4] nanoparticles
have been produced by ablation of mixed metal targets in organic
solvents. PtIr and NiFe nanoparticles maintained the stoichiometry of the

target but this has not been noted in the case of the Sm-Co alloys. This
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result has been attributed to the difference of heat of evaporation between
the metals constituting the target [4].

It has also been reported the preparation of Fe-Ni alloying nanoparticles
by laser ablation of an iron-nickel target in flowing ethanol [5].
Elongated alloys, like AuGe nanowires with widths of 5-10 nm and
length 100 nm have been obtained by ablation in water as well. The
target presented the eutectic AuGe stoichiometry, but a lower amount of
Ge with respect to the starting material has been found in particles [6].
This technique can also be applied to semicondutcors and nanoparticles
have been obtained by ablation of either CdS or ZnSe crystals in water
and organic solvents using a Cu vapour laser [7].

Another approach to the production of alloys contemplates the irradiation
and subsequent photolysis of precursors of the desired metal in liquid.
Literature reports that FePt nanoparticles can be also prepared by this
route, inducing the photolysis of iron and platinum precursors in
methanol solutions with a KrF excimer laser [8].

Also the synthesis of the metastable silver-nickel alloying nanoparticles
has been reached by ablation of nitrate and acetate precursors of silver
and nickel with CO, and Nd:YAG lasers [9-10].

Mixed techniques contemplate the ablation of a pure metal target in
precursors.

It has been demonstrated the formation of silver-nickel rods with 30-50
nm diameters and 300-500 nm lengths, obtained by 532 nm Nd:YAG
laser ablation of a nickel target in silver nitrate solution. This result is of

fundamental importance since silver and nickel present the same face
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centered cubic crystalline structure so they are immiscible from the
thermodynamic equilibrium point of view and their alloying is not
possible with conventional techniques [11].

The formation of the alloy phase is possible since Ni species inside the
plasma can react at the interface with silver in a high temperature high
pressure and high density environment, forming a metastable phase that
is freezed by the short quenching time.

Increasing attention has been also directed to laser induced melting and
vaporization of metal nanoparticles in liquid for the formation of alloys.
For this approach, it is necessary that the irradiation wavelength partially
overlaps the SPR of the particles.

There are several examples of Ag-Au alloy nanoparticles with different
compositions prepared by irradiation at 532 nm Nd:YAG and 510.6 nm
of mixtures of gold and silver nanoparticles in water or ethanol [12-16].
The plasmon resonance of the alloy presents an intermediate position
between resonances of single metals and the peak position shifts in
function of the metal ratio.

With the same approach different Au based alloys have been produced by
ablation of mixed monometallic colloidal solutions at 532 nm Nd:YAG,
such as Au-Zinc [17] and Au-Cu [18].

Same results can be obtained starting from metal powder suspensions
instead that from colloidal solutions, and the formation of Au/Ag alloys
by laser ablation of pure metal powders in SDS aqueous solution has

been reported [19].
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5.2 FORMATION OF Au/Ni SYSTEMS BY LASER
MIXING IN LIQUID ENVIRONMENT

Particular interest has been dedicated to composite magnetic
nanoparticles since their potential application in different fields as optics,
electronics, and medicine [20-21]. Unfortunately, magnetic metals such
iron, cobalt or nickel, which are often used for this purpose, present
phenomena of surface oxidation. For such reason, it can be useful the
interaction of the latter with a noble metal, that maintains unaltered
properties as well as presenting high corrosion and oxidation resistance.
Several approaches for preparing Ni/Au nanocomposites have been
reported in past years, using both wet synthesis as reverse microemulsion
[22-23] and physical route like ion beam mixing [24] or electrodeposition
[25]. Problems correlated to these approaches are different: in the case of
wet synthesis the surfactant that assure the presence of the inverse
micelle needs to be removed from the surface of the particles, while in
the case of physical approaches, nanoparticles can be only obtained in
solid phase. Due to the possibility of alloying single metal nanoparticles
by laser irradiation in order to obtain nanostructured alloys, it seems

convenient to use this approach for the preparation of a Ni/Au system.

5.2a Preparation of Alloys

Au and Ni/NiO nanoparticles were produced by ablating with the first

harmonic (A=1064 nm) of a Nd:YAG laser (characteristics described in
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section 4.2b) a rod of the desired metal (Au and Ni 99.99% by
Goodfellow) submerged in Millipore grade water. Ablation was carried
out for 15 min with a fluence of 30 J/cm®. Obtained colloids have been
mixed and irradiated with the unfocused beam of the same laser using the
second harmonics (A=532 nm) with a fluence of 0.2 J/em? for 3 hours.
The local heating of the water due to the laser irradiation leads to the
convection of the colloidal mix, assuring that the whole volume
undergoes irradiation.

As prepared, mixed and mixed and irradiated colloids were analyzed with

a UV-Visible spectrometer (model V-650 by JASCO).

5.2b Characterization of Alloys

Fig. 5.1 reports the extinction spectra of prepared colloids. It is clearly
visible how golden nanoparticles, reported as a red line in figure, show
the typical plasmon band at 520 nm. On the other way, the spectrum of
particles prepared by ablation of nickel (black line in figure) does not
show any particular feature. As reported in literature, the ablation of a
nickel target leads to the formation of Ni/NiO core-shell nanoparticles
[26] and if the oxide layer on the surface of the metal is thick enough, it
can impede the oscillation of free electrons.

Since nanosecond laser irradiation induces the optical breakdown of
water [27], with subsequent formation of reactive oxygen radicals, it is
possible the reaction of these species with nickel and the subsequent

formation of an oxide shell on the surface of the nanoparticle.
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—— Ni at 1064 nm
Au+Ni after irradiation
at 532 nm

—— Au+Ni mixed

—— Au at 1064 nm
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Figure 5.1 Extinction spectra of colloidal solutions of Au nanoparticles
(red line), Ni/NiO nanoparticles (black line), mixed solution of Au-
Ni/NiO nanoparticles (blue line), irradiated solution of mixed solution of

Au-Ni/NiO nanoparticles (green line).

The extinction spectrum of the mixed colloid, reported as a blue line in
figure, does not show any relevant difference with the spectrum of the
gold colloid on its own. Since the nickel spectrum presents no signal at
all, this behaviour can be attributed to the absence of interactions of the

two colloids when they are mixed. Contrariwise, the extinction spectrum
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of the system after irradiation (green line), presents a weak shift at higher
wavelengths and a broadening of the peak width. In literature is reported
that smaller nanoparticles present an enlargement of the band width due
to the presence of electron scattering surface phenomena, so a broadening
of the peak seems a direct consequence of the laser irradiation [28]. As
reported elsewhere [29], if the wavelength used for irradiation is near to
the plasmon absorption of treated nanoparticles, light absorption can
happen and can lead to the fragmentation of the nanoparticles themselves
by different mechanisms. Since the wavelength used for the irradiation is
the second harmonic of a Nd:YAG laser (A=532 nm), it is probable that
gold nanoparticles underwent fragmentation and for this reason their
plasmon absorption band is widened.

To investigate the crystal phase of obtained structures, some drops of the
dispersion have been deposited on a Si substrate for X-Ray Diffraction
(XRD) analysis. XRD measurements were performed with a Rigaku
Ultima IV type III diffractometer (Rigaku, Tokyo, Japan) equipped with
cross beam optics (CBO) by using a Ka wavelength emitted by a Cu
anode. Careful alignment of source and detector with respect to the
sample was reached by using a thin film attachment with three degrees of
freedom. In order to avoid beam defocusing, the measurements were
carried out in parallel beam mode. Divergence of the primary beam was
reduced by a 5° Soller slit, while divergence of the diffracted beam was
reduced by a 0.5° horizontal Soller slit. For GIXRD measurements, the
incident angle was kept at 0.5° to avoid any significant scattering from

the substrates.
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Figure 5.2 X-Ray Diffraction spectra of mixed Au-Ni/NiO particles

solutions before (black line) and after (red line) irradiation at 532 nm.

The diffraction pattern of the mixed colloid (black line in figure) reports
the presence of two main peaks. From comparison with literature data
[22,23,25,30], the signal at lower angle (38.3°) has been attributed to Au
(111), while the one at higher angle value (44.6°) has been attributed to
the presence of both Au (200) and Ni (111). After the irradiation of the
mixed colloid, it is possible to note a variation on the features of the
diffractogram. First of all, it is clearly visible the appearance of a new

peak at a value of 20 of 43.4°. Vegard’s law theoretically predicts that
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the component of an alloy system should present a diffraction peak at an
intermediate angle between the peaks of the single components [24]. The
position of the peak will depend on the ratio between the two metal
components, since the reticular parameter varies on the relative amount
of one metal respect to the other. Theoretical predictions have been
confirmed by experimental data, by reporting the variation of the peak
position at different Au/Ni ratio [24,31]. Reticular constant values as a
function of the Ni ratio calculated by Vegard’s law and obtained by

literature references [24,31] have been reported in fig. 5.3.

—e— Experimental data [31]
i —u— Experimental data [24]
41} —a— Theoretical values calculated
from Vegard's law [24]
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Figure 5.3 Lattice constant as a function of the Ni content for an Au/Ni

alloy. Black point data from ref. [31], blue squares and red triangles data

from ref. [24].
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From Bragg’s law it has been calculated that obtained mixed system
presents a reticular parameter of 3.59 A. From comparison with data
reported in fig. 5.3, such calculated lattice constant corresponds to an
alloy with a relative percentage of 90% of Nickel.

From the study of the phase diagram of a gold/nickel system reported in
fig. 5.4, it is possible to note how the alloy phase can be obtained at

lower temperatures when one of the two metals is predominant.
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Figure 5.4 Au-Ni phase diagram. From ref. [32].
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Literature reports a theoretical model that allows calculating the
temperature reached from gold nanoparticles when irradiated by a
wavelength overlapping the surface plasmon resonance [33]

Temperature in Kelvin is given by:

Q—AHpert—

p

T = Bvap 4 593 (5.1)

where Q is the laser energy absorbed by the gold particles per mass unit
of gold atom and one pulse in J/(g-pulse), 4H,.;; is the heat of melting
(6.28 x 10 J/g), 4H,,, is the heat of vaporization (1.87 x 10° J/g) and C,
is the specific heat (0.131 J/g-K) which is independent of the phase [33].
The contribution of 4H,,, can be neglected if reached temperature is
lower than the vaporization temperature of gold. The use of bulk physical
constant to estimate the temperature of nanostructures may be justified
by the fact that the melting point of the gold particles decreases
drastically only when the particle size is lower than 5 nm [34-35].

Heat loss for conductive/convective exchanges with the surrounding
water and the radiative transfer can be omitted because it is negligible
within the pulse duration [33].

Q is defined by the following equation [33]:

Q = R% (5.2)

Where E is the laser energy absorbed by the solution of the gold particle
per unit time (J/s) as measured by the power meter, R is the repetition
rate of the pulsed laser (10 Hz), C is the mass concentration of gold

(g/m3 ), and V is irradiated volume of the solution (m3 ).
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Considering experimental parameters used for irradiation, it has been
calculated that nanoparticles reach approximately a temperature of 750-
800°C, which, as shown in the Au-Ni phase diagram, is sufficient to
reach the alloy phase when the alloy composition presents a strong
percentage of Ni.

In the XRD diffractogram in fig. 5.2 it is also possible to note an increase
of the peak width after the irradiation of the system. Scherrer’s equation
allows correlating the dimension of nanocrystals smaller than 1000 A
with the full width at half maximum of the diffraction peak.

Thus, the mean diameter can be expressed by Scherrer’s equation as

follows:

kA
- B cosO

(5.3)

Where k is the shape factor, 4 is the used exciting wavelength, £ is the
FWHM expressed in radians and € is the Bragg angle.

The shape factor k can assume values ranging from 0.89 for spherical
particles to 0.94 for cubic particles. For particles with unknown shapes
this value can be assumed equal to 0.9

To calculate the size reduction, Au(111) peaks have been considered and

are reported in fig. 5.5
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I —— Au+Ni colloid after irradiation
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Figure 5.5 X-Ray diffractogram showing the Au(111) peaks and their
fitting with Lorentzian distributions for mixed Au-Ni/NiO colloids before

(black line) and after (red line) irradiation at 532 nm.

Here, a fitting based on a Lorentzian distribution has been applied to the
peaks in order to obtain values of peak position and FWHM, and these
values have been substituted into Scherrer’s equation.

Calculations have demonstrated that gold nanoparticles before irradiation
present a size of around 16.8 nm, which is in accordance with average
values of dimension of gold nanoparticles obtained by laser ablation in
water [36]. On the other way, when particles undergo irradiation, the

dimension calculated by the Scherrer’s equation is 6.4 nm. The reduction
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of dimensions shown by gold nanoparticles confirms the hypothesis on
particles fragmentation based on UV-Vis spectra.

However, literature reports that reached temperature (750-800°C) is not
enough to have evaporation of the gold from the surface of nanoparticles
and a subsequent size reduction [33], thus meaning that other
mechanisms should be involved for the lowering of size.

Reduction of nanoparticles dimension has also been attributed to a
Coulomb explosion model which presumes the ejection of a large
number of electrons to generate multiple ionized nanoparticles that
undergo spontaneous fission because of the charge repulsion. Evidences
of this mechanism have been found in nanosecond laser ablation [37-38]
and probably this mechanism is responsible for the variation of size of
gold nanoparticles reported in this work.

To obtain confirmation of the nanoparticles size, irradiated system has
been analysed by Scanning Electron Microscopy and images are reported
in fig. 5.6.

SEM images show the presence of a large number of very small particles,
with dimensions lower than 10 nm (fig. 5.6), which is in accordance with
values obtained by Scherrer’s equation and thus confirming the
fragmentation phenomenon discussed above.

It is also possible to note the presence of some bigger particles, with

diameter in the order of the hundred nanometers.
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EHT = 15.00 kv Signal A = InLens Date :20 Nov 2012
WD = 78mm Photo No. = 9058 Time :13:56:15

EHT = 15.00 kv Signal A = InLens Date :20 Nov 2012
WD = 78mm Photo No. = 9065 Time :14:43:23

Figure 5.6 SEM images of the obtained Au/Ni systems.
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Analysis of the composition of nanoparticles has been operated through
Energy Dispersive X-Ray Spectroscopy (EDX) and results are reported
in fig. 5.7.

Au Nanoparticle
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3 Ni
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=
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e | J Ni
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01 2 3 4 5 6 7 8 9 10 11 12
Energy (keV)

Figure 5.7 EDX spectrum showing the composition of Au/Ni mixed

nanoparticles.

The spectrum shows the presence of intense peaks attributed to Ni, Au
and O, corresponding to the elemental composition of alloy systems. It is
also possible to note the presence of Si and Na peaks. The Si signal is
due to the substrate used for the deposition, while the presence of Na

derives from the water used as ablation environment. A quantitative
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analysis can be obtained by the atomic weight percentages of these
elements reported in tab. 5.1

The most interesting feature is the presence of a metal ratio of Au/Ni of
around 1/10, which is in accordance with hypothesis based on the
calculation of reticular parameter obtained by XRD. Tab. 5.1 reports also
a relevant amount of O, which can attribute both to the presence of Ni
and Si oxides.

To evaluate the contribution of these species to the amount of oxygen,
EDX analysis have been operated also on the substrate and the spectrum

is shown in fig. 5.8.

S Substrate

Intensity (a.u.)
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Figure 5.8 EDX spectrum showing the composition of the substrate.
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Here, it is possible to note the absence of peaks corresponding to O
species and a low O atomic weight percentage is reported in tab. 5.2, thus
meaning that the substrate oxidation is negligible. For this reason, the
high amount of oxygen reported in the spectrum of nanoparticles in fig.
5.7 has to be attributed mainly to the contribution of the alloy systems,

which still present a strong NiO component.

Element Atomic Weight Percentage
Si 27.33%

O 47.69%

Ni 20.33%

Au 1.95%

Na 2.39%

Table 5.1 Elemental atomic weight percentage of EDX spectrum
reported in fig. 5.7

Element Atomic Weight Percentage
Si 83.2%

O 15.35%

Ni 1.32%

Au 0.14%

Table 5.2 Elemental atomic weight percentage of EDX spectrum
reported in fig. 5.8
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The presence of single metal particles has not been revealed by EDX
analysis, thus demonstrating the complete alloying of the sample.

The proposed mechanism for the formation of mixed systems is based on
the assumption that Au NPs absorb the laser radiation and undergo
fragmentation by Coulomb explosion. Small clusters formed by this
process can get in contact with Ni/NiO particles in a relative low
temperature environment, which is favorable to the formation of the alloy

metastable phase with a dominant amount of Ni.
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CONCLUSIONS

This thesis has reported some advances in the production, modification
and characterization of metal nanoparticles obtained by laser ablation in
liquid environment in view of their use as starting materials for the
development of technological devices.

In the first part it has been demonstrated how the ablation of a metal wire
in a water flow chamber increases the productivity of silver nanoparticles
of a factor 15 with respect to bulk ablation. The production rate has
shown a strong dependence on the wire thickness, as well on laser
parameters as fluence and repetition rate. The model proposed to describe
the dependence on the target thickness includes considerations about heat
loss phenomena inside the wire itself and from the wire to the
surrounding water, the reflectivity of the surface and the cavitation
bubble mechanism. In particular, the cavitation bubble mechanism during
wire ablation involves the ejection of a large amount of material from the
wire due to a rebound effect.

The second part of the thesis has been centered on the manipulation of
nanoparticles by different techniques for a controlled variation of their
properties.

Modifications on the plasmon resonance have been obtained by
conjugating silver nanoparticles through carbon nanowires, also prepared

by laser ablation in water. The efficiency of conjugation is strongly
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influenced by the purity of the surface of nanoparticles, which depends
on the wavelength used for particles production. These hybrid systems
have demonstrated increased SERS activity due to the resonance of the
irradiating wavelength with the surface plasmon peaks.

The spontaneous aggregation of gold nanoparticles has been monitored in
liquid environment by the use of spectroscopy in order to extend the
control on cold-welding approaches in liquid.

Polarized DLS measurements have revealed the formation of dimers after
a period of 20 days, and these results have been confirmed by UV-Vis
spectroscopy, demonstrating how these techniques are determinant for
the study of aggregation phenomena of nanoparticles in liquid.

The modification of single metal properties can be obtained by alloying
nanoparticles and in particular, Au/Ni mixed alloys have been prepared
by irradiation of a mixture of Au and Ni/NiO colloids obtained by laser
ablation in liquid.

Obtained alloys present an Au/Ni ratio of 1 to 10 and this composition
has been attributed to the relative low temperature environment in which
these structures are formed.

The work of this thesis, through a wide look to synthesis and application
aspects, wants to represent a small contribution to the demonstration that
laser prepared metal nanoparticles can assume a relevant role in future
improvement of nanotechnology. Indeed, the possibility of increase the
productivity of nanoparticles, together with a proper modification of their

properties, will be crucial aspects for possible industrial developments.
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