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General introduction

ANKIND has repeatedly wished for the biggest and the smallest possible. Such a
dream led to wonders like the Eiffel Tower, the Pyramids and the Great Wall of
China. On the other hand, the quest for smaller contributed to the growing interest
towards nano-materials. The prefix nano was originally derived from the Greek word
vavo( which means ”dwarf”. It was only in 1960 that it had been officially used to
designate the one billionth prefix. Since then, one calls nano-material any material
possessing at least one of its dimensions sized between 1 and 1000 nanometers. While
controversial for its hazardousness, one cannot deny the infinite possibilities offered by
this new category of materials. Nowadays, nano-materials are already implemented in
a variety of technologies. In particular, their small size can be used to probe confined
length scales such as in medical diagnosis applications. In addition, at nanoscale, the
surface effects are enhanced thus allowing to reach the scope of energy conversion or

catalysis.

Besides the very peculiar physical properties of these materials, one of the remaining
issue concerns the material design itself. Indeed, it is still challenging to produce rapidly,
efficiently and accurately a nano-material. In order to engage in industrial applications,
the nanoparticles must be generated at low cost and at high production rate. In the
meantime, properties of the outcomes such as crystallinity, shape or size distribution
ought to be controlled. Nowadays, lots of techniques are already employed to generate
nanoparticles. On the one hand, there are various methods using chemical processes
such as co-precipitation and sol-gel. On the other hand, physical techniques are also
regularly used. One can mention for example laser deposition or laser pyrolysis. In
these cases, one often adopts a bottom-up approach where a purely atomized or ionized
gas recombines into molecules, clusters and nanoparticles. The first step is then to
reach out-of-equilibrium conditions leading to an unstable system composed of atoms
and ions. In a second step, the system is cooled down to cause nucleation and growth

of the nano-material.

This thesis work is dedicated to pulsed laser ablation in liquid (PLAL) which is an orig-
inal technique to synthesize nanoparticles. When a pulsed-laser is focused into a solid
target immersed in water, the material is evaporated and turns into a plasma. Nucleation

and growth occur in the liquid and nanoparticles are obtained. This method is versatile
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due to the wide range of accessible materials. Moreover, the nanoparticles are directly
stabilized in the solvent so there is no need for complexing agents and the nanoparticles
are therefore described as ligand-free. However, various processes can occur during the
synthesis and accordingly PLAL incorporates complicated mechanisms. Yet, enhancing
the PLAL performances requires to overcome complexity in the fundamental under-
standing of these out-of-equilibrium processes involving multiple length and time scales.
As a starting point, the laser interacts with the bulk target thus creating a hot and
dense plasma. Thereafter, numerous authors reported the formation of an expanding
bubble from which nano-materials are released. The aim of my thesis is to build an
accurate understanding of these several components. I, indeed, implemented methods
from different domains of expertise to probe the physical and the chemical mechanisms

underlying the use of pulsed laser ablation in liquid.

In this thesis manuscript, I will begin by a general description of pulsed laser abla-
tion in liquid where I will try to detail the main features of the technique, discuss the
influence of experimental parameters and introduce challenges regarding the compre-
hension of PLAL. My second chapter will be related to the synthesis of aluminum oxide
nanoparticles. I will motivate our work on this specific material and show that a-Al,O4
nanoparticles can be obtained by PLAL under specific experimental conditions. The
synthesized nanoparticles will then be used for pressure sensing applications. These
promising results encouraged us to explore fundamentals of the growth processes occur-
ring in PLAL. In the third chapter, I will therefore describe our work on underwater
plasma spectroscopy as a tool to probe the very first time scales. In particular, we mea-
sured the chemical composition, the rotational temperature and the electronic density
as a function of the time. This work also raised numerous questions towards the temper-
ature equilibration inside a plasma composed of diatomic molecules. After investigating
the first time scales, we used computational chemistry to build a model for the nucle-
ation of the nanoparticles. We calculated stable structures of Al, O and their associated
thermodynamic properties. From these data, the chemical composition of a gas made of
aluminum and oxygen atoms were calculated as a function of temperature, pressure, and
aluminum to oxygen ratio. After showing the accuracy of this approach to reproduce
experimental results obtained from laser induced plasma, we extended the calculation
to lower temperature and followed the birth of alumina first seeds. This is the scope
of my fourth chapter. For PLAL, this modeling requires a quantitative measurement
of the bubble chemical composition especially the ratio between oxygen and aluminum
atoms and of the bubble temperature. Therefore, in my last chapter, I will introduce
our results on the bubble hydrodynamics. First, bubble images were acquired using
an ultra-fast camera to measure an entire dynamical evolution for each laser shot thus

overcoming reproducibility issues. Furthermore, we developed an analytical approach
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based on cavitation models to demonstrate that the system evolution is mostly inertial
and adiabatic. We deduced quantitative thermodynamic properties inside the bubble
and proved that it is mainly composed of solvent molecules whose number does not vary

significantly during the bubble evolution.






— Chapter 1

On the use of Pulsed Laser Ablation in
Liquid

”Those who do not remember the past

are condemned to repeat it.”

George Santayana

Contents
1.1 A rapid and facile method to synthesize clean nanomaterials . . . 6
1.1.1  Advantages of the method . . . . . . .. ... ... ... .... 6
1.1.2 Experimental implementations . . . . ... .. ... ... ... 7
1.2 A growth process requiring fundamental investigations . . . . .. 9
1.2.1 At the origin, a laser-matter interaction . . . . ... ... ... 9
1.2.2  Post-production processes . . . . . . . ... 12
1.2.3 Intermediate time scales, a puzzling system . . . ... ... .. 14
1.3 Conclusion . . . . . . . . . . e e e e e 16

N May 16, 1960, Theodore H. Maiman designed the first pulsed-laser using a ruby
crystal and emitting at 694 nm [1]. Since then, lasers have been widely used for
fundamental research but also for material processing. Laser-assisted fabrication of
nanomaterials became indeed one of the various applications of pulsed-lasers [2-5]. To
our knowledge, the first article involving underwater laser ablation for a nanomaterial
synthesis was written by Lida et al. [6]. In this work, the aim was to generate submi-
cronic particles for solid sampling applications. Since then, the technique has evolved
drastically [7]. In this chapter, I will introduce advantages of the method for nanoparticle
synthesis and describe how PLAL is currently carried out in most experiments. Then, I
will also emphasize fundamentals of the mechanisms underlying PLAL and techniques

usually employed to explore them.
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1.1 A rapid and facile method to synthesize clean nanomate-

rials

In practice, PLAL consists of the use of an intense laser focused onto a solid target
immersed in a liquid solvent. In this section, we will review the main advantages of the

method towards nanoparticle synthesis and discuss its practical implementation.

1.1.1 Advantages of the method

Numerous techniques have been designed to generate nanoparticles. Chemical synthesis
methods include co-precipitation methods, sol-gel methods or solvothermal processes [8].
On the other hand, physical approaches, such as pulsed-laser deposition [9], mechanosyn-
thesis [10] and flame spray pyrolysis[11] are also used to synthesize nanoparticles. In
comparison with these methods, we believe that PLAL possesses fundamental advan-
tages because PLAL combines the physical processes of the laser-matter interaction with

chemical mechanisms due to the use of liquid solvents.

Productivity Using flame spray pyrolysis, Groehn et al. obtained up to 500 g/hour [12].
In PLAL, the production rate is not there yet but it can still scale up to industrial
applications. Sajti et al. proved the ability to reach few grams per hour synthesis[13].
In this article, using a kilohertz laser, they improved significantly the efficiency of the
method. In general, PLAL nanoparticles are already sold by the company STREM and

are competitive with respect to pricing and productivity.

Versatility Chemical methods benefit from a long period of trials before the synthesis
results are optimized to reach the desired nanoparticle. In PLAL, trials for any novel
material are quite straightforward. Although the synthesis results may sometimes be dif-
ferent from those expected, at first, one only needs to experiment with the corresponding
target. As a consequence, PLAL is a very versatile technique. Indeed, a wide range of
nanomaterials have been synthesized with this method eg. metals (Au, Ag, Pt, In, Fe, W,
Cu and their alloys [14-16]), oxides (TiO,, SnOy, Euy,O4, CeO,, LiCoO4, CeThO4 [17-
19]), doped materials (Y,05 : Eu®t, Lu,0,S:Eu*", Gd,SiO5:Cet, LuyTaO,:Gd3T,
Y;ALO15:Ce®T, GdyO4:Eut, Y,05:Er3t [20-22]) and allotropes of carbon [23, 24].

Applications On the one hand, contamination from abrasive material can occur in

milling and grinding methods. On the other hand, in chemical techniques, surfactants
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are often required to stabilize the colloidal solution. Therefore, these two types of meth-
ods are limited in terms of purity. In PLAL, the nanomaterials are produced directly in
the liquid without impurities and without any use of complexing agents. The surface ef-
fects are therefore significantly improved allowing for enhanced catalytic properties [25].
This attractive feature combined with the use of bio-compatible environment such as
pure water enables one to tackle biological applications. Duran et al. and Petersen et al.
studied for example the use of gold nanoparticles in biological environment [26, 27]. Fi-
nally, interaction with the liquid allows one to tune the results of the synthesis. For
instance, the stability and the size distribution can be improved by adding surfactants
in the liquid. In the work of Amans et al., 2-[2-(2-methoxyethoxy)ethoxy|acetic acid
(MEEAA) was added in the water [21]. As a consequence, aggregation was prevented
and the mean radius of Y,0O4 nanoparticles went from 6.4+2.9nm to 1.940.35 nm with
a ligand concentration of 1072 mol.L~!. Also, the particles composing the solvent can
change the chemical composition of the final products. C3N, nanoparticles were synthe-

sized using a graphite target in aqueous ammonia solution (NH;) [28, 29].

To summarize, PLAL enables one to synthesize rapidly nanoparticles for a large variety
of materials. This capability can be employed to build novel materials suitable for
specific applications. Moreover, the technique provides highly pure nanomaterials of
interest in catalytic and biological applications. For further details, please refer to

reviews published in the past few years [30-32].

1.1.2 Experimental implementations

Laser:
- Wavelenth
- Duration
- Energy
- Repetition rate
- Spot size
/ \
—~ ‘)\ S )\/—Liquid solvent
“-\C 1
=7 L ‘/ Surfactant
. ‘ ’ Nanoparticles
Bubble \.\\r Y:-“/// .
/_
Target—— »/. /ﬁ
\—f

FI1GURE 1.1: Sketch of the main experimental features of PLAL.

Several experimental parameters can be tuned to control the results of the synthesis.
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Bulk target - The main components for the nanoparticle formation are provided by the
target material. Yet, composition and crystal phase of the resulting nanoparticles do
not necessarily match the target ones. Using a chromium target, for instance, PLAL
can yield to a mixture of dodecahedral and tetragonal Cr;0, but also to corundum-type
Cr,04 [33]. Similar phenomena are found in most base metals such as zinc, titanium
and iron [34-37]. Underwater ablation of graphite carbon also exhibit a large variety of

results eg. diamond, amorphous, graphite particles [23].

Laser parameters- The results of the synthesis can be affected by laser characteristics.
First, increasing the repetition rate improves the method productivity since more laser
shots are applied for the same experimental time. Then, ultra-violet (UV) and infra-
red lasers (IR) are absorbed differently by the target. Tsuji et al. showed that the
ablation efficiency increases with the wavelength [38] since less energy is absorbed by
already synthesized nanoparticles and solvent molecules. The laser fluence also plays an
important role. Indeed, the amount of ablated nanoparticles may increase with pulse
energy as shown by Mafune et al. for example [39]. Moreover, the size distribution and
the average size can be enlarged by higher laser energy in the case of platinum target [40].
In opposition, Amans et al. also demonstrated that in the case of oxides in an aqueous
solution of complexing molecules, there is only a slight influence of the laser fluence
on the size distribution [21]. Finally, different crater morphologies can be observed for

different pulse durations.

Solvent composition - Different solvents can be used in PLAL eg. water, ethanol, ace-
tonitrile, dimethyl-formamide, toluene. The ablation of gold target in toluene is a good
example of solvent influence since smaller nanoparticles (< 1 nm) embedded in graphitic
matrix are obtained [41]. Iron nanoparticles are also affected by solvent composition
because it is not a noble metal. In ethanol, for example, both Fe;O, and FeC; are
obtained [36]. Similarly, numerous oxides have been obtained when ablating pure metal
targets [34-37] in water. Moreover, surfactants can be added to the solvent in order
to tune the results of the synthesis. We already mentioned the use of MEEAA for ox-
ide nanoparticles but, for metallic ones, sodium dodecyl sulfate (SDS) are also used to

reduce the size distribution [39].

A review on this matter can be found in the article written by Amendolaet al. [32].
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1.2 A growth process requiring fundamental investigations

The very wide variety of synthesis results suggests that PLAL includes very complex
growth mechanisms. This particularity may emerge from the ability to mix both laser-
matter interaction and solution chemistry thus resulting in a process which combines
various time scales. The figure 1.2 summarizes the processes occurring in pulsed laser
ablation in liquid along with the corresponding time scales. The laser interacts with the
material creating a hot and dense plasma. When the plasma is no longer optically active,
an expanding bubble is observed. At the bubble collapse, nanoparticles are released in

the liquid environment.

Laser/matter Plasma Bubble
interaction Extinction collapse

—

ACTIVE i LIQUID PHASE
PLASMA REACTIONS

FIGURE 1.2: Diagram reviewing the processes occurring in pulsed laser ablation in
liquid.

We will start our description with the very beginning of the process, the laser-matter
interaction, and very end, the liquid phase reaction. Then, we will focus on the inter-

mediate time scales and discuss their complexity.

1.2.1 At the origin, a laser-matter interaction

Over short time scales, the laser interacts with the material and ablation, ie. mass
removal can occur. In ambient atmosphere, the laser-matter interaction has been fre-
quently studied because it concerns lots of different applications such as laser surgery,
pulsed laser deposition and surface nano/microstructuring [9, 42, 43]. In water, the

mechanisms should remain essentially the same.

The absorption and relaxation process The laser-matter interaction arises from the
coupling between (i) the laser parameters which are the pulse duration 7, (eg. fem-

tosecond, picosecond, nanosecond), the wavelength Ay (eg. infrared, ultraviolet) and
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the intensity F (eg. 10° — 1013 W/em?) and (ii) the target features which are the optical
absorption, the mechanical properties and the thermal conductivity. First, the laser
photons ought to be absorbed. The absorption is granted by electrons in metals. In
insulators and semi-conductors, only multiphotonic absorption can promote electrons
in the conduction band thus creating electron-hole pairs. But, there can be defects in
the material such as dopants, vacancies, mechanical or thermal constraints. They would
thus favour the absorption process by occupying additional energy levels in the band gap.
In terms of time scaling, absorption takes place after 10~'4s[44]. This value is lower
than the pulse duration commonly used except for femtosecond lasers. Therefore, we
can consider the absorption as instantaneous. Then, the hot carriers can transfer their
energy to the target lattice leading eventually to a solid-liquid phase transition. This
energy transfer leads to an equilibrium on a timescale 75 = 10712 — 107! s [44]. When
7p is higher than the pulse duration,r7,, non-thermal processes can occur. Otherwise,

the system is mainly driven by thermal processes.

The thermal processes In thermal processes, the mass removal occurs from equilibrium
phase transition and could be probed qualitatively through thermodynamic considera-

tions. There are in general three kinds of thermal processes:

e Fuvaporation refers to the transition from a condensed phase (solid or liquid) to
vapour by the emission of particles (ions, atoms, molecules) from the outer surface.
However, the efficiency of this process becomes significant only after few tens of
nanoseconds. As a consequence, for ablation, no vaporization effects must be taken

into account.

e Normal boiling consists in the heterogeneous nucleation of a gas bubble after the
solid target is turned into a superheated liquid phase by the hot carrier relax-
ation. The creation of the bubble is allowed by disturbances in the superheated
liquid system such as gas or solid impurities, structural defects or the surface of
the solid. Then, to induce mass removal, the bubble needs to diffuse along the
system. According to Miotello et al., the diffusion time is not short enough to

allow quantitative mass removal [45].

e Phase explosion, also called explosive boiling, relies on the idea that if the solid
is turned into a superheated liquid at a temperature sufficiently near the critical
boiling temperature, then homogeneous nucleation can occur and lead to the cre-
ation of vapour bubbles. Calculating the rate of homogeneous nucleation, it has

been shown that this thermal process is the most favourable for mass removal [45].
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For more detailed information, Miotello et al. discussed very carefully the relevance of

these three mechanisms [45].

The non thermal processes When the thermal processes are too slow, non-thermal
processes, eg. photomechanical, are predominant. Bonding electrons can turn into
non-bonding electrons and cause disorder in the lattice structure. Two major types of

non-thermal mechanisms are then usually considered:

e Spallation occurs when entire layers of the material are ejected. The laser-matter
interaction causes mechanical stress in the target lattice. This stress can induce
the generation of shock waves thus creating fractures inside the target. When the

pressure waves are powerful enough, spallation occurs.

e Fragmentation is the process in which the solid target decomposes into numerous
clusters. To create such fragments, the elastic stored energy is equal to the energy
necessary to have it isolated. The elastic energy is then converted into surface

energy and a physical detachment occurs.

For a more detailed description, please refer to the study conducted by Perez et al. [46].

The case of nanosecond lasers The balance between the thermal and non thermal
mechanisms still constitutes an open problem. It is hard to address in general since it
depends strongly on the material and the laser parameters. Yet, Lorazo et al. published
two articles in which they used molecular dynamics simulation on the laser ablation on
a silicon target [47, 48]. They derived the thermodynamic trajectories of the ablation
process for different irradiation times. First, especially in the case of nanosecond lasers,
they showed that the solid melts to liquid at the equilibrium melting temperature.
Then, depending on the liquid-vapor equilibration time, 77y, the system can either be
dragged into explosive boiling (77, < 7y) or follow slowly the binodal curve leading
to the liquid-vapor phase transition (77 > 7ry). In general, most authors agree that
thermal processes mainly drive the laser-matter interaction for nanosecond lasers since
the heating of the material is slow enough to let the excitation decay [49, 50]. But
again, to discriminate between each path is challenging because of the variety of lasers
and targets used. Moreover, the light absorption is an evanescent process because it
is driven by Beer-Lambert law. As a consequence, the fluence gradually decays inside
the material and it is most likely that all the processes occur at the same time but at
different depths. In our working conditions, granted that a plasma is observed after
few nanoseconds, we may leave behind the laser-matter interaction and focus on the

following processes.
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1.2.2 Post-production processes

At the end of the PLAL process, when the nanomaterial is finally in the liquid, it can

still suffer from diverse modifications.

FIGURE 1.3: TEM images of C;N, nanoparticles produced by PLAL after different
irradiation times (a) 1 hour and (b) 3 hours. Figures are reprinted from Yang et
al. [28].

The concentration of the solution can be raised by increasing the irradiation time. Then
the laser can pass through already synthesized nanoparticles, resulting in a re-ablation
process which can induce modification of the nanoparticles’s morphology. At low flu-
ences, the laser can reorganize nanomaterials. In figure 1.3, the leaflike structure aggre-
gates to flower structures creating a singular network of nanoparticles [28]. For higher
fluencies, the laser can also fragment the nanostructures. Besner et al. proved that the
size of gold nanoparticles obtained by PLAL can be reduced [51]. In figure 1.4, we can
see a shift and a sharpening of the size distribution after 2 hours of laser fragmentation.

The absorption properties and the laser fluence are thus two significant parameters.
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F1GURE 1.4: Size distribution and corresponding TEM images of gold nanoparticles
obtained by PLAL (a) and after 2 hours of laser fragmentation by a supercontinuum
laser (b). Figures are reprinted from Besner et al. [51].
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Among the non-optical processes, as-produced nanoparticles can for example interact
with each other. This mechanism causes the aggregation of the particles leading to
polycrystal nanostructures. Mafune et al. proposed the use of surfactants that would
attach to surfaces of the original nanoparticles thus avoiding interparticle contacts [52].
In figure 1.5, TEM images and the corresponding size distribution of silver nanoparticles
synthesized by PLAL are reported for different concentrations of sodium dodecyl sulfate
(SDS). The average diameter decreases with the SDS concentration. An other influence
of the chemical processes concerns the interaction between the ablated material and
the solvent molecules. For example, zinc oxide (ZnO) and zinc hydroxide (Zn(OH),)
particles were obtained in water by Zeng et al. while pure zinc was used as target [17].
More interestingly, they have been able to favour one phase or another by varying the

concentration of SDS.
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FIGURE 1.5: Size distribution and corresponding TEM images of silver nanoparticles
synthesized by PLAL in water at different concentrations of C,,H,;0SO,Na, a-c are
0.003, 0.01, and 0.05 M, respectively. Figures are reprinted from Mafune et al. [52].

Very recently, Gokce et al. investigated the aggregation processes from 1s to 2min [53].
Metal targets were ablated and nanoparticles exhibiting plasmonic properties were thus
obtained. By probing the plasmon peak as a function of the time, the ripening process
was characterized quantitatively as a two-step growth mechanism for the as-produced

nanoparticles.
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1.2.3 Intermediate time scales, a puzzling system

As discussed previously, during the very first time scales, PLAL is mostly governed by
laser-matter interaction and exhibits approximately the same properties than in ambi-
ent atmosphere. Over the very long time scales, post-production processes may rather
dictate morphological alteration of the synthesized particles. However, the intermedi-
ate time scales which go from nanoseconds to milliseconds are very poorly documented
due to the difficulty to address experimentally such short time scales. Yet, several re-
search groups have been trying to investigate the very transient nature of the PLAL

mechanisms using various experimental techniques [54-58].
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FIGURE 1.6: Superimposed images of laser-light scattering and shadowgraph imag-

ing at various delays after the ablation laser pulse. Temporal evolution of the total

scattered intensity (g) at different probe wavelengths. Figures are reprinted from Soli-
man et al. [59)].

For instance, laser-light scattering was used by Soliman et al. [59]. An optical parametric
oscillator (OPO) laser was synchronized at a specific time delay after the ablation laser
pulse to illuminate above the target. This way, scattered light was observed outside the
bubble and was identified as originated from accumulated nanoparticles already present
in the chamber [See figure 1.6(b)]. More interestingly, inside the bubble, scattered light
was also observed and was associated to the produced nanoparticles. The temporal
evolution of the total intensity (I;o:) in the measured images was also plotted [See fig-
ure 1.6(g)]. Iior increases until few microseconds accounting for a very rapid growth
of the nanoparticles in the bubble. However, in this study, only particles bigger than

hundreds of nanometers were probed because of sensitivity issues.

To overcome this difficulty, Barcikowski’s group published two papers using small angle
X-ray scattering (SAXS) to investigate the size distribution of the particles located in

the bubble [54, 55]. Fitting the scattering curves at small angle, they characterized the
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size distribution inside the bubble and distinguished two characteristic sizes, one around
8-10nm and an other one of about 45 nm. In their most recent publication, they added
a temporal evolution study and did not observe any significant change in the size [See

figure 1.7]. Unfortunately, this method does not access particles smaller than a few

-

nanometers.
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1.3 Conclusion

Laser ablation in liquid is a method to synthesize nanoparticles directly from a bulk
target. The method proved its efficiency on various types of materials and its ability to
reach numerous applications thanks to very specific features. While laser-matter inter-
actions and liquid-phase processes have already been discussed extensively, we showed
that the intermediate time scales still require lots of efforts. We mentioned various works
on the size distribution as a function of the time. Yet, the chemical composition of the
system is not really addressed in the literature. For noble metal targets, one expects
only metal-metal interaction while for usual metal and for oxide targets, the studied
system is at least composed of two interacting types of atoms and solvent must influence
greatly the system. Especially, no consensus has been established about the proportion
of solvent to ablated molecules inside the plasma and the bubble. Also, we rarely find
quantitative measurements of the thermodynamic properties during these intermediate
time scales. The pressure, the temperature and the density ought to be probed to achieve
a better understanding of the growth processes. We will work on this matter during the

following chapters by first taking the example of aluminum oxide ablation.
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OR most of our work, we used aluminum oxide Al,O4 as a model material. The choice

of such a material was motivated by two major reasons. First of all, Al,O4 has a
very complex phase diagram. At standard temperature and pressure, the most stable
crystallographic phase is the a-Al,O4 phase which corresponds to a tetragonal phase.
However, McHale et al. demonstrated that 7-Al,O, phase has a lower surface energy and
is then, more stable when reducing the size of the particles to nanoscale (<10nm) [60,
61]. It is interesting to see if PLAL could overcome this difficulty. Using a kilohertz
infra-red laser, Sajti et al. already demonstrated the synthesis of a-Al,O4 nanoparticles
but the radius was around 30nm [13]. Kumar et al. also worked on aluminum oxide
but no crystallographic analysis was performed [62]. Yet in general, the PLAL on
aluminum target led to 7-Al,O4 [63, 64] or hydroxide [65]. To favor the aluminum oxide

stoichiometry, we used an Al,O4 target and tried to obtain a-Al,O4 nanoparticles.

Also, in terms of applications, a-Al,O;, in macroscopic scale, possesses a very interesting

physical property which seemed appealing to transfer at the nanoscale. Indeed, when

17
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doped with chromium, aluminum oxide is widely used as a probe for high pressure
measurements because the a-Al,O5:Cr®T fluorescence emission is highly dependent on
the pressure. In diamond anvil cell, 04—A1203:Cr3Jr is exploited to measure the pressure
inside the cell [66]. In different application areas, such as microfluidic or phase transition
thermodynamic, it could be relevant to measure the pressure at a nanometric scale.
For that purpose, it would be useful to synthesize a-Al,05:Cr®" nanoparticles. One
remaining difficulty would be to know if the dopant, here chromium ions, remains in the
nanoparticle during the PLAL synthesis. The cases of europium, cerium and erbium
have already been investigated in previous articles [20-22] where the dopant indeed
stays in the nanoparticle. To our knowledge, no work with aluminum oxide doped with

chromium has been reported so far.

In this chapter, I will first review methods employed to characterize the synthesized
materials. Then, I will describe results we obtained for Al,O5:Cr" synthesis using
separate methods of PLAL. Finally, I will detail how the nanoparticles can be used as

pressure sensors.

2.1 Techniques for material characterization

Once the synthesis is performed, material characterization ought to be accomplished.
Two approaches can be distinguished depending on the ability to characterize specifically

one nanoparticle or to determine overall properties.

2.1.1 Transmission electron microscopy as specific characterization

We used transmission electron microscopy (TEM) to characterize the nanoparticles. In
practice, after two hours of sedimentation, a droplet of the synthesized upper part is
deposited on a TEM grid made of 300-mesh copper grids covered with a holey carbon
film. TEM experiments are carried out on a JEOL 2010F microscope operating at 200
KV. High resolution images are acquired using a Gatan Orius 200 camera. Electronic
diffraction patterns are analyzed with the Digital Micrograph software from Gatan.
Energy Dispersive X-Ray Spectroscopy (EDS) characterizations are simultaneously per-
formed using an SDD Xmax80 detector from Oxford Instruments. The interreticular
distances are measured on the fast Fourier transforms (FFT) of the picture. We use the

International Centre for Diffraction Data to identify the synthesis results.
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2.1.2 Overall characterization

While very efficient to characterize nanoparticles one at a time, TEM may suffer from
inhomogeneity in the sample characteristics and must be complemented by overall char-

acterization techniques.

Dynamic light scattering In dynamic light scattering (DLS), a laser illuminates the
liquid sample in which nanoparticles are moving through Brownian motion. The scat-
tered light fluctuates in time with a frequency driven by the nanoparticles mobility.
Since the velocity depends on the particle size in Brownian motion, collecting the scat-
tered light one can reach the size distribution. For a more detailed description of DLS,

please refer to Pecora’s article [67].

For PLAL, DLS is scarcely used because the technique usually lacks the accuracy for
poly-dispersed samples and for non spheroidal particles. Indeed, big particles scatter
more light than smaller ones. Consequently, the smallest particles can hardly be ob-
served in DLS leading to an overestimation of the size distribution as demonstrated by
Petersen et al. [27]. Moreover, when aggregation occurs, DLS can only probe the hydro-

dynamic radius thus overestimating the absolute size of the produced nanoparticles.

X-ray crystallography The sample is irradiated with X-ray beams that are scattered
by the crystal lattice following the Bragg’s law:

2dsinf = \ (2.1)

where d is the interreticular distance, 6 is the scattering angle and A is the X-ray wave-
length. Therefore, measuring the amount of scattered light as a function of the scat-
tering angle enables one to determine crystal structures by comparing peak positions to

databases such as International Centre for Diffraction Data (ICDD).

In our case, liquid samples are dried using lyophilization techniques to obtain a powder
which can then be characterized. X-ray powder diffraction patterns were then recorded
at room temperature on a Bruker D8 Advance diffractometer equipped with a sealed
Cu X-ray tube and a linear LynxEye detector. Yet, for an accurate measurement, the
quantity of powder must be important and it is not always possible with PLAL especially

with a low repetition rate lasers.

Photo-luminescence spectroscopy When a material is excited by sufficiently energetic

photons, it may absorb the light and re-emit it with a different wavelength. This is called
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the photo-luminescence property. It can be exploited to characterize material since
each material exhibits specific absorption and emission features. The luminescence may
originate from the intrinsic properties of the crystal but can also arise from rare earths
when the crystal is doped. In this second case, the energy levels of the doping material
are located right in the middle of the intrinsic band gap and allows luminescence de-

excitation.

In practice, it is usually complicated to distinguish the nanoparticle emission from a mi-
croparticle’s emission since the bigger the particle is the more it absorbs and emits light.
In PLAL, non-thermal processes may lead to microparticle synthesis and luminescence

characterization is then no longer accurate for the characterization of the nanoparticles.

In summary, none of the characterization techniques can be used alone. An accurate

characterization consists of the combination of all these techniques.

2.2 Influence of the laser parameter towards the synthesis re-

sults

2.2.1 First attempts using a nanosecond ultraviolet laser

Figure 2.1 is a scheme of the experimental setup that was employed for this work. We
used the third harmonic of a Nd:YAG laser (A = 355nm, 7 = 5ns, f = 10 Hz) The
laser passes through four dichroic mirrors to eliminate any first and second harmonics.
The beam is then expanded to avoid ablation on the liquid surface. The diameter of
the entrance beam is equal to 20mm and the ablation lens is a 150 mm focal length.
Right after the ablation lens, the laser energy is equal to 40 £7mJ. The solid target is

immersed into water and moved via stepping motors to prevent from re-ablating on a

same spot.

Dichroic
5ns, 10 Hz 0.D. Miror
~30 mJ / pulse
YAG:Nd

External [Temporal diameter
trigger |resolution: 5 ns 20 mm

20 -30 mm

XY moving 4'

FIGURE 2.1: Experimental setup for low-repetition rate synthesis.
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The target was a a-Al,O4 target synthesized by a Czochralski method. The crater depth
is measured using Alpha-Step D100 profiler from Tencor. The crater depth measured
after 5 pulses is 1.5 um =+ 500 nm. The crater diameter is measured with an optical

microscope. The crater diameter is 500 ym £ 100 pm.

After 20 min of synthesis in a 50 mL beaker, we performed the TEM measurement as
described previously [See figure 2.2]. Pictures (a) and (b) correspond to a particle of
5.5 nm diameter, diffracting in the zone axis [001]: ds0 = 0.143 nm, doso = dago =
0.202 nm. By comparing with interreticular distances and angles reported in the ICDD
file 04-007-2479, the particles are identified as y-Al,O;.

This result is consistent with the theoretical work of McHale et al. [60].

FIGURE 2.2: TEM images of v-Al,O, nanoparticles (a) and a corresponding FFT (b)
obtained using our experimental setup.

2.2.2 «-Al,O, obtained from picosecond infrared lasers

Later on, we performed PLAL synthesis at the Stephan Barcikowski’s group in the
University of Duisburg-Essen. The Al,O,:Cr3* target was elaborated by Kheirreddine
Lebbou [68, 69]. The laser used was a diode pumped picosecond Nd:YAG laser (A =
1064, nm, 7 = 10ps, f = 500 kHz). The average energy per pulse was 2 x 107° .J/pulse
after the ablation lens. Two synthesis were done (i) during 2 min in a 40 mL of deionized
water, (ii) during 10 min in a 40 mL of deionized water containing 1072 mol.L ™! of 2-

[2-(2-methoxyethoxy) ethoxy] acetic acid (MEEAA).

For the first synthesis (i), we performed the TEM measurement [See figure 2.3]. From
the FFT, we measured the interreticular distances d;1,=0.348 nm, di10=0.242 nm,
dy73=d;33=0.210 nm, and dy3,=0.176 nm. The interreticular distances and the an-
gles match those reported in the ICDD file 00-046-1212 for a-Al,O4. v-Al,O, were also
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observed scarcely. Concerning the size distribution, it is difficult to conclude because

most particles were aggregated.

o-Al,O3 particle
Zone axis [111]

Fast Fourier Transform

FIGURE 2.3: TEM images of a-Al,O, nanoparticles (a) with a corresponding fast
Fourier transform (b) using Barcikowski’s experiment.

For the second synthesis (ii) where complexing agents were added, the particles are
much smaller and do not seem to aggregate [See figure 2.4]. The size distribution was
determined and the mean size is equal to 2.3 & 0.97nm. At the moment, no crystal-

lographic characterizations could have been done because of the very small size of the

nanoparticles.
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FIGURE 2.4: Results obtained for a-Al,O, synthesized with complexing agents (a)
Typical TEM pictures. (b) Corresponding size distribution centered around 2.3 +
0.97 nm.

Moreover, luminescence emission spectroscopy was also used to check if the synthesized
nanoparticles exhibit luminescence properties similar to those of bulk. The excitation

was performed with a 455 nm diode. In figure 2.5, the chromium emission around 694 nm
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can be observed. For nanomaterials, the luminescence is usually broader due to the aris-
ing of surface effects and structural inhomogeneities [20]. In our case, for both synthe-
sized samples, the inhomogeneous broadening is indeed recognized thus confirming the

presence of a—AlQOg:Cr?’Jr nanoparticles as expected following the TEM characterization.

The Laplace pressure for nanoparticles In addition, at these length scales, surface
effects are usually taken into account via a supplementary term in the pressure following:
P = %" [70] where o is the surface tension and R is the nanoparticle radius. For instance,
a shift in the transition pressure at nanoscale is attributed to this overpressure by Wang
et al. [70]. Yet, in our synthesized nanoparticles, this additional pressure should induce
a shift in the luminescence of a few nanometers. Since no shift of the luminescence
peaks is observed, the enhancement of surface energies observed at nanoscale cannot be

monitored by an overpressure and that so-called Laplace pressure.

1.2 ‘
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FIGURE 2.5: a-Al,O,:Cr®" luminescence emission spectroscopy measurement for dif-
ferent samples.

Applications for pressure sensing The synthesized nanoparticles without complexing
agents were characterized under pressure to assess their viability as pressure nanoprobes.

High hydrostatic pressures were applied using a diamond anvil cell (DAC). PLAL nanopar-

ticles were placed along with YAG:Sm microbeads in the chamber filled with 4:1 methanol /ethanol

mixture as pressure transmitting fluid thus ensuring quasi-hydrostaticity up to 18 GPa.
The YAG:Sm microbeads were previously calibrated in pressure and serves now as our
pressure probe. Then, the shift of the a—AlQO3:Cr3+ luminescence emission was moni-

tored as a function of the pressure for particles without complexing agents [See figure 2.6].
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The black dots correspond to the peak position of the a—A12O3:Cr3+ nanoparticles syn-
thesized at Barcikowsky’s experiment and the red line corresponds to the same measure-
ment done with bulk a—Alengr3+. The agreement between the bulk and nanoparticle

behavior is promising for future applications as pressure sensor.
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FIGURE 2.6: a-Al,O,:Cr’" luminescence position as a function of the pressure cali-
brated using YAG:Sm microbeads.
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2.3 Conclusion

In summary, the nanosecond UV laser generated 7—A1203:Cr3+ nanoparticles. This
result confirms the McHale’s predictions that v-Al,O5 is the most stable structure
at nanoscale due to surface effects. Fortunately, we have been able to synthesize a-
AIQOS:Cr?’Jr nanoparticles using a picosecond infra-red laser. Although, the as-produced
materials suffer from aggregation, an addition of complexing agents allows one to sharpen
the size distribution and increase the colloidal stability. A broadening in the lumines-
cence peak was observed for both samples with and without complexing agents. This
broadening is attributed to structural inhomogeneities at nanoscale. Yet, no shift was
noticed thus proving that the Laplace pressure cannot be manipulated in the context
of solid nanoparticles. By probing the shift of the luminescence as a function of the
pressure, we also demonstrated promising applications of these nanomaterials to reach

microfluidic applications.

However, this work also showed the multiplicity of the mechanisms underlying PLAL.
Especially, in the case of aluminum oxide, the chemical interaction between aluminum
and oxygen atoms ought to be considered while in noble metals it could have been
neglected. Indeed, the aluminum and oxygen atoms should eventually grow into clusters,
Al Oy which would thereafter lead to the final nanoparticles. But, these intermediate
reactions are not identified. Especially, no quantitative work has been done to follow the
chemical composition during the growth processes. Moreover, the temporal evolution of
the thermodynamics parameters, i.e. temperature, density and pressure, have only been
scarcely quantified. In the next chapters, we will devote our efforts to investigate how
the ablated atoms can recombine to form clusters and nanoparticles and upon which

thermodynamics conditions it happens.
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NDERWATER, the ablated material is in a plasma state and is optically active from

a few nanoseconds until a few microseconds. Optical emission spectroscopy (OES)

may be employed to probe the main features of laser-induced plasmas (LIPs). This

information is of particular interest for the understanding of the processes occurring in

laser-assisted material fabrication but also for analytical chemistry purposes since chem-

ical composition of targets can be characterized by examining the LIP. The technique

is generally called laser-induced breakdown spectroscopy (LIBS) and can be applied in

numerous fields such as biology [71], space exploration [72, 73] or forensic science [74].

27
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Here, one profits from the rapidity and the remote sensing features of the method. Un-
derwater, the liquid confines the plasma and changes drastically its properties. The first
section will describe how the plasma properties can be probed using spectroscopy. Then,
the results we obtained underwater will be discussed in more detail. In the last section,

I will introduce our investigations about the equilibration of a molecular plasma.

3.1 Plasma spectroscopy to probe the first time scales

3.1.1 The plasma, a source of light

As a starting point, the plasma is composed of electrons, ions, atoms and molecules.
Under ideal conditions, we will consider an equilibrated plasma and the Boltzmann

equation to probe the population number density NZ‘,X of an element X at a quantum

X
IpNiot Ep
NX = 9p_liot - 3.1

T Zy eXp( kTe) (3:-1)

state p:

where Zx is the partition function of X, g, and E, are respectively the degree of de-
generacy of p and the energy of p calculated from the ground state, T¢ is the electronic
temperature, k is the Boltzmann constant and N5 is the total density population of

the element X. Zx is expressed in a microcanonical ensemble:

E
Zx = ng exp <—M{) ) (3.2)
P e

Absorption from the Bremsstrahlung inverse ensures electron gas excitation and temper-
ature elevation at the very beginning of the plasma creation. Thereafter, de-excitation

may result from spontaneous light emission:

kem
X" = X+hv Spontaneous decay/excitation (3.3)

abs

where X* is the excited state of X and ke, kups are the respective reaction rates. The
emitted light intensity corresponds to a transition between two electronic levels (eg.
p — q) and is given by:
X X
I, = ApgN, (3.4)

where A, is the transition probability also called Einstein coefficient of spontaneous
emission. For most atoms and ions, the electronic energy diagrams are identified and
listed in databases such as the ?NIST Atomic Spectra Database Lines” or the ” Atomic
spectral line database from CD-ROM 23 of R. L. Kurucz” [75, 76]. Therefore, a spectral



Chapter 3 Underwater plasma spectroscopy, implementation and fundamental
consequences 29

analysis of the emitted light enables one to identify the plasma components. Further-
more, as stated in the equation 3.4, the emitted light is proportional to the density
population of the excited states which is proportional to the total density population.
As a consequence, targets of different chemical composition can be quantified using
calibrated samples assuming reproducible experimental conditions and stability of the
temperature [77]. OES is then used as an analytical tool to investigate the target chem-

ical composition.

Moreover, the time evolution of the plasma composition can be obtained by comparing
lines from each considered element as a function of time. Such a measurement informs
about the chemical reactions occurring inside the plasma and increases the understand-

ing of pulsed laser deposition techniques [78, 79].

3.1.2 Thermodynamic characterization of the plasma

Along with the chemical composition, thermodynamic properties of the system can be
probed using plasma spectroscopy. For a more general description, please refer to the

review written by Aragon et al. [80].

For the plasma temperature, the Boltzmann plot technique is generally used. Intensities
of lines from a same element are measured for different excited state energies. Then, the
exponential dependence on the energy enables one to determine T, [See equation 3.1].
In practice, the line selection is critical since lines can suffer from self-absorption and
overlapping. To increase the accuracy of the method, lines from energies spread among
a wide range of values must be employed. Atoms and ions from different elements
can also be used together to overcome this difficulty. The method is called the multi-
element Saha-Boltzmann plot technique and only works when the electron density is

also measured and the plasma temperature is uniform [81].

The electron density is usually obtained from the Stark effect stating that an electric
field can modify energy levels of atoms and ions [82]. The plasma free electrons can be
responsible for such an electronic field and induce a shift A\ and a broadening o of the
spectral lines. Assuming that the Stark effect is the dominant mechanism responsible
for such a modification in comparison with Doppler and pressure effects, the relationship
between the electron density N, and the spectrum characteristics are usually considered

linear for non Hydrogen-like atoms:

AN = dN. (3.5)
o = 2wN, (3.6)
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where d is the electron impact shift and w is electron impact width. These parameters

are listed for typical plasma temperatures in the book written by Griem [83].

The thermodynamic properties would enable one to design a theoretical model of the
plasma evolution. In calibration-free techniques, for example, the target composition is
measured from the relative intensities between several lines but the method requires the

determination of plasma temperature [84, 85].

3.1.3 Experimental setup

For the ablation part, we used the experimental setup described previously in sec-
tion2.2.1. The plasma emission was collected through a 2f/2f light collection set-up
(f = 75 mm) and imaged on the entrance of a circular to rectangular fibers bundle
(LOT Oriel) with a N.A. of 0.22. The observed length was equal to the whole optical
fiber diameter which is 800 pm. A monochromator was then coupled to an intensified
CCD (Andor Technology) to characterize spectrally the emitted light. The laser and the
iCCD were both controlled by a pulse generator (Stanford Research Systems). The use
of an iCCD coupled with a pulse generator allows one to reach a temporal resolution of
few nanoseconds. However, the time integration needed to obtain proper spectra is of-
ten more than hundreds of nanoseconds. Two different monochromators were used. The
first one was a Ramanor U1000, from Jobin Yvon, with a 1 m focal and a 1800 lines/mm
grating with which, we collected the light in windows 7 nm wide. The spectra could be
measured from 325 nm to 870 nm. The second monochromator is a Shamrock 303, from
Andor Technology, with two different gratings (1200 lines/mm and 300 lines/mm). For
every measurement, the spectral resolution and calibration are obtained from calibra-
tion lamps. The spectral response is also corrected using blackbody sources. Figure 3.1

summarizes the main features of the experimental setup.

5ns, 10 Hz
~30 mJ / pulse

Filter Dichroic | Plasma spectroscopy |
Miror |
Mono - [ Intensified

chromator CCD

my>
|| fr)i(ternal Temporal . diameter focal I Plasma imaging I
gger |[resolution : 5 ns 20 mm 150 mm
E Filter Objective
a
XY moving Z

FI1GURE 3.1: Experimental setup for the plasma spectroscopy and plasma imaging
underwater.
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For the plasma imaging, we used the same intensified CCD. The plasma light was col-
lected through a refractive telescope composed of two lenses, with a four times mag-
nification. Narrow band filters were placed in front of the optical system to spectrally
select the emitted light. The filters used were centred at 390 £5 nm and 488 45 nm
for the aluminum lines and the aluminum oxide lines, respectively. Each image is the

accumulation of 50 acquisitions.

3.2 Investigation on the underwater aluminum oxide plasma

In the previous section, we described the use of plasma spectroscopy in ambient atmo-
sphere. We showed how the technique can be used to measure the target composition,
the temperature and the electron density in the plasma. In this section, we will show
how this technique can also be used to characterize the underwater plasma. We will
begin with a review of the difficulties raised by working underwater. These lead to the
necessity of considering molecules and atoms instead of ions and atoms. Then, we will
show the results we obtained from the underwater plasma spectroscopy of an aluminum
oxide target. Especially, we probed the electron density, the molecular temperature and

the chemical composition of the plasma.

3.2.1 Challenges of plasma spectroscopy underwater

In the case of plasma spectroscopy underwater, the time scale and the thermodynamic
conditions are very different from those in air. Therefore, a completely different approach
is required. The work published by Kumar et al. describes most of the differences [86—
88]. In general, the surrounding liquid enables a stronger confinement of the plasma.
This property has three main consequences. Firstly, the plasma is smaller [See figure 3.2].

From plasma imaging, the plasma diameter is usually three times smaller than in air.

F1GURE 3.2: Plasma imaging after the laser ablation of an alumina crystal measured
at 2 us in air and water.
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Figure 3.3 shows the aluminum atom spectra in air and in liquid using the same ex-
perimental conditions. In water, recorded spectra exhibit a lower signal to noise ratio.
Secondly, in air, the plasma lasts longer. We showed previously that up to hundreds of
microseconds, the plasma can still be characterized [89]. In liquid, to our knowledge,
no plasma emission has been measured after a few microseconds because of the rapid
quenching of the electron gas. Thirdly, liquids have better thermal dissipation capaci-
ties than air and vacuum. Thus, the temperature of the plasma is cooler in the liquid.
As a consequence, ions and lines from highest excited energy levels such as those from
hydrogen or oxygen and from low concentration species eg. dopant and small residues
cannot be observed. To overcome this difficulty, diatomic molecules must be studied

since they emerge more easily due to lower temperature.
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F1GURE 3.3: Plasma spectroscopy after the laser ablation of an alumina crystal mea-
sured at 500 ns in air and water.

3.2.2 Electron density

Historically, the H-« line located at 656.279 nm is usually employed to reach the elec-
tron density especially in shock-heated plasmas [90]. This line is considered as optically
thin which means that it does not suffer from self-absorption process. For laser-induced
plasma, Sherbini already proved the reliability of the method [91]. However, the elec-
tronic energy of the excited state is equal to 12.1eV. The hydrogen electron can barely
reach such a high value of energy underwater. As a consequence, it cannot be used
for electron density determination. We chose to work with the aluminum lines located
at 394.4nm and at 396.2nm and respectively coming from the (QP?/2-281/2) and the
(ng /2—281 /2) transitions. In figure 3.4, these lines are plotted for different time delays.

A shift towards lower wavelengths and a sharpening of the lines are observed when
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increasing the time delay. This behaviour is a signature of the Stark effect since the
electron density drops through electron recombinations. Moreover, these spectra do not

exhibit any self-reversal in water unlike in air [See figure 3.3].
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FIGURE 3.4: Typical spectrum of aluminum atoms recorded at different time delays
at high resolution (FWHM=0.053 nm) for an Al,O, target underwater. The emission
comes from the electronic transitions (*P,-*S, 5, 394.4nm) and the (*P§,-*S, s,

396.2 nm).

The positions and the widths are extracted from a Voigt fit. Equations 3.6 are used to ob-
tain the electron density using d = 1.64 x 107" nm em™3 and w = 1.37 x 1071 nm cm 3 [83].
We obtain the figure 3.4. The errors bars are deduced from uncertainties in the fit and

mostly from the constant parameters.
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FIGURE 3.5: Temporal evolution of the electron density for an Al,O, target underwater
measured via Stark shifts and broadenings of the aluminum lines.

There are differences in the results when changing the method. First, the broadenings

of the 394.4nm and the 396.2 nm lines exhibit different values. This can be attributed
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to self-absorption effects which usually broaden lines. For the longest delays, the two
values converge due to the drop in density and a fortiori the drop in self-absorption.
Moreover, self-absorption effects are proportional to the quantity of emitted light. The
396.2 nm emission must be twice as high as the 394.4 nm emission due to spin degeneracy
considerations. This can explain why the electron density measured via the 396.2 nm
line is higher than the other. For these reasons, we value more the results obtained with
the Stark shift. Extrapolation of the shift of the *P? /2—281 /2 emission leads to a drop
below 10'6 ¢m = after 1.6 us. As a comparison, in air, we measured electron densities
one order of magnitude smaller [See figure 3.11]. This difference is explained by the

plasma confinement observed in liquid.

3.2.3 Rotational temperature

As mentioned previously, a singularity of plasma spectroscopy underwater is that ions
and traces cannot be observed. As a consequence, for an alumina target, one can only

rely on the aluminum monoxide lines to reach the plasma temperature.

In diatomic molecules, considering electronic, vibrational and rotational quantum states
defined by the quantum numbers (n,v,J) [See figure 3.6], the energy of an observed
transition is given by AE = E(n/,v',J') — E(n,v, J) with:

E(n,v,J) = Ey + Eyip(n,v) + Erot(n,v, J). (3.7)
The vibrational contribution can be expressed as an anharmonic oscillator:
Evib(n’ v) = Wnp (U + 1/2) — WnTn (v + 1/2)2 + WniYn (U + 1/2)3 (3'8)

where wp(v), wn (V)X wp(vV)yy are the vibrational constants at a given vibrational level
v and electronic level n. For AlO, the constant values are listed by Saksena et al. [92].

The rotational energy is given by:
Erot(n,J) = BpJ(J +1) — DpJ*(J +1)? (3.9)

where By (v) and D, (v) are the rotational constant at a given vibrational level v and

electronic level n. For AlO, the constant values are also listed by Saksena et al. [92].

In addition, the measured intensity is proportional to A, .Sy ;j where A, , is the Ein-
stein coefficient and S/ ; is the Honl-London coefficient which takes into account kinetic
momentum degeneracies of the rotational levels. For AlO, the constant values are listed
respectively by Hebert et al. [93] and by Kovacs [94]. The measured intensity is also
proportional to the population of the excited state N(n’,v’, J'). The latter depends on
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three different temperatures, Te, Ty, and Tr..¢ through the partition functions. Assum-
ing a complete decoupling between electronic, vibrational and rotational motions, one

can write:

Zelec(nla Te) zvib(n/a Ula Tvib) zrot(n/7 vla J/a Trot)
Zx

N/ v, J) = x N, (3.10)
where k is the Boltzmann constant, Nt)gt corresponds to population summed over all
the energy levels and Zx is the total partition function which here, is not necessarily
expressed because we compare lines of the same molecule. The individual partition

functions are given by:

E
elec /Te - e - 11
Zelee(1', Te) 96Xp< kTe> (3.11)
E’U’i /7 !
zoib(n, 0", Tyip) = exp <—£$va)> (3.12)
Ero /’ ,,J/
Zrot(nlvjlvTrot) = gJj €xXp <_t(nv)> (313)
kTrot

Finally, the peaks are convolved with Gaussian profiles to take into account the experi-
mental broadening (FWHM=0.061 nm). We developed a simulation program which can
reproduce spectra as a function of the temperature and derive the best fitting tempera-

ture.

A typical spectrum is shown in figure 3.7. For the rotational temperature calculations,
the AlO spectra were measured around 487 nm, which corresponds to the Av = 0 vibra-

tional sequence. The temperature value was obtained using a chi-square minimization
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algorithm. The (v/,v) = (0,0) bands [484.26-486.60 nm| were chosen because the inten-
sity distribution does not depend on the vibrational temperature. Before any chi-square
calculation, the experimental and the tested curve were normalized at 484.56 nm to
avoid self-absorption effects in the band heads (v/,v) = (0,0) and (v/,v) = (1, 1) located
at 484.26 nm and 486.67 nm, respectively. We assumed an error of 500 K due to the
experimental reproducibility and the fitting uncertainties. The temperature does not
seem to vary from 2.0us to 2.5ps. These values are consistent with measurements from

C, molecules under similar conditions [95].
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F1GURE 3.7: Typical spectrum of aluminum monoxide recorded at 2 ps with a gate

width of 100 ns at high resolution (FWHM=0.061nm) for an Al,O, target underwater.

The emission comes from the rovibrational transition between the B2X™" and the X2
states.

3.2.4 Temporal evolution of the chemical composition

From plasma spectroscopy, one can also probe the chemical reactions comparing mea-
sured intensities [See figure 3.8]. In our case, we wanted to investigate the oxidation of
aluminum atoms. Therefore, we measured simultaneously the emission from aluminum
atoms and aluminum monoxide molecules. The first one comes from the (*P! /2—281 /2)
and the (2P3/2—2SI/2) transitions respectively located at 394.4nm and at 396.2nm. For
aluminum monoxide molecules, we probed the rovibrational transitions between the
B2XT and the X2X™ states.

The figure 3.9 was obtained by calculating the ratio between the two emission intensities.
The increase of the ratio agrees with the oxidation of aluminum atoms, which turn into

aluminum monoxide through chemical reactions.

Although a ratio in intensity was measured, the most appropriate quantity is the ratio in

density. To go from one to another, the proportional coefficient f(7") must be calculated
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FIGURE 3.8: Typical spectrum recorded at 800 ns at low resolution (FWHM=0.72nm)
for an Al,O, target underwater.
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FiGURE 3.9: Temporal evolution of the intensity ratio between aluminum and alu-
minum monoxide lines.

The case of aluminum (*P} ,-*S, ,) and (°P§ ,-*S; ;) transitions The two first elec-
tronic states of aluminum are located at F1, = 0eV and E7; = 0.014 eV while the next
ones are located at Fy = 3.1eV [See table 3.1]. This large difference in energy allows

one to approximate the aluminum partition function Z4; when the temperature is much
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lower than 3.1eV (~ 3.6 x 10* K). Following the equation 3.2, one obtains:
ZAZZZQ exp —ﬂ >~ gia + g1b =6 (3.15)
— kT

where the corresponding constants are summarized in table 3.1. Finally, the measured
intensity corresponding to the sum of both (QP(I)/Q—QSUQ) and (QPg/Q—QSUQ) transitions
is given by:

Es
Ly o NV (AAl + AN )9726}( (-) 3.16
Al tot \ 412,1a 2,1b J1a + 916 p kT ( )

Generic name Term E; (eV) g

la P, 0000 2
2p0

1b 2P3 5 0014 4

2 Sip 3143 2

TABLE 3.1: Atomic aluminium energy levels data where the generic name stands for
the index used in this manuscript [76].

The case of aluminum monoxide B2X"-X2X" rovibrational transitions We need to
evaluate the aluminum monoxide total partition function. For AlO, electronic levels are
named following the notations of table 3.2. Only the two first electronic energy levels

can contribute to the partition function since E3 = 2.565¢V is much bigger than kT:

Zuo = Y 9Z(p) (3.17)
~ Z(1)+ Z(2) (3.18)
= 2yin(1)2rot(1) exp <— kE;() + 2yin(2) zrot (2) exp <— kE£> (3.19)

As measured by Sakka et al. [96], we will assume Ty;, = 6000 K. The vibrational

anharmonicity can then be neglected and using the equation 3.12, we have:

Z”Uib(nu Tvib) = Z Zvib(”v v, Tm’b) (320)
_ _we(v+1/2)
- Zy:exp ( T ) (3.21)
1
~ (3.22)

2 sinh ( k%;b)
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For the rotational partition function, we use the equation 3.13 and assumed that the

rotation is a rigid rotator:

Zrot(na J, Trot) (323)

Zrot (na Trot) =

%
= > (27 +1)exp (W) (3.24)
7 rot

In the case of laser induced plasma, one can consider that kT, > B,J(J + 1) and

substitute the sum for an integral:

kTrat

5 (3.25)

Zrot (na Trot) =~

Then, the measured intensity is related to the total density through:

2

AlO
IAlO - Ntot
Z Al10

E
Z Av’,vSJ’,szib(3a UI)Zrot(g, J/)gg exp <— k; ) dv (326)
v, JJ ¢

The sum accounts for the integration over the whole AlO spectrum and can be re-
duced since for any value of v/, A, , could be approximated using (A) = >, Ay =~

8.61 x 105s~! and >y Sy =1 for any value of J'. Using the same approximation as

for the individual partition functions, one obtains:

1 kT,
S zan(B.0) 2 ————— and Y za(3,)) = o (3.27)
: w3 B3
V! 2 sinh <k:T 'b) J!
Finally, the measured intensity is given by:
2 1 kT, E
Tao x A x NAO X x % exp (— 5 > (3.28)
ZAI0 9sinh (k:“ﬁ ) Bs kTe
vib

Generic name Term E; (eV) w; (em™!) B; (em™1)

1 X2Xt  0.000 979.524 0.64165
2 A2, 0.670 729.762 0.53717
3 B2Yt  2.565 870.369 0.60897

TABLE 3.2: Molecular aluminum monoxide energy levels data where the generic name
stands for the index used in this manuscript [76].
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Calculation of the f factor From the equations 3.16 and 3.28, we can calculate the f

factor which follows the equation 3.14:

Al Al
<A2,1a + Az,lb) 92 Z 210 . w3 B3 E3' — E§1©
= X == x 2 sinh Er———
kTvib

_ 23 2
/ A 2 Za T P kT, ) (3.29)

Let us acknowledge that f does not depend on the rotational temperature since Z4;0

also exhibits a linear dependence on T).. Therefore, the term %

rot

compensates with

Z AlO-

In figure 3.10, the value of f is plotted as a function of the electronic temperature and the
vibrational temperature. Two main features are observed: (i) From 2000 K to 10000 K,
the vibrational temperature does not effectively affect the value of f, the electronic
temperature is more likely to modify the value of f. (ii) During the measurement time
scale ie. 100ns - 6 us, the electronic temperature must decrease but in any cases, with
typical values of temperature i.e. T, from 4000 K to 8000 K, the value of f goes
from 0.897147 to 0.298032. Therefore, considering the equation 3.14, the figure 3.9 is
an underestimation of the ratio in density 1\17\,[4;[0 . Using plasma spectroscopy, we probed
chemical reactions by observing a strong oxidation of aluminum atoms to aluminum

monoxide molecules.

3.3 Challenges for equilibration in molecular plasma

The previous section was dedicated to our results on plasma spectroscopy underwater.
One of the interesting features of this work concerns the use of molecules. Indeed, while
in ambient atmosphere, one can rely on ions and atoms to probe the thermodynamic con-
ditions, in our case, ions are not detected and we must manipulate atoms and molecules.
This peculiarity raises the question of equilibrium in the context of molecules. In our
system, two natures of temperature can be distinguished. First, electrons are distributed
on the electronic energy levels. Their population number density is probed by a temper-
ature which can be named the excitation temperature. In atoms and ions, there is only
one excitation temperature corresponding to the distribution along the electronic levels
which will be called T57¢. In molecules, the existence of two additional degrees of free-
dom, vibration and rotation, leads to the need of two other temperatures, T,;;, and Tot.
In the meantime, these elements can move and induce a kinetic energy that is associated
to a temperature. For each species one can identify one kinetic temperature i.e. TE™

elec’

Thm., TZ’ZZL and Tf;’g. Equilibrium in the sense of the plasma temperature designates
the possibility to equalize these different temperatures. In this section, we will briefly

describe the electronic equilibrium as it is usually considered in LIBS measurements.
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FIGURE 3.10: Proportionality factor between the ratio in intensity and the ratio in
density, f, as a function of the electronic temperature and the vibrational temperature

from 2000 K to 10000 K.

Then we will investigate two peculiar equilibration problems that are raised in molec-

ular systems: (i) the equilibrium between electronic temperatures and the rotational

temperatures, (ii) the equilibrium deviation due to chemical reactions.

Excitation temperature

Kinetic temperature

kin
Texc Telec
elec Tkin
T ions
vib Tkzn
T atoms
rot Tkin

mol

TABLE 3.3: Table recapitulating the different temperatures in a molecular plasma.

3.3.1 Electronic equilibration, the McWhirter criteria

In usual plasma spectroscopy techniques, the work is achieved in ambient pressure or

vacuum and the studies focus on the short time scales (< 10ps) where only atomic

and ionic emissions are observed. As a consequence, most of the work on plasma equi-

libration has been done to address the equilibration between the electronic excitation
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temperatures i.e. TS (ions) = TS5 (atoms). To obtain such an equality, the plasma
must be so dense in electrons that there are enough collisions between electrons and
ions/atoms to overcome energy transfers from light emission, ky + k— > ke, As a
consequence, the excitation temperatures correspond to the kinetic temperature of the

kin.
electrons, 1T7;7":

exrc
elec

(ions) = TS (atoms) = TF" = T, (3.30)

elec elec —

When this equality is verified, the system can be considered in a Local Thermodynamic
FEquilibrium (LTE) and TS is abbreviated as T,. Numerically, the first condition to
assess the LTE is the McWhirter criterion:

N, > 1.6 x 1027, Y2 (AE)? (3.31)

where T, is the excitation temperature of the electronic levels (Kelvin) and AE (eV) is
the largest energy gap in the system. In addition, conditions on temporal and spatial
variation ought to be considered. In other words, the plasma evolution must not be too
rapid or too inhomogeneous which is checked by comparing the temporal and spatial
evolution to the time required to establish the equilibrium, 7o, and the diffusion length,

¢, respectively :

T(t+1c) —T(t)

T <1 (3.32)
T(x+axc)—T(x)
@) <1 (3.33)

The reader can find a more detailed description in numerous papers [97-101].

The following paragraph will detail a short study of electronic equilibration in air where

we will actually apply the McWhirter criterion.

The example of Al,O, : Ti/Fe in air

We worked on the ablation of an aluminum oxide AlaOg3 target doped with titanium
(Ti) and iron (Fe) under ambient air. To examine the McWhirter criterion, the elec-
tron density was deduced from the H-« line. The electronic excitation temperatures of
the atoms and ions were obtained using the Fe I lines (~375 nm) and the Ti II lines

(~350 nm) respectively.

The hydrogen residues composing the ambient atmosphere were used to measure the
electron density. The H-« line around 656.6 nm was collected from 0.10 us to 3.0 us (See
inset figure 3.11). For extended times, it was no longer resolved because the hydrogen

electronic levels were not excited any more since the temperature could have been too
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FIGURE 3.11: Temporal evolution of the electron density in log/log scale measured in

ambient air. The inset graph is the time evolution of the H-alpha line measured with

0.19 nm resolution. The red curve is the measured curve at 1.5 us with a typical Voigt
profile.

low. When the H-a line was measured, the Stark effect was observed. The electron
density (INVe) was deduced from the measured full width at half maximum (FWHM).
We used the expression reported by Gigosos et al. [102]. We took into account the
temperature through the weak dependence of the reduced Stark profiles for the Balmer
series reported in the Table AIll.a of Griem’s book [83]. We subtracted the background
using the continuum emission and each spectrum was fitted by a Voigt profile with
the Gaussian width taken as the experimental width. The self-absorption effect was
neglected. The error bars were calculated considering fit errors and uncertainties in the
numerical constants used. In figure 3.11, we observe a decrease of the electron density

from 1x10'® cm™3 to 5x10'6 cm™2 during the first 3 ps.

The electronic excitation temperature of the ions was measured through the Ti II lines
around 350 nm with a resolution equal to 0.032 nm. Figure 3.12(a) shows typical spectra
measured from 347 nm to 354 nm at different detection delays after the laser pulse. Five
lines were selected in order to avoid any self-absorption effect or any overlapping with
undesired lines. The electronic energy levels go from 3.69 eV to 5.57 eV. In figure 3.13(a),
we show two typical Boltzmann plots and the corresponding temperatures obtained at

5 ps and 10 us.

For the atomic excitation temperature, the Fe I spectra were measured around 375 nm
with a resolution equal to 0.032 nm. Figure 3.12(b) shows typical spectra measured from
370.5 nm to 377 nm at different detection delays after the laser pulse. We chose eight
lines which showed no overlapping with others nor exhibited a self-absorption effect. In

this case, the excited electronic level energies range is from 3.33 eV to 4.30 eV. Two
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F1cure 3.12: Typical normalized spectra measured at different time delays with a
0.032 nm resolution measured in ambient air. The red markers represent the lines used
for the temperature calculation.
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FicURE 3.13: Typical Boltzmann plots using the lines referenced in Table 3.4 for
different time delays.

typical Boltzmann plots are shown in figure 3.13(b) where the obtained temperatures
are equal to 667041034 K at 30 us and 5525+922 K at 50 us.

For both measurements, the Boltzmann plots do not exhibit an absolute linear behavior

thus leading to a very high value of the measured incertitude.

We finally obtained the temporal evolution of the different temperatures from 0.1 us to
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Element A (nm) Ay (107057 By (eV)  gup

Ti 1T 347.718 7.59 3.69 8
Ti II 350.489 135 5.43 10
Ti 1T 351.084 133 5.42 8
Ti Il 352.025 93.1 5.57 4
Ti II 353.540 96.1 5.57 6
Fel 370.557 3.21 3.40 7
Fel 370.925 15.6 4.26 7
Fel 371.993 16.2 3.33 11
Fel 372.762 224 4.28 5
Fel 373.332 6.48 3.43 3
Fel 375.823 63.4 4.26 7
Fel 376.379 54.4 4.28 5
Fel 376.719 63.9 4.30 3

TABLE 3.4: Spectroscopic data of the lines used for temperature calculation extracted
from NIST [76].

40 us [See figure 3.16]. For each parameter, the calculation was stopped when one of
the considered peaks was no longer resolved. The excitation temperatures of the Till
ions and the Fel atoms decrease and meet after approximately 10 ps. This result is
a signature of LTE and is confirmed by the measure of N.. Indeed, considering our
excitation temperatures, the critical value of N, given by the McWhirter criterion is
equal to 1.5 x 10" em™ while in our measurement, N, reaches a much higher value

5 x 100 cm™3 after 2 us [See figure 3.11].
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FIGURE 3.14: Temporal evolution of the excitation temperatures of the atoms (Fe I)
and the ions (Ti II) measured in ambient air. The dotted lines stand for the mean
values calculated from 10 us.
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3.3.2 Rotational equilibration

In order to address molecular plasma, the electronic excitation temperatures were com-
pared with the rotational excitation temperature. We extended our work done in air
and described in the 3.3.1 section. The AlO rovibrational spectra (~487 nm) were mea-
sured and the rotational temperature was derived using the method described previously.
Based on these results, we present the complete time evolution of these different tem-

peratures over a long time scale [0.1 — 90 ps] and discuss the issue of their convergence.

In figure 3.15, we plot three typical curves measured at three different detection delays
with a resolution equal to 0.032 nm and the corresponding simulated curve. The temper-
ature derivation follows the method described previously [See section 3.2.3]. Although
the electronic excitation temperatures match, the rotational temperature exhibits a dif-

ferent asymptotic value, Tyo+ —35154+470 K [See figure 3.16].

In the following paragraphs, we will try to clarify this peculiar phenomenon. First, we
will describe the spatial distribution and show that A1O and Al are located at the same
position when the rotational temperature is measured. Then, following considerations on
orders of magnitude, we will determine the influence of different kinds of collisions for the
rotational energy transfer. This will allow us to conclude that collisions between heavy

species and aluminum monoxide must be responsible for the rotational temperature.

The spatial distribution In figure 3.17, the spatial distributions of the aluminum and
the aluminum monoxide species are represented for different time delays. From 4 us
to 28.8 us, the species are not disposed in the same region. Aluminum monoxides are
created at the plasma periphery and close to the target surface. Lower temperatures
are expected in these regions since temperature gradients can emerge in the plasma.
For longer delays, the two species seem to merge into a homogeneous phase. Therefore,
considering that the rotational temperature is not measured below 30 us, the difference
between the temperatures cannot completely be interpreted as a temperature gradient.
During most of the temperature comparison (See figure 3.16), all the species are located
at the same place. In addition, with the experimental setup, the observation area is few
hundreds of micrometer in size. Therefore, we only observed a small area of the plasma

where gradients should not be very significant.

Orders of magnitude This finding suggests a deviation from a local thermodynamic
equilibrium including the excitation temperature and rotational temperatures. In or-

der to justify this peculiar result, we will establish that the rotational temperature is
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F1cURrRE 3.15: AlO spectra for different time delays with corresponding fitting curve.
The black curve is the experimental one and the red curve is the simulated one. Two
Ti I lines are also observed at 40 us.

predominantly driven by the collisions between the heavy species. For numerical appli-
cations, we assume that the kinetic temperature T of the electrons and heavy species
have similar orders of magnitude. We set it to 5000 K. The collisional cross-section, o,
for electron/heavy and heavy/heavy [103] collisions are similar in terms of their orders
of magnitude (10715 ¢cm?) for neutral heavy species. Finally, we assume that the heavy

species density Ny is greater than or equal to the electron density N.

Rotational energy transfer First, we consider the rotational energy transfer due to

a collision. This process is a momentum transfer. The transferred mechanical energy

between an electron and a heavy species is similar to E, /g = ;1; kpTX" while between
two heavy species, it is Ey g = kpTX™. But, the mass of the heavy species, mp, is
approximately 10000 times bigger than the mass of an electron, m. (43000 for A10, 16000

for O and 27000 for Al). As a consequence, the energy transfer due to an electron/AlO
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FIGURE 3.16: Temporal evolution of the excitation temperatures of the atoms (Fe I)
and the ions (Ti II) and the rotational temperature (AlO). The dotted lines stand for
the mean values calculated from 10 ps.
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FIGURE 3.17: Temporal evolution of the excitation temperatures of the atoms (Fe I)
and the ions (Ti II) and the rotational temperature (AlO). The dotted lines stand for
the mean values calculated from 10 pus.
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collision contributes 43000 times less than a heavy/AlO collision. Moreover, in a given
vibrational state v, the rotational energy is distributed as B,K (K + 1) where K is the
rotational quantum number. Evolution from the K to the K+1 level requires a collision
energy transfer of 2(K + 1)B,. In terms of orders of magnitude, the energy available
after an electron/heavy collision (E, gz ~ 1 x 107° ¢V) is smaller than the rotational
constants B, ~ 7 x 107° eV for AlO while the energy available after an heavy/heavy
collision (B pr ~ 4 X 107! eV) is four orders of magnitude higher. When K is too high,
electrons can no longer provide enough energy, and only heavy/heavy collisions excite

the rotational levels used in our fit for T}..:.

Time scale of the mechanisms Now we estimate the collision rates and the charac-

teristic times of the process. The rates are generally given by f = N X ¢ x u where ©

SkBTKin
mh

species. Therefore, the ratio between the collision rates for electron/heavy, f. g, and

is the average velocity, uw = with p the reduced mass of the two considered

for heavy /heavy, fy /1, 1 bounded above by:

feru < [mu

~ 1 .34
fH/H Me 00 (3:34)

There are approximately hundreds of times more collisions between electrons and heavy
species than between heavy species alone. Assuming densities of at least 10'6 atoms/cm =3,
the mean time between two collisions between heavy species, at most 500 ns, is a
couple of orders of magnitude smaller than the time scale of the experiment and the
time evolution of T;.,;. Therefore, we can assume that the rotational levels of the AlO
ground state are thermalized, so there is a translational-rotational equilibrium. Then,
Te/g = 1/feym ~ 3 1s is short enough to excite the B2X" level of AlO in comparison
to its emission lifetime of 116 ns. According to Bruggeman et al. [104], “the electron

excitation will basically map the ground state rotational distribution onto the excited

state rotational distribution.”

Two collisional processes, two temperatures As a consequence, having more collisions
between electrons and heavy species is not critical since only the rotational levels of
the ground state require a rotational thermalisation. Also, it is less favourable for
the electron gas to drag a diatomic molecule into rotation, especially for the highest
rotational levels, since these quantum levels need to be excited via collisions with the
heavy species such as ions, atoms or molecules. The low K levels only contribute to
the band head, which are not considered in our fit procedure. Therefore, since we only
used the high value of K for our calculation, the obtained rotational temperature can be

TKin

heavy- Furthermore,

seen as a signature of the kinetic temperature of the heavy species
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in laser plasmas, the kinetic temperature of the electrons is assumed to be higher than
the kinetic temperature of the heavy species. Two different physical processes drive
the establishment of the equilibrium for the excitation temperature and the rotational

temperature. As a result, the temperatures do not converge to each other.

3.3.3 Perspectives on the role of chemical reactions

In the previous section, we demonstrated that electronic temperatures do not necessarily
match the rotational temperature. This was explained by the difference in the excitation
processes i.e. electronic energy levels can be excited by electron collisions while rotational
energy levels need collision between heavy species. Here, I will present two preliminary
results obtained for the temperature equilibration. We, first, compared the rotational
temperature with the vibrational temperature. Then, we also examined the difference

between rotational temperature of two different diatomic species.

The rotational and vibrational equilibration Rotational and vibrational temperatures
are compared for aluminum monoxide. We worked on the ablation of an aluminum oxide
Al,O4 target. Using two different monochromators, we monitored rotational lines of
aluminum monoxide (Av = 0) and vibrational lines (Av = [1, 2, 3]) [See figure 3.18]. The
rotational temperature is deduced from Av = 0 using the method previously described in
the section 3.2.3. For the vibrational temperature, Av = [1,2, 3] lines are used to avoid
self-absorption of the Av = 0 lines. Calculated and experimental spectra are normalized
by overall integration. In figure 3.19, the temporal evolution of both temperatures are

plotted.

From here, there are two singular observations: (i) The two temperatures are not similar,

(ii) the vibrational temperature does not vary with time.

As initial explanation of (i), the formation of aluminum monoxide does not naturally
balance the rotational and the vibrational energy. Indeed, the chemical reactions induce
a release in energy which can be distributed among the degrees of freedom i.e. trans-
lation, vibration and rotation. Then, the balance between these degrees of freedom is
not necessarily uniform thus explaining the observed difference. In order to probe the
released energy partitioning, we used Born-Oppenheimer molecular dynamics (BOMD)
calculation. The technique employs forces computed from quantum density functional
theory [See section 4.2] to deduce the dynamical behavior of the system. Preliminary
calculations for the creation of AlO were run at 0 K i.e. no initial kinetic energy which
means that the resulting kinetic energy is granted by the decrease of the potential energy.

At first, the aluminum atom joins the dioxygen to form AlO,. Potential energy surface
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Ficure 3.18: AlO rovibrational spectra for different time delays with corresponding
fitting curve. The black curve is the experimental one and the red curve is the simulated
one.

calculated already identified this molecule as a transition state located in a potential

energy well [105]. The molecule vibrates and one oxygen atom is finally detached. AlO
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is thus formed and vibration and rotation of AlO is observed. Following these calcu-
lations, we still need to deduce the rotational and vibrational energies of the produced
AlO. Additional work must also be done to obtain similar computational results at

higher temperatures, 4000 K for instance.

In addition, self-absorption is more likely to occur when considering vibrational spectra.
This would alter the temperature fitting. Supplementary work on correcting the self-
absorption must therefore be done to conclude on this matter (See for examples Rezaei

et al. [106] and Hermann et al. [107]).
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FI1GURE 3.19: Temporal evolution of the rotational and vibrational temperatures mea-
sured from AlO.

Two temperatures for two molecules Here, we will discuss an other kind of non
equilibrium which can occur when comparing rotational temperatures from different

diatomic molecules.

We worked on the ablation of a target made of Al,O4 (75% Aluminum atomic percent-
age) and TiO (25% Titanium atomic percentage). This way, the rotational spectrum of
AlO and TiO could be measured as a function of the temperature using the same target
and under same experimental conditions. In addition, similarly to the work done with
rotational temperature of aluminum monoxide AlO [See section 3.2.3], a C++ code was
developed to simulate the rotational temperature from titanium monoxide TiO following
works of Woods et al. [108] and Hermann et al. [109]. The electronic and vibrational
constants are taken from in Phillips et al’s work [110] and the rotational constants are

found in Ram et al’s article [111]. The measurement are done from 705nm to 711 nm



Chapter 3 Underwater plasma spectroscopy, implementation and fundamental
consequences 53

8.45457 ps 16.90914 ps 25.36371 ps 33.81828 ps 42.27285 ps

50.72742 ps 59.18199 ps 67.63656 ps 76.09113 ps 84.54570 ps

93.00027 ps 101.45484 ps 109.90941 ps 118.36398 ps 126.81855 ps

135.27312 ps 143.72769 ps 152.18226 ps 160.63683 ps 169.09140 ps

177.54597 ps 186.00054 ps 194.45511 ps 202.90968 ps 211.36425 ps

FIGURE 3.20: Dynamical evolution of the sytem made of O, and Al obtained via
BOMD calculation. The red spheres stand for oxygen atoms and the blue spheres
stand for aluminum atoms.

since at these wavelengths, the contribution from (v”,v") = (0,0) is the most prepon-
derant in comparison to Av = 1. Consequently, the vibrational temperature should not

play a decisive role.

In figure 3.22, typical experimental curves are plotted along with their corresponding
fitting curves. The rotational lines were resolved enough from 25pus to 60 ps for both
AlO and TiO. The temporal evolution of the two rotational temperatures is given in fig-
ure 3.21. From 25 ps to 40 s, we can observe a difference between the two temperatures.

Then, they converge towards the same value around 4000 K.

From here, two explanations can be discussed. First, AlO and TiO can be spatially
located at different areas of the plasma because aluminum and titanium atoms do not
have the same atomic weight. The difference in temperature would then be explained by
a temperature gradient. Yet, as explained in section 3.3.2, the observation area should
not be large enough to observe such a gradient. As a second explanation, the chemical

reactions forming TiO and AlO are both exothermic but they can release a different
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F1GURE 3.21: Temporal evolution of the rotational temperatures measured from AlO
and TiO rotational spectra.

amount of energy which would then lead to different rotational temperatures. As in the
previous section, BOMD calculations on the chemical dynamics may give insights on

this matter.
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3.4 Conclusion

Plasma spectroscopy allows one to probe the electron density, the temperature and the
relative chemical composition. In water, experimental difficulties may appear due to the
liquid confinement. Consequently, ions and atoms cannot be used in water, atoms and
diatomic molecules are used instead. We have been able to measure the electron density
for the ablation of alumina in water and showed that it was ten times higher than in
air. Also, rotational temperatures have been obtained using aluminum monoxide lines.
2.0 us after the laser pulse, it is equal to 3400 £+ 500 K. The chemical composition was
then probed by monitoring the ratio between aluminum monoxide and aluminum emis-
sions. This ratio was corrected to reach a ratio in number of particles using appropriate
partition functions. From this, it appeared that the plasma is increasingly composed of

aluminum monoxide.

In addition, these results raised our attention towards equilibration processes. First,
McWhirter criteria compare electron collisions with other energy transfer processes and
determine a condition in the electron density to reach equilibrium between electronic
temperatures of different species. However, it does not inform on other types of equili-
bration. For instance, we have been able to prove that although McWhirter criteria are
fulfilled and electronic temperatures of ions and atoms are equal, the rotational temper-
ature is not necessarily the same. To explain this observation, we considered an other
excitation process which is the collisions between heavy species. Then, we demonstrated
that this second collisional process is responsible for the rotational levels excitation
which explains why two different temperatures are observed. Finally, we performed two
additional studies. We discussed the equilibration between vibrational and rotational
distributions and showed that they do not naturally match. Also, when comparing rota-
tional temperatures from different diatomic species, a difference can be observed. These

two striking results may be analyzed under the light of chemical reactions.
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LASMA spectroscopy is a powerful technique to characterize the early time scales
P after the laser ablation. We have been able to implement this method to probe the
chemical composition and the temperature in the first microseconds after underwater
laser ablation. We showed that aluminum atoms turn rapidly into aluminum monoxide.
Subsequently, chemical reactions should form bigger molecules until reaching a particu-
lar one, AIXOy. Then, aggregation occurs and these AIXOy should bind one to the other
and finally form the alumina nanoparticles. In that case, this seed is called the criti-
cal nucleus, or nucleation core, since it drives the mechanisms from chemically induced
transformations to growth by simple diffusion. However, the steps leading to the ap-
pearance of the nucleation core cannot be explored experimentally since the plasma is no

longer optically active. To overcome this difficulty, we developed a molecular approach

o7
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to nucleation based on quantum chemistry. In this chapter, we will first report the the-
oretical formalism for classical nucleation and exhibit its limitations for nanoparticles.
Then, we will describe how computational chemistry can be used to determine molecular
cluster structures. In the last section, we demonstrate how this approach allowed us to
derive a thermochemistry model for the gas composition in laser ablation. We will use

this method to investigate the nature of the nucleation core in the laser ablation process.

4.1 Classical nucleation theory and its limitations

A liquid considered homogeneous is in fact always under fluctuations. These changes
may lead to small molecular aggregates with higher mass density. So, little nuclei of
crystal spontaneously appear. When the thermodynamic conditions (T, P) set the liquid
as stable, the nucleus disappears. Otherwise, depending on its size, it can either dissolve
or it can grow. The nucleus would then expand and change the whole phase of the
system. The particular size at which the nucleus grows is called the critical radius.
This phenomenological approach is called classical nucleation theory and was originally
derived by Volmer, Weber and Farkas [112, 113] followed by Becker and Doring [114]. It is
observed in crystallization but it can also be observed in any first-order phase transitions
such as melting, vapor-phase condensation, boiling, solid-state precipitation, glass and
binary separations [115-118]. A very nice picture of the nucleation stages was recently
published by Chakraborty et al. [119]. They studied the nucleation of NaCl crystal
in water using molecular dynamics simulations and followed the early-stage nucleation
leading to the growth of the crystal. In figure 4.1, one can observe that after 90 ns, a

crystal-like structure seems to appear spontaneously and grow hereafter.

4.1.1 Nucleation core

The nucleation core size and its appearance rate are two characteristics that ought to be
investigated. Let us consider ng moles of pure phase in liquid phase at the temperature
To and the pressure Py. We will suppose the creation of a crystal nucleus of n moles at
T. and P,. The grand canonical point of view is adopted, the mechanical and thermal

equilibria are established rapidly leading to:

T.=Ty & P.=P+2% (4.1)
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10 ne LRI , ,3.0 ns

90ns  150ns

FIGURE 4.1: Temporal evolution of the Na™ (blue) and C1~ (yellow) ions during the
crystal growth in water. Figures are reprinted from Chakraborty et al. [119].

where 7 is the surface tension and r is the nucleus size. We define the thermodynamical

potential, G, as the Gibbs free enthalpy:

G=U-TpS + RV (4.2)

Let us consider the evolution from the homogeneous liquid to the same homogeneous
liquid with a crystal nucleus inside it. The variation of GG induced by such a transition
is given by the difference in chemical potential plus the surface energy induced by the

appearance of an interface. More explicitly, we have:

AGo = n{pec (To, Pe) — i (To, Po)}t +vs (4.3)
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where n is the number of moles, s is the nuclei surface and p is the molar chemical

potential. The r dependence of n and s allows us to describe AGy as a function of r:

4773

AGO (TO, P(), T) = m

(e (To, Pe) — pu (To, Po)] + 4”77"2 (4.4)
where v, is the molar volume of the nucleating phase. This expression for AGy is
called the capillary approximation. If the crystal phase is the most stable, . (7o, Pr) <
0AG, -0

87" *

w; (To, Po), one can calculate a critical value of r following the condition
r=r

. _ 2vve (To, Po)
i (To, Po) — pe (To, Pre)

r (4.5)

r* is the critical radius, i.e. the smallest size of a germ that can turn into the new phase.
In homogeneous nucleation, spontaneous fluctuations are required to create such a germ
which would then produce the phase transition. In addition, the nucleation rate, J i.e.
the number of clusters of the new phase appearing per unit of time and volume can be

derived as a Arrhenius’s perspective using:

(4.6)

AGy(Toy, Py, r*
J:Kexp(— Go(To, O’T)>

kTo

where K is the kinetic prefactor according to Becker and Déring [114]. For homoge-
neous nucleation in supersaturated vapor, CNT appears to be very successful. Indeed,
Strey et al. observed nucleation events in an expansion chamber loaded with 1-butanol
vapor and measured the number of droplets through a Lorentz-Mie scattering measure-
ment [120]. They calculated nucleation rates and proved that the experimental results
agreed with CNT predictions. More recently, Diemand et al. used large-scale molecu-
lar dynamics simulations to cover the homogeneous bubble nucleation (liquid-to-vapor
transition) [121]. Half a million Lennard-Jones atoms during 56 million time steps were
examined allowing the authors to observe the nucleation at unprecedented accuracy. In

this context, they showed that CNT could be applied to predict the nucleation rate.

4.1.2 Beyond classical nucleation theory

Limitations CN'T is very practical to interpret classical phase transitions especially
for gas to liquid transitions. However, this approach still remains controversial for
quantitative results [122-124]. More particularly, for the growth of nano-materials, the

approach has several limitations.

The capillary approximation assumes that the nucleation core properties are equivalent

to the bulk one. Especially, the surface tension v is considered equal when changing
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the size of the nucleus. This hypothesis is very crude since the notion of volume and
surface is not so consistent for small clusters where there can be more molecules located
at the surface than in the volume. In addition, v can hardly be approximated to the
bulk value. Indeed, for liquid in vapor, Tolman proved that the surface tension decreases
with the droplet size [125]. Also, according to the experimental observation of Ostwald’s
rule, the most stable phase is not always the one that grows first. In other words, there
is no reason why the nucleation core should be similar to the final phase. Geometrical
reorganisation can occur. Therefore, the parameters such as the molar volume and the
surface tension of the growing cluster can be different from those of the final phase.
Morevor, in CNT the nucleus is considered homogenous, only one parameter drives the

nucleation i.e. the nucleus radius.

Other approaches to nucleation Historically three paths have been studied to improve
CNT:

e Modification of the capillarity approximation: Lothe and Pound proposed to add
translational and rotational degrees of freedom in the free energy expression [126].

This development results in an increase of 1017

in the nucleation rate leading to an
even worse accuracy than CNT. To improve the free energy expression Dillmann
and Meier added semi-phenomenological considerations by trying to take into ac-
count the change of the surface tension with the size of the cluster [127, 128]. An
agreement with experimental results was found for the vapor-to-liquid transition
in several systems such as nonane, water and alcohols. More developments can be

found in Strey’s article [120].

e Kinetic approach: Similarly to the thermodynamic approach to CNT, a cluster
dynamic resolution can be derived [116]. It is a kinetic method based on a master

equation:

aC(n,t)

S = Bn—1)CMm—1,6) =1(m)C(n,?) (4.7)

—B(n)C(n,t) +v(n+1)C(n+1,t) (4.8)

where C'(n,t) designates the concentration of clusters with n monomers and where
B(n) and y(n) designate respectively the forward rate at which the cluster of n
gains particles and loses particles. Martin et al. proved that this second approach
is fairly equivalent to the CNT [129]. One breakthrough concerns nonetheless the
fact that 3, and 7, can be parametrized through the knowledge of the cluster
properties [130]. Very recently, Lee et al. used computational chemistry to op-

timize (TiO,), clusters and extrapolated the size dependence of the free energy
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to build the kinetic model of nucleation [131]. However, their results ought to
be confirmed experimentally and lack considerations on the stoichiometry of the
clusters. They imposed the atoms to recombine via (TiO,), molecules which is

n

not evident especially at high temperature.

o C(lassical density functional theory: The first set of methods concerned thermo-
dynamics of macroscale systems while the second set of methods was focused on
a microscopic approach. In classical density functional theory, an intermediate
approach is followed where the macroscopic scale is taken into account through
the use of an average density and where the calculations are done at molecular
distance scales. The free energy is then expressed as a functional of the density
and the challenge is to determine a clear picture of the functional and the density.
In addition, the nucleation rate expressed in the Arrhenius’s perspective [See equa-
tion 4.6] can be completed through diffusion equation in space [132]. For additional

information, one can refer to these articles [133-135].

For further details on the CNT’s limitations, the reader can refer to Oxtoby’s article
[136]

Regardless of the employed method, approaches based on stoichiometric growth should
be avoided for nanoparticle crystallization since chemically induced transformation must
be considered. In the contexts of PLAL and synthesis of aluminum oxide, we deal with
a binary system made of aluminum and oxygen atoms which is driven in a highly non
equilibrium states due to the liquid confinement. The synthesized nanoparticles still
hail from nucleation and growth. The nature of the nucleation core however is not clear
and can hardly be explored experimentally. In the following section, we will describe
how computational chemistry can be used to identify the molecular steps leading to the

creation of the nucleation core.

4.2 Computational chemistry to investigate the intermediate

clusters

Emerging with the birth of quantum mechanics, computational chemistry has attracted
more and more attention thanks to the increase of computer capacities. The general idea
is to use the power of computers to solve mathematically problems from chemistry. More
precisely, the aim of computational chemistry is to provide quantitative information on

the structural and the thermodynamic properties of materials. In this section, I will
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begin by briefly reviewing different methods. Then, I will describe the approach we

used to investigate the alumina clusters.

4.2.1 Computational methods

Three methods for computational chemistry are commonly used: ab initio, quantum
density functional theory (DFT) and semiempirical approaches. They are all derived

from the the Schrodinger equation:
HW = Ew (4.9)

where ¥ is a wavefunction, E is the total energy and H is the Hamiltonian operator

expressed under the Born-Oppenheimer approximation [137] as follow:

electrons nuclei electrons electrons
T
% 1<J i

where 7;; is the distance between the particles ¢ and j, V% is the Laplacian operator
acting on the particle i, Z; is the charge of the nucleus 7. The first term designates the
kinetic energy of each electron while the nuclei are considered fixed. In the second term,
the Coulombic interaction between the electrons and the nuclei are grouped. In the last

term, we consider the electron-electron repulsion.

Ab initio methods In Latin, ab initio means ”from the beginning”. In the particu-
lar context of computational chemistry, this term designates all the methods in which
nothing more than the Schrodinger equation is exploited. The first attempt at using
this approach concerns the Hartree-Fock (HF) calculation. The idea is to approximate
the electron-electron repulsion term to consider only one-electron interactions with an
averaged Coulombic field meaning that no correlation between electrons is taken into
account. In other words, the behavior of electrons only depends on the positions of
the nuclei. In addition, the wavefunctions are constrained under linear combinations of

atomic orbitals (Hartree-Fock orbitals).

The accuracy of the calculation is improved by taking into account electron correlations.
The Mgller-Plesset approach is then often employed. Here, the wavefunction is consid-
ered in a perturbation theory and each additional term constitutes an improvement of
the calculation. These calculations are called MPn methods where n designates the

number of iterative perturbations.
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Quantum Density functional theory In the ab initio approach, the Hamiltonian is
fully described and obtaining accurate wavefunctions constitutes the cornerstone of the
calculation. In density function theory, the general idea is to substitute the wavefunction
with the electron density, p(7) in order to reduce the number of degrees of freedom
from 3N to 3. However, in this formalism, the Hamiltonian is no longer determined
analytically since it is no longer a functional of the wavefunction but of the electron
density. In the DFT approach, the Coulombic interaction is then separated into two
terms, an electron-electron interaction, Fe., and an ”external potential”, V., which
takes into account the nuclei attraction. Hohenburg and Kohn proved two theorems
that set the basis of DFT in 1964. (i) First, they demonstrated that there exists an
unequivocal relation between the electron density and this external potential which then
could determine the classical Hamiltonian and the wavefunction. In other words, the
two formalisms are completely equivalent. For one expression of p, there exists a unique

Vezt so that the energy, F is given by:

Elp] = Veat[p] + T[p] + Eeelp] = Veat[p] + Fur|p] (4.11)

where T'[p] is the total kinetic energy. The two terms are regrouped and named the
functional of Hohenberg and Kohn, Fx which is universal for any system since p only
determines V... But no analytical expression for the functional of Hohenberg and Kohn
has been found yet, mostly due to the complexity in expressing the kinetic energy in
terms of a functional of p. (ii) Later, Hohenberg and Kohn also showed that the density

obeys a variational principle where the ground state energy FEy can be expressed as:

Eo = min Flp) (4.12)

thus allowing to find Ey by minimizing the expression of E[p] with respect to p. We
emphasised previously that the critical point was to determine F . In 1965, Kohn and
Sham highlighted that the problem could be considerably reduced by substituting the
interacting electrons moving in V¢;; for non-interacting electrons moving in an fictive
potential V. In practice, one defines the fully classical term of the Coulombic interaction,

J[p], following:

J(p] = Eeelp] — Eqlp) = % / / Wdde (4.13)

=
where Ey[p] is the quantum term of the Coulombian interaction which takes into account

the exchange and the correlation terms. From here, F[p] is rewritten as:

Elp] = Tslp] + J[p] + Vear|p] + T[p] — Ts[p] + Eeelp] — J|p] (4.14)
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where Ts[p] designates the kinetic energy of the fictive system meaning the non-interacting
electrons moving in the fictive potential V. The first three terms can be calculated an-
alytically while the four others are regrouped into the exchange-correlation functional,
FE.. so that:

Elp] = Ts[p] + Jp] + Veat[p] + Ezclp] (4.15)

This designation of F,. arises from the fact that the classical electron-electron repulsion
does not take into account correlation and exchange in the electron-electron interaction.
Indeed, to get a better perception of this approximation, for a one electron system, J, as
expressed in the equation 4.13, is not equal to zero while no electron-electron interaction
should emerge. There is a need for a correction term which would stand as a ”hole” in the
system. This particular case materializes the concept beneath the exchange-correlation

term.

From here, according to the Kohn-Sham theorem, the fictitious system made of non-
interacting electrons moving in the effective potential Vs should have the same energy

as the real one given by the equation 4.15:
Ts[p] + Veat[p] = Ts[p] + J[p] + Vs[p] + Euclp] (4.16)

By differentiating with respect to the electron density p, one obtains an equation to link

Vs the fictive potential to the real energy components:

)
Ve Ve + [ pf)’

[

. dr’ + Ve (4.17)

where V. is the functional derivative of E,.. Granted by an expression of F., one can
calculate Vg and deduce p. The procedure is then reiterated to deduce from p a new value
of V5 and the calculation is stopped when both Vs and p converge. Yet, the calculation
of Vs requires the knowledge of the exchange correlation functionnal, F,.. Practically,
different expressions for F,. have been developed from fundamental quantum mechanics

or from parametrizing functions reproducing experimental results.

The breakthrough lies in the fact that calculations are no longer made within a 3N
dimensional space (3 per electrons) but within a 3 dimensional space. This achievement
reduces considerably the computational time. However, the choice of the functional is

crucial to performsho accurate calculation.

Semiempirical approach In a semiempirical calculation, the wavefunction/Hamilto-

nian formalism is adopted. However, numerous approximations are used to facilitate
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the computation. The core electrons are often neglected just like some of the two-
electron interactions since for large molecules the term % can be considered as equal
to zero. Apart from these mathematical approximations, the correlation between elec-
trons that were omitted in the Hartree-Fock calculation are now approximated through
several parameters. These parameters are chosen to reproduce experimental results and
the best ab initio calculations. This parametrization is the reason why the method is

called ”semiempirical”.

For more details, please refer to books and reviews describing mathematically and qual-

itatively methods of computational chemistry [138-140].

4.2.2 The case of aluminum oxide clusters

Review of the previous studies on aluminum oxide clusters The main idea beneath
the previous works done on aluminum oxide clusters was to use computational chem-
istry to understand the photoelectron spectra. Indeed, Desai et al., for example, focused
on ALLOy with z = 1 —2 and y = 1 —5 [141]. They calculated the binding energy
and vibrational frequencies of Al, Oy clusters with their excited states but only clusters
from specific symmetry properties were considered. Later, Ghanty et al. accomplished
a similar work for aluminum clusters with more atoms of aluminum i.e. Al;O0, and
Al;04 [142]. This time, HF and DFT were used and a full structural characterization
was presented. Again, photoelectron spectra were simulated and a qualitative agree-
ment with experimental measurements was found. The group of Siilzle published two
articles in 2000 and in 2005 where they worked on bigger clusters until Al,O, [143, 144].
They showed first that the functional named BP86/6-31G(d) was a good compromise
between computational cost and accuracy for Al,O,. Then, they performed geometrical
optimization on all the clusters Al O, for [z,y] € [1,4]. In addition, more recently,
several papers have been published specifically on (Al,O4), [145-150]. Especially, we
would like to mention the work of Sharipov et al. where the heat capacity of clusters
with n € [1 : 4] were calculated [147]. Also, in both articles written by Rahane et al.
and Li et al., a systematic geometrical optimization approach was used [145, 146]. In-
deed, they used, respectively, a generic algorithm and simulated annealing calculations.
Moreover, Rahane pushed the calculations to (Al,O4),, and showed that the clusters are
more similar to 7-(Al,O4) than to a-(Al,O4). This latter result could be related to the
work already mentioned in the chapter 2 on alumina structural stability with respect to
size [60] where it was shown that 7-(Al,O5) should be the most stable structure below

10nm.
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This short review illustrates the idea that aluminum oxide clusters have been explored by
numerous research groups in the past two decades. However, no systematic optimization
approach for the structures has been employed to cover both small clusters and big ones.
Also, few papers performed calculations at ab initio levels of theory. Moreover, while

stoichiometrically stable clusters i.e. (Al,O4), were studied frequently, no calculation

n
has been done to address out-of-stoichiometry clusters such as Al O,. In the next
paragraph, we propose a systematic optimization approach combining a semi-empirical
approach with DFT and ab initio calculations to cover clusters AL, O with [z,y] € [1,12]

in the most stable geometry but also in more unstable isomers.

A systematic optimization approach Figure 4.2 reviews schematically the computa-
tional algorithm used for the structural investigation. For each value of x and y, we start
from a set of 1000 geometries where atoms are randomly disposed with interatomic dis-
tances corresponding to the covalent bond distances. The system is then relaxed via a
PM3 semi-empirical method [151]. The remaining geometries are then optimized using
Density Functional Theory (DFT) calculation. Two sets of bases are used successively,
B3LYP/6-31G* and B3LYP/6-3114+G(3df,3pd).

Random
os|[¢ e o] x1000
. “ 1 (...)
L) ® °Q o ese

P M 3 Semi-empirical

X 255 Optimization / Similar
kf. § geometry removal
Jwe R ()

B3 LYP/ 6‘3 1 G* Density Functional Theory

x50 Optimization / Similar
: geometry removal
L X R J
X 34 Optimization / Similar
3 geometry removal
t=176 hours
L X N J

FiGure 4.2: Computational optimization algorithm illustrated by the example of

Al,O; molecules. After each step, similar geometries are removed. The number of

remaining geometries is indicated above the brackets. The time corresponds to the
computational time for each step.
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The dissociated geometries are removed and only geometries whose energy is at most
2 eV higher than the ground state are kept as the others are not relevant for the temper-
atures studied . For the biggest clusters (Al,O5)5 and (Al,O4),, the structures published
by Sharipov et al. [147] were used as inputs in our optimization process. DF'T and MP2

calculations were performed with the Gaussian09 D01 revision.[152]

The Gibbs energies were determined using MP2 and B3LYP according to the following
steps. The harmonic frequencies were calculated by B3LYP/6-3114+G(3df,3pd) using
the structures optimized. MP2 thermochemistry was determined by adding B3LYP
thermal correction factors to the MP2 single-point energies and is reported as MP2/6-
311++G(3df,3pd)//B3LYP/6-3114+G(3df,3pd).

We investigated all the molecular formulas following (z,y) € [1;4]. In addition, two
stoichiometric trends were followed, (AlO), and (Al,Os),. (AlO), with n < 8 were
chosen because Patzer et al. demonstrated that for clusters with x and y smaller than
4, this stoichiometry is the most stable [143]. (Al,O3), with n < 4 were investigated
because it corresponds to the bulk stoichiometry. The figure 4.3 shows the most stable

structures obtained in this work.

Comparison with previous works For most of the molecules, the results are consistent

with various work published previously [143, 146, 147].

Nevertheless, for others clusters such as Al1O, and Al,O5, our most stable structures are

different from Patzer’s work [143]:

e For AlO,, the most stable structure obtained with our method places the aluminum
in the center of 4 atoms of oxygen regrouped in pairs [See figure 4.4(a)]. We
optimized both geometries using BP86/6-31G(d), and just like in Patzer’s article
it was shown that our structure remains the most stable regardless of the level
of theory used for optimization. As a consequence, our optimization approach
allowed us to determine more structures than the Patzer’s method since it is more

systematic.

e For Al,O,, the two structures are very similar in energy using BP86/6-31G(d)
while the kite-shaped is slightly more stable [See figure 4.4(b)]. But, using MP2/6-
3114+G(3df,3pd), the linear structure is found to be indeed more stable.

The method presented in figure 4.2 displays two main advantages. First, it is sys-

tematic and allows for the investigation of multiple structures at a time without any
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FIGURE 4.3: Most stable structures obtained at MP2/6-311++G(3df,3pd)//B3LYP/6-
3114+G(3df,3pd) level of theory. The grey spheres and the red spheres correspond
respectively to the aluminum atoms and the oxygen atoms.
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biased consideration of symmetry. Then, the level of theory reaches ab initio MP2/6-
3114+G(3df,3pd) and is therefore more accurate when it comes to the calculation of

energies.

Based on these isomers, we can derive the equilibrium composition of a gas composed of
aluminum and oxygen atoms as a function of the temperature and the initial proportion
of elements. To that end, we will first introduce the Van’t Hoff law which characterizes
the equilibrium condition between chemical components and then we will show how to

use it in practice.
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FIGURE 4.4:
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Absolute zero point energy for two isomers at different levels of theory.
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4.3 A thermochemistry model for the gas composition and its

experimental justifications

4.3.1 Theoretical model

The Van’t Hoff law Let us consider a chemical reaction such as :

zn: v X, =0
i=0

(4.18)

where X; are the chemical compounds and v; are the stoichiometric coefficients that

can be either positive or negative. The expression of the chemical reaction implies a
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relationship between the different numbers of molecules N;:

ANy dN» AN,

. 4.19

121 120 Un ( )
At equilibrium, G reaches a minimum at T and P constants so that dG = —SdT +
VAP + " o widN; = 0. Considering the equation 4.19, we can write:

Z Vi i (T7 P, {NZ}) =0 (4'20)
=0

In the meantime, we can derive an expression for u; using the total partition functions

Z =1l ]f,z, The Gibbs free energy is given by: G = E,e. — kpTInZ where FEg. =

>, NiE; stands for the electronic term of the total internal energy. Using the Stirling

approximation, this equation can be developed:

G =) _ NE;—kpT {— (NinN; — N;) + Nilnz; + InZ'} (4.21)

Then, the chemical potential is related to the Gibbs free energy through: u; = g—ﬁ

i = El — kBT (lnzz — IIINZ) (422)

From the expression of z; and more specifically the expression of zy-qns, One can extract

the volume and include the volumetric concentration in the equation:

2mm;kpT)3/?
wi = E; — kT {In ((mn:f)zvmizmt,J — lnC’i} (4.23)

The equilibrium condition given by the equation 4.20 can, now, be written in terms of

concentrations:

‘ ek T2 i
KT =1L, ¢/ =11, (%Zuib,izrot,i> x e~ Fo/ksT (4.24)

where Ej is the difference in electronic energy between the two sides of the chemical
reactions and results from Y v;F;. K is called the equilibrium constant. The equa-
tion4.24 is the Van’t Hoff law that allows one to connect the ratio in concentrations at
equilibrium with the microscopic features of the molecules. The nature of the chemical
equilibrium is entirely driven by the electronic, vibrational and rotational properties of

the composing molecules.

The case of aluminum oxide clusters Following Patzer’s model [143], we want to

derive the equilibrium composition of a gas composed of aluminum and oxygen atoms
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as a function of the temperature (T), the initial proportion of elements (A = N;/No)
and the pressure (P,). Atoms recombine into different molecules defined by a certain
stoichiometry Al,O,. We considered a set of reactions corresponding to the formation

of the AIXO§,i ) molecules from an atomic gas:
xAl+yO = AL O, (4.25)

1 denotes the AlXOy isomer considered. The equilibrium condition is driven by the

constant of dissociation:

plzty)-1
K PAZIOZ(/Z)PO (4 26)
(i) = ] .
Al Oy P/xllPO
where P AL 00> P4y and Py are respectively the partial pressure of the Alxog) molecule,
T~y
the partial pressure of aluminum atoms and the partial pressure of oxygen atoms. Each
K AL O is expressed using the Van’t Hoff law:
zUy
AG o (T, P,)
B AL,O\
KAleéi) = exp (— ipT ) (4.27)
where A¢G ALOW if the Gibbs free energy of formation of each AIXO§,i ) and is computed
zVy

from the dissociation energy, the vibrational and rotational constants. Assuming a

tot tot

perfect gas, we define the quantities P}}" and Py which respectively map the total

number of aluminum atoms and oxygen atoms:

tot __
PA = Xay xPAlzog”
_ . x pY 1—(z+y)
= 2ryi WKy o0 PAFO P (4.25)
tot  __ ) ’
FS" = Xy yPAle@(])

1—(z+
= zx,y,iyKAleé”PingPO (z+vy)

The proportion of elements follows the ratio A = P'/PK". The mass conservation
leads to P, = Pjﬁt + Pg’t. As a consequence, each (P,,\) pair defines the quantities
Pt and PK'. The set of equations (4.28) is then solved numerically to obtain the
partial pressures P4; and the Pp. Finally, the partial pressures of all Aleg,i ) molecules

composing the system are calculated from the equation (4.26).

We improved the Patzer’s model by taking into account the temperature and pressure

dependences of A.G y and the contribution of all isomers for each molecules.

A1, 04
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4.3.2 Application for the ablation in air

In air, the ratio in density between aluminum monoxide molecules and aluminum atoms
was measured [See figure 4.5]. The electronic temperature measured in figure 3.16 was
used to calculate the proportionality factor using equation 3.29 assuming Tejec = Tyip

and the ratio was then corrected using equation 3.14 [See figure 4.5].
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FIGURE 4.5: Influence of the electronic temperature for the measured ratio between
aluminum monoxide and aluminum atoms.

In the meantime, we had measured previously the rotational temperature which can
be considered as a probe of the kinetic temperature of atoms [See section 3.3.2]. As a
consequence, the temperature used in the Van’t Hoff law corresponds to the rotational
temperature. Finally, we can transfer the temporal evolution of the density ratio of
aluminum monoxide to aluminum atoms to a temperature evolution and compare it to

the result of the model described in the previous section.

In figure 4.6, the experimental measurements from 10 us to 24,us are compared with

2 _ Z (Xth*Xezp)z)'

exp

these calculations using the Pearson’s cumulative test statistic (y
We can see a valley of highest likelihood obtained for P from 2 bars to 10 bars and A from
0.01 to 1. In figure 4.7, corrected experimental measurements are plotted along with
several theoretical curves in order to asses the quality of agreement between experimental
measurements and theoretical calculations. The center of the valley shows that there is
no unique value that can match the experimental data. Yet, the smallest x? is obtained
for P=4 and A = 0.6. This result is promising since the expected value should be
A = 2/3 for alumina target. This agreement between purely theoretical calculation and
experiment data relies on the idea that the plasma is not really in an out-of-equilibrium

condition. This means that the chemical reactions that turn aluminum and oxygen atoms
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into clusters are so rapid that the chemical composition is only driven by temperature

variations.
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FIGURE 4.6: Likelihood between the corrected experimental ratio N ;o /N 4; measured
from 10 ps to 24 us and the theoretical ratio as a function of the ambient pressure P,
and the stoichiometry A. The white area stands for the best fitting point.
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FIGURE 4.7: Comparison between the experimental measurements (black dots) and the
numerical calculations for different values of A and P at short time scale (10 us- 25 us).

The difficulty to obtain similar results in liquid can be explained by the lack of temporal
evolution of the rotational temperature. Because the plasma quenches more rapidly, we

have no ability to probe the rotational temperature as a function of the time.
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4.4 An extension towards lower temperature

01
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FIGURE 4.8: Evolution of the gas-phase composition from 6000 K to 1000 K considering
P=4bar and \=0.6.

The previous section shows that a model based solely on computational chemistry can be
used to reproduce experimental data from plasma spectroscopy. Now, the calculation is
applied to larger time scales i.e. lower temperatures where diatomic molecules will react
to form bigger clusters [See figure 4.8]. As expected, at high temperature (7 2 5000 K)
i.e. short times, the gas is mainly composed of the smaller species i.e. Al, O, O,, AlO and
AlL,O. Later, the decrease of Al,O coincides with that of O and consequently the increase
(AlO), namely Al,O, and Al;O4. We emphasize that Al,O4 is never predominant at
this stage. The stoichiometry of alumina, corresponding to Al;Oq and AlgO,, molecules,

emerges only for temperatures lower than 2000 K.
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FIGURE 4.9: Ratio in composition between (2,3) and (1,1) contributions as a function
of the ratio aluminum/Oxygen calculated at 1500 K.
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In addition, figure 4.9 shows the ratio in composition between (2,3) and (1,1) contribu-
tions as a function of X\. The ratio is calculated at 1500 K and (Al,0;), with n € [1 : 4]
(resp. (AlO), with n € [1 : 8]) are taken into account for (2,3) (resp. (1,1)). The values
are not very relevant since they must arise from computational limitation especially for
the plateau observed at low A. Yet, below A = 2/3, the ratio rapidly increases which
means that the bulk oxide stoichiometry is favored as soon as the system is slightly satu-
rated in oxygen. This computational result is consistent with experimental results from
plasma enhanced chemical vapor deposition and pulsed laser deposition where the best
crystallization for oxides is obtained when the system is loaded with oxygen [153-155].
Later, around A = 1, a second transition seems to emerge indicating the presence of

mainly suboxidized structures.
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4.5 Conclusion

In summary, from atoms and molecules to nanoparticles, nucleation occurs and most
theoretical works done so far cannot really describe the underlying mechanisms. Indeed,
classical nucleation theory is not relevant in our case since it only illustrates the size
dependence and does not take into account either stoichiometric effects or geometrical
distortions. Other attempts at reaching a more complete understanding have been fol-
lowed. Yet, the works usually suffer from the lack of consideration for binary systems
and from explicit experimental justifications. Moreover, the nucleation in the partic-
ular context of aluminum oxide gas generated by pulsed laser ablation have certainly
not been investigated so far. In this work, first principle calculations were employed to
investigate aluminum oxide clusters at different stoichiometries. A systematic optimiza-
tion approach was followed to obtain the stable structures. It showed singular results in
comparison with the work published previously especially for the Al,O5; molecule [143].
Temperature-dependent evolution of the composition of a gas made of aluminum and
oxygen atoms was also calculated using these molecular properties. We demonstrated
that plasma spectroscopy could be used to assess the accuracy of such computational
work. The best agreement between experimental results and thermochemistry calcula-
tions was obtained around P = 4bars and A = 0.6. Although for high temperature,
(AlO),, is the most predominant structure, the bulk aluminum oxide stoichiometry (2:3)
starts to exceed the (1:1) stoichiometry for temperature lower than 2000 K. We were
also able to recover that an oxygen rich gas is required for synthesizing the desired oxide
stoichiometry. This result is consistent with what is commonly acknowledged for oxide
synthesis. Yet, besides the equilibrium considerations, the question of whether or not
these chemical reactions are kinetically favourable is not addressed here. A presence
in equilibrium conditions does not mean that the molecule is necessarily going to ap-
pear. Especially, at low temperature, plasma spectroscopy can no longer provide the
chemical composition since the system does not emit visible light. Nevertheless, the
theoretical absorption and emission spectra can be deduced from our first-principles cal-
culations. Laser induced fluorescence could then be performed to probe these particular
molecules and assess the validity of our model for lower temperature. Finally, the high
level of theory employed in our calculations precludes the addressing of bigger clusters.
A complementary work could consist of using the clusters we obtained to parametrize a

semi-empirical model and perform molecular dynamics simulations.
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s we showed in the last chapter, the model developed for the nucleation of alu-
minium oxide proved its reliability in air. It delivered numerous information on

the reaction and the paths followed by atoms to finally become a nanoparticle. The
model benefits from plasma spectroscopy since it provides precious information on the
temporal evolution of the temperature. However, in liquid-phase ablation, the plasma
is rapidly quenched and the formation of a bubble is observed. If we want to use the
microscopic approach to nucleation introduced previously, we need to develop a method
to probe the temperature inside the bubble. Another remaining interrogation concerns
the composition of the bubble itself. The physical and the chemical mechanisms beneath
the appearance of the bubble are still under lots of controversies. Is it a bubble made
of the ablated material or is it the solvent that is evaporated? In the second case, when
does the evaporation occur? In this chapter, we report on the growth and collapse of
bubbles induced by laser ablation in liquid. First, bubble images were acquired using

an ultra-fast camera to measure an entire dynamical evolution for each laser shot thus
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overcoming reproducibility issues. Furthermore, we developed an analytical approach
based on cavitation models to demonstrate that the system evolution is mostly inertial
and adiabatic. We deduced quantitative thermodynamic properties inside the bubble
and proved that it is mainly composed of solvent molecules whose number does not vary

significantly.

5.1 The shadowgraphy technique

5.1.1 Experimental setup

For the PLAL, we used the experimental setup described in section 2.2.1. The bubble
is a refracting system so visible light cannot pass through it. For the shadowgraphy
measurement, the general idea is to illuminate the target surface and a fortiori the
bubble. Then, the bubble refracts the light and images with dark hemispheres can be
observed. For images with a nice contrast, one needs to homogeneously illuminate the
bubble.

In our experiment, deionized and degassed water, pure ethanol (96% from Carlo Erba)
and isopropanol (99.5% from Roth) were used as liquid solvent for PLAL. For the bubble
images, a continuum argon laser (A = 541nm, P = 15mW) coupled with lenses and
a diffuser produces a shadow of the bubble. Images of 128 x128 pixels are collected by
an ultra-fast camera (Phantom v711 from Vision Research) coupled with a zoom lens
system (Zoom 6000 from Navitar). The spatial resolution is equal to 30 um per pixel.

The camera framerate is 210000 frames per second.
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F1GURE 5.1: Sketch of the experimental setup.
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5.1.2 A review of the previous works

To our knowledge, the first paper reporting the use of shadowgraphy in the context of
PLAL was written by Tsuji et al. in 2004 [156]. In their article, they measured the
temporal evolution of the bubble diameter after ablation of a metal target. Later, they
published several other articles improving the comprehension of the physical processes
underlying the bubble [157, 158]. First, a shockwave was observed. Its propagation
velocity was equal to 1600m/s [See figure 5.2 at 1.3 us]. These results are coherent
with the work of Berthe et al. who interpreted the shockwave as a result of the plasma
confinement [159] . Then, from 1 us to 10 us, Tsuji et al. observed a jet-shaped shadow
along the laser beam [See figure 5.2]. Their original interpretation was that the jet origi-
nates from ejection of small droplets of nanoparticles. In their article published in 2007,
they corrected themselves and attributed the jet to photothermal heating of the solvents
since the same behaviour was observed without a solid target. They also witnessed a
second shockwave after the bubble collapse that could change the formation processes
[See figure 5.2 at 300 us]. The bubble radius was also measured but no thermodynamic

properties were derived.

Laser

300 ps |

FIGURE 5.2: Shadowgraph images after laser ablation of a silver plate in water. Figures
are reprinted from Tsuji et al. [158].
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More recently, another study was carried out by De Giacomo et al. [160]. They observed
a shockwave whose propagation velocity (1710m/s) was similar to Tsuji et al.’s work
[See figure 5.3]. In addition, the pressure induced by the shockwave was calculated
using Berthe et al.’s work [159]. For the bubble dynamics, the temporal evolution of
the radius was employed to obtain both temperature and pressure inside the bubble via
a van der Waals model. In addition, the authors suggested that the pressure and the
temperature inside the bubble are not influenced by a change in the fluence because
no explicit dependence was distinguished in the van der Waals expressions. However,
these equations exhibit a dependence on the bubble size and De Giacomo et al. also
showed that the radius temporal evolution may change with the fluence [See figure 5.3].
Consequently, there must be a dependence of the temperature and the pressure with

respect to the laser fluence.
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F1GURE 5.3: Temporal evolution of the shockwave front space displacement after the

laser ablation of a Cu wire (a). Temporal evolution of the bubble radius after the

laser ablation of an Ag wire at different laser fluences. Figures are reprinted from De
Giacomo et al. [160].

In 2010, Soliman et al. published two articles on the bubble dynamics [58, 59]. In this
work, a modified Rayleigh-Plesset equation which takes into account the contact angle
was used to fit the temporal evolution of the bubble. From this result, the temperature
and pressure were deduced using respectively the Clausius-Clapeyron relationship and
Laplace’s law. As a result, the calculated temperature could reach very low value (i.e.
less than 10 K') which according to the authors, should explain the growth of nanopar-
ticles. This result is somehow contradictory with the article presented previously and

written by De Giacomo et al. [160].

As aresult of this short review on the bubble dynamics induced by PLAL, we can see that
several research groups have succeeded in measuring the temporal evolution of the bubble
radius. Nevertheless, the interpretation is still controversial and no clear conclusion has

been drawn yet. The bubble composition and its thermodynamic properties are still
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ambiguous. In the following sections, we will use our experimental measurements and

develop an improved theoretical framework to understand the bubble dynamics.

5.1.3 The Rayleigh-Plesset model of the bubble dynamics

The Rayleigh-Plesset (RP) equation aims at determining temporal evolutions of bubbles
immersed in a liquid without any consideration on the bubble composition and by only
adopting the liquid point of view. It is assumed that the liquid is infinite and incom-
pressible. Far away from the bubble, the pressure and the temperature are respectively,
P, and Ty. The bubble is considered perfectly spherical and homogeneous. Another

assumption is that there is no mass transfer at the liquid-vapour interface.

First, the mass conservation equation at spherical symmetry for an incompressible fluid
is given by:
(pr2ur) =0 (5.1)

where 7 is the radial position coordinate, p is the liquid mass density and wu, is the radial
velocity of the fluid. From the integration of the equation 5.1, it emerges that:
. R?
ur(r,t) = R—

r2

(5.2)

where R is the bubble radius and R is the interface velocity. Then, the momentum

conservation equation under spherical symmetry for incompressible fluids is given by:

a o T oo

(5.3)

ou | Dup _ 10P (10 (,0u) 2u
2o \" or r2

where P is the pressure in the fluid located at r and 7 is the dynamic viscosity constant.

Using 5.2, we can deduce:

1 0 oen) 2R, 10P
- (2RR +R R) S R (5.4)
By radial integration from R to oo, one obtains:
| : .\ 2RY . 1 [
/ [2 (2RR2 + RQR) - 532] dr = —/ dP (5.5)
R LT r P JP(R)

which reduces to:
P(R) — P,

p

Finally, boundary condition can lead to a more explicit expression for P(R) which rep-

. 3.
RR + 5R2 = (5.6)

resents the pressure at the liquid-vapour interface. The forces acting on the interface

must compensate since the interface has no mass. There is one contribution from the
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inner bubble and an other one from the liquid:

2 4nR
PB——U:P(R)+%

- (5.7)

where Pp is the pressure inside the bubble considered homogeneous and varying in time.

From the equations 5.6 and 5.7, we obtain the Rayleigh-Plesset equation:

RR+ 3R> =1 [PB(t)—Pl—%f—% (5.8)

where R is the bubble radius, Pg is the internal pressure, P, is the surrounding liquid
pressure, v is the fluid surface tension, p is the liquid mass density of the bulk and 7 is

the dynamic viscosity of the liquid.

At this point, no consideration on the bubble is required since RP is derived by adopting
the liquid point of view. We could in theory deduce the bubble pressure directly using

the measurement of R.

5.2 The bubble dynamics in three different solvents

Figure 5.4 shows an example of a bubble obtained in degased water. The first image
exhibits the optically active plasma and is used to set the origin for our time measurement
(t = 0 us). The bubble expands during approximately 150 us and disappears after 300 ps.
Bubble radii reach a maximum typically about a few millimeters. These results are
consistent with previous works [58, 59, 157, 160, 161]. After the collapse, rebounds
of smaller bubbles are also observed. Figure5.5.a shows typical temporal evolution of
the bubble radius obtained after laser ablation in water, ethanol and isopropanol and
figure 5.5.b shows the corresponding bubble lifetimes. The bubble radius evolution curve
appears symmetric with respect to the time when it reaches its maximum. Also, the

bubble dynamics is the same in ethanol and isopropanol.

5.2.1 Qualitative considerations and consequences

As demonstrated previously, the bubble dynamics can be described analytically using

the Rayleigh-Plesset (RP) equation which writes:

. . 1 .
RR+§R2:p Pg(t)— P — = — —— (5.9)
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FiGure 5.4: Shadowgraph images of an evolving bubble after laser ablation of

an alumina target under degased water. Each image is 128x128 px? representing

3.78x3.78mm?. The numbers stand for the delays between laser shots and image
measurements.

where R is the bubble radius, Pp is the internal pressure, P, is the surrounding liquid
pressure, o is the fluid surface tension, p is the liquid mass density of the bulk and
71 is the dynamic viscosity of the liquid. From here, the relative contribution of each
term can be estimated. The Reynolds number which compares the inertial contribution
to the viscosity is equal to Re = pRR/n ~ 3 x 10® using the parameters of liquid
water p = 103kg/m3, n = 1073 Pa-s, and for the typical length and time scales, R ~
1073 m and t = 300 us. Hence, viscous terms in the Rayleigh-Plesset equation can be
neglected. Moreover, the contribution of surface tension terms can be compared to
inertial terms using the Weber number We = pRzR/ o =~ 300 which allows to discard
the surface tension term as well. These qualitative considerations suggest that the
chemical composition of the liquid-vapor interface and the motion of the three phase
contact interface do not play a major role in the bubble dynamics. Consequently, the

Rayleigh-Plesset equation is driven by the inertial terms and can be reduced as:

3

p(RR + 511'22) = Pg(t) — P, (5.10)
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FIGURE 5.5: (a) Temporal evolution of bubble radius obtained after laser ablation

in three different solvents. The solid lines stand for the corresponding polynomial

regression. (b) Bubble lifetime for different solvents calculated as the average for 5
shots.

The surface effects around the bubble borders and on the target surface do not signifi-
cantly contribute to the bubble dynamics. In figure 5.5.b, since the density of ethanol
and isopropanol are very similar, their lifetimes are the same while shorter lifetime in

water is observed due to its larger density.

Moreover, we can estimate the time scales to observe the first thermal exchanges. Energy
transfer between the gas and the liquid originates mostly from convection and can be
estimated using the heat transfer coefficient, h, which is at most 100 W.m~2.K~1 [162].
Then, the transferred power through the hemi-sphere is estimated by:

Po = hAT(7R* + 27 R?) = 0.24 W (5.11)

where AT is the difference in temperature between the bubble and the liquid which is
less than 3000 K (See section 3.2.3). After 300 us, only 72 puJ is evacuated which has to
be compared with the 35mJ of the laser pulse. The estimated energy transfer is weak
and the process is supposed to remain adiabatic during the whole bubble lifetime. This
comparison also shows that solvent evaporation can only occur during the plasma phase
since no heat can be transferred to induce liquid-vapor phase transitions afterward. This

deduction confirms what Tamura et al. experimentally demonstrated [163]. Indeed, they
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observed that the bubble is already existing simultaneously to the plasma after 600ns.

This result was interpreted as a rapid solvent evaporation.

A direct calculation of the bubble pressure using RP equation leads to singular results
due to the difficulty in calculating R from R. Here, we will derive the bubble pressure
Pp by integrating the RP equation with respect to time. Considering an adiabatic
evolution and a bubble as a closed ideal system i.e. no mass transfer, the Laplace’s law

(PV7Y =const) can be used:
Co

:ﬁ

where 7 is the heat capacity ratio and Cy is a constant. Moreover, the inertial terms of

Py(t) (5.12)

the RP equation can be rewritten as:

rive iy — L ¢ () (5.13)
277 2RR  di '
Equations 5.10, 5.12 and 5.13 together lead to:
d (350 2 2-3y 71 27
£ (R R ) == (CDR "R— PR R) (5.14)
dt P
Integrating the equation 5.14 leads to:
. 2 1 Cy
3 P2 3 3
R°R p(l—’yR37R ZR)+C1 (5.15)
where (] is the integration constant. We can substitute back % by Pp and divide by
R3:
. 2 1 1
R = Pg—P )+ — 5.16
30 (1 5 B z) + JiE ( )

The integration constant C; is obtained at the bubble maximum where R = 0 by using
the equation 5.10:
2R} P, .
Cy = 43(7 Tia%) <’7pl + Rma:rRmam) (517)

and the bubble pressure Pp(t) is derived:

Patt) = - {m+ 7 (2= 5) ) 619

5.2.2 Thermodynamic analysis

Practically, the most accurate extrapolation of R is obtained when R is extracted nu-
merically by fitting R? with a 5 order polynomial regression [See figure 5.5]. R and

R are then calculated by mathematical differentiation. R? is obtained from a direct
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fit. P, was set equal to 2atm to avoid negative temperature issues. This overpressure
can be attributed to a localized gradient of liquid density as reported by Lombard et
al. [164] and does not affect the following considerations since similar results are ob-
tained for P ranging from 2atm to 5atm. Figure5.6 shows typical temporal evolution
of the calculated bubble pressure obtained after laser ablation in water, ethanol and
isopropanol. The pressure levels are consistent with those obtained by De Giacomo et
al [160]. Yet, our approach provides a more accurate estimation than their hard core van
der Waals static model since we also considered the dynamical behavior i.e. R and R in
the pressure determination. Moreover, our experiments lead to a more refined temporal

evolution without any shot-to-shot reproducibility issues.
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FIGURE 5.6: Bubble pressure obtained after laser ablation in three different solvents.

To assess the adiabatic and closed ideal system assumptions, In P is plotted as a function
of InV in figure 5.7.a. We derived the adiabatic constant « after a linear regression of
InP =1InCy — vIn R? considering the full evolution, the growth as well as the collapse
for the three solvents [See figure 5.7.b]. A slight asymmetry is observed for water.
This has been noticed for all the studied bubbles but, it was only limited to a narrow
time interval. We found a remarkable agreement with tabulated v in the three solvents
regardless of the fitting interval i.e. full evolution, growth and collapse and regardless of
the liquid pressure P, going from 2atm to 5atm. These outcomes validate our original
assumptions i.e. (i) the evolution is inertial, (ii) no thermal energy is transferred from
the vapor to the liquid (iii) the number of particles inside the bubble does not vary
significantly. This conclusion is supported by comparing values of v during the growth
and the collapse. We obtained values that are very similar which demonstrates that the
evolution is symmetric and neither exchange of energy nor condensation or evaporation

arise during the bubble evolution.
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FIGURE 5.7: (a) Evolution of the pressure Pp in the vapour bubble as a function of
the instantaneous volume R® obtained in degased water, ethanol and isopropanol. (b)
Comparison between the theoretical adiabatic constants v and those obtained after
linear regression of InP = InCy — vIn R? using the full evolution, only the growth
and only the collapse in water, ethanol and isopropanol. The error bars correspond to
standard deviation obtained for 40 bubbles.
The instantaneous temperature, T5(t), can be deduced from the Laplace’s law:
T ( ) p =1
t vy
CAAE (5.19)
To Py

Figure 5.8 shows typical temporal evolution of the bubble temperature obtained after
laser ablation in three solvents. The bubble in water is colder than in ethanol and
isopropanol. Hence, we expect the chemical reactions to be slower and since the bubble

lifetime is also smaller, smaller particles should be obtained in degased water.

In section 3.2.3, the plasma temperature was measured as equal to 3400 K + 340K at
2 s using plasma spectroscopy and under the same experimental conditions as in this
study. Assuming an ideal gas law, N, the number of particles inside the bubble can be

obtained. We found approximately 9 x 100 atoms. This value is an underestimation
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FIGURE 5.8: Rescaled temperature T5(t)/Ty obtained after laser ablation in three
different solvents.

since the temperature measured with plasma spectroscopy was obtained at 2 us and
the first point used in the calculation was at 9.5 us. The system could easily be colder
leading to higher values of N. We also estimate the number of atoms ablated by the
laser to be equal to 7 x 10 4 70% atoms following crater measurements described in
section 2.2.1. The difference between the amount of particles in the bubble and the
ablated material is at least of one order of magnitude. The bubble is therefore mostly
composed of solvent molecules. Moreover, if there were an important amount of ablated
species inside the bubble, they would suffer from chemical reactions that should induce a
change in the number of moles. We already showed that the number of particles does not

change during the evolution thus supporting the minor contribution of ablated matter.

Finally, since secondary bubbles generated by the rebounds are smaller than the first
bubble, condensation probably occurs at the end of the collapse during short time scales.
The condensation can easily originate from heterogeneous nucleation on the cold target
surface or on synthesized nanoparticles. We do not address this aspect in this contribu-

tion.
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5.3 Conclusion

In summary, we measured experimentally the temporal evolution of bubble radii result-
ing from laser ablation in liquid. The use of an ultra-fast camera provides one time-
resolved measurement per bubble thus avoiding reproducibility issues. Using Rayleigh-
Plesset equation, we first demonstrated that the evolution is driven by inertia implying
that neither viscosity nor surface tension effects can affect the bubble dynamics. Ther-
mal exchanges are discussed in the context of interfacial heat conduction mechanisms
to demonstrate the adiabaticity of the system. The RP equation can then be solved to
deduce the bubble pressure. Probing the calculated pressure as a function of the bubble
volume, we obtained a power law dependence and emphasized that the number of par-
ticles in the vapor does not fluctuate. Consequently, we derive the number of particles
and conclude that the bubble is essentially formed of solvent particles whose quantity

does not vary significantly.

Our results are critical for nano-material elaboration because they show that the solvent
plays a major role during the whole bubble lifetime. It explains for instance the striking
experiment where carbon nitrides have been synthesized after carbon ablation in ammo-
nia [28, 29]. It also explains why numerous oxides have been obtained when ablating pure
metal targets [34-37] in water. Moreover, very small nanoparticles (< 5nm) have been
synthesized using complexing agents and this result may be interpreted as the entrance
of the complexing agents right inside the bubble [21]. Moreover, if condensation occurs
on the nanoparticle surface, it can also freeze the nanoparticle growth and explains why

these small size distributions can be obtained.






Conclusion and perspectives

HIS manuscript was dedicated to the comprehension of the growth processes occur-
ring in pulsed laser ablation in liquid (PLAL). We combined experimental tech-
niques with analytical and numerical methods to investigate how the ablated species

can recombine to form nanoparticles.

On the synthesis of aluminum oxide nanoparticles As a starting point, we worked on
the synthesis of Al,O4: Cr. The ultra-violet nanosecond laser allowed us to generate -
Al,O4 nanoparticles. This result confirms previous studies on the stability at nanometer
length scales. Indeed, McHale et al. demonstrated that v is the most stable crystallo-
graphic phase due to the emergence of surface energies [60, 61]. Then, we showed that
using an infrared picosecond laser, a-Al,O5 nanoparticles can be obtained. This result
supports the idea that PLAL allows one to reach specific applications hardly addressed
elsewhere. The a-Al,O4 fluorescence under ultra-violet excitation depends on the lo-
cal pressure in bulk. The nanoparticles we synthesized exhibit the same properties in
the fluorescence emission under pressure. This similarity obtained at nanoscale for the
pressure is adjacent to the additional Laplace’s pressure usually included to understand
surface effects. Our work will be pursued in this context to understand the contribution
of surface effects to hydrostatic pressure. In addition, we studied the effect of complex-
ing agents on the size ditribution and observed a shift towards smaller nanoparticles.
Although the luminescence was also recognized, we still need to characterize the pres-
sure dependence for these very small nanoparticles. Yet, these outcomes are already

promising for future applications on pressure sensing at nanoscale.

Towards the understanding of the growth processes The previous results on the
synthesis of nanoparticles motivated the following work on the understanding of the
growth processes. Indeed, varying the laser wavelength and the pulse duration changed
drastically the results of the synthesis. Furthermore, the addition of complexing agents
reduced the size distribution and stabilized the colloidal solution. Consequently, en-
hancing the PLAL performances requires to understand the complexity of the out-of-
equilibrium processes involving multiple length and time scales. The investigation of

these mechanisms was the subject of the three other chapters of this manuscript.
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Underwater plasma spectroscopy and its fundamental consequences First, the laser
interacts with the bulk target creating a hot and dense plasma. The excited species
emit light whose spectral characterization allows us to access thermodynamic properties
of the plasma. The technique is called plasma spectroscopy and is frequently employed
in air for analytical chemistry. In water, fundamental difficulties arise from the liquid
confinement thus preventing from observing ions and atoms. We demonstrated that the
plasma could still be studied using atomic lines of aluminum and rovibrational lines of
aluminum monoxide. Hence, we measured the electronic density by observing the Stark
effect on the aluminum lines. Our results showed that while self-absorption may also be
recognized in water, the electronic density is one order of magnitude higher than what is
expected in air. For the temperature, since ions are not observed, we used the rotational
lines of aluminum monoxide (Av = 0). We built a numerical code to fit the experimental
data and obtained a temperature of 3400 4+ 340 K after 2 us. Then, we probed the ratio
in intensity between aluminum and aluminum monoxide lines to monitor quantitatively

the oxidation of aluminum into aluminum monoxide.

This work on the use of diatomic molecules stimulated a work on the temperature
equilibration inside a molecular plasma. We then demonstrated that no equality was
necessarily present between electronic temperature and rotational temperature. This
difference in temperature could be attributed to a difference in the spatial distribution
but also to a difference in the collisional processes which induce the energy level exci-
tation. Indeed, electronic levels are mostly excited by collisions with electrons. Yet, for
the rotational levels, an additional collision mechanism is required, the collision between

heavy species. There are two collisional processes thus two different temperatures.

Moreover, the role of chemical reactions on temperature equilibration was raised in
two other investigations. We, first, measured a difference between rotational and vibra-
tional temperatures when working with aluminum monoxide during the first time scales.
We consider this behavior as a result of the energy repartition following the aluminum
monoxide formation. Indeed, the chemical reaction is exothermic and the remaining
energy is not necessarily spread evenly between rotational and vibrational energy levels.
This qualitative approach ought to be confirmed with future molecular dynamics simula-
tions. Then, we compared the rotational temperature of aluminum monoxide with that
of titanium monoxide obtained after the ablation of a composite made of aluminum oxide
(75%) and titanium oxide (25%). The two temperatures are different and the rotational
temperature of titanium monoxide seems to increase while matching that of aluminum
monoxide. Additional work should be done to investigate the spatial distribution of

these two diatomic molecules and their reaction enthalpy.
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Atomistic mechanisms for the nucleation of aluminium oxide nanoparticles When
the plasma is no longer active, the atoms and molecules recombine to form nanoparticles.
This process begins with nucleation and is followed by growth. Although nucleation of
nanoparticles concerns a wide range of applications, its mechanisms are hardly under-
stood on the atomistic level. Very little is known, for instance, about the transient nature
of the nucleation core, especially since its geometrical structure and stoichiometry do not
always perfectly match that of the final structure. Here, we presented a fully microscopic
approach based on a first principle study of aluminum oxide clusters. We calculated sta-
ble structures of AIXOy and the associated thermodynamic properties. From these data,
the chemical composition of a gas made of aluminum and oxygen atoms was calculated
as a function of the temperature, pressure, and aluminum to oxygen ratio. After showing
the accuracy of this approach to reproduce experimental results obtained with plasma
spectroscopy, we extended the calculation to lower temperature and followed the birth
of alumina first bricks. On a broader perspective, this work may be extended to bigger
particles. However, first principle calculations are time-consuming and it would not be
realistic to address bigger particles with our method. Yet, our calculations may serve
for a parametrization of a semi-empirical potential e.g. PM3. Granted with this new
analytical atomic interaction, molecular dynamics could be used to investigate bigger

particles.

Dynamical study of bubble expansion following laser ablation in liquid To investigate
further the temperature behavior inside the bubble and to complement our nucleation
work, we investigated the bubble dynamics by combining analytical methods with ultra
fast experimental observations. We measured the entire bubble kinetic evolution using
an ultra-fast camera thus avoiding reproducibility issues unlike experiments where the
bubble kinetics is constructed from multiple laser shots. This study is reported in
three different liquid solvents enabling us to compare the dynamics for different liquid
properties. Moreover, we developed a quantitative thermodynamic analysis based on
cavitation models showing that (i) the system is essentially driven by inertia, (ii) the
evolution is adiabatic and (iii) the bubble is mainly composed not of the ablated material
but of evaporated solvent whose quantity does not vary during the bubble lifetime. This
approach allows us to clarify the complexity involved in PLAL. However, additional work
may consist on the study of the rebounds. After the bubble collapse, thermal effects may
arise and affect the secondary bubbles size and periodicity. The bubble generated after
focusing the laser directly in the liquid without target can also be investigated because

it may represent an example of homogeneous nucleation driven by temperature effects.
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General perspectives

As outlined in the previous paragraphs, this PhD work tackled the problem of under-
standing the growth processes occurring in pulsed laser ablation in liquid using various
methods. On the one hand, we went from short time scales to longer ones by work-
ing on plasma thermodynamics and bubble kinetics respectively. On the other hand,
we went from small length scales to longer ones by studying the atomic mechanisms
of nucleation and the synthesized nanoparticles. Conceptually, the core of the com-
plexity presented by PLAL relies mostly on the idea that free atoms should eventually
merge to form nanoparticles. This dynamical behavior is a phase transition from gas to
crystal covering nucleation and growth. Our work may be applied for other synthesis
methods e.g. pulsed laser deposition, plasma-enhanced chemical vapor deposition or
co-precipitation where nucleation and growth also occur. Prompted by this three-years
work, I believe that the dynamical study of phase transitions in general is a cornerstone
in numerous research fields. For instance, cancer expansion in human body [165], galaxy
formation [166], population accretion in cities [167] and epidemic spreading [168, 169] are
different phenomena that could all be regarded as phase transitions and whose concep-
tual modeling may be analogous [170, 171]. Accordingly, studies of nucleation, clustering

and growth are crucial for fundamental comprehension but also for concrete applications.
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